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Preface

Binary and ternary semiconductors of II–VI group (ZnS, ZnSe, ZnTe, CdS, CdSe, 
CdTe, HgTe, HgS, HgSe, HgCdTe, CdZnTe, CdSSe and HgZnTe) are very popular 
among researchers because of their remarkable physical and chemical properties, 
which, as a group, are unique. II–VI compounds possess a very wide spectrum of 
electronic and optical properties. Most materials of group II–VI are semiconductors 
with a direct band gap and high optical absorption and emission coefficients. In 
addition, binary II–VI compounds are easily miscible, providing a continuous range 
of properties. As a result, the II–VI semiconductors possess band gap, varying over 
a wide range. Therefore, II–VI compounds can serve as efficient light emitters such 
as light diodes and lasers, solar cells, and radiation detectors operated in the range 
from IR to UV and X-ray. II–VI compound-based devices can also cover terahertz 
range. Besides common photovoltaic applications, II–VI semiconductors are also 
potential candidates for a variety of electronic, electro-optical, sensing and piezo-
electric devices. In particular, nanoparticles of II–VI semiconductors, such as quan-
tum dots, one-dimensional structures and core-shells structures, can be used for the 
development of gas sensors, electrochemical sensors and biosensors. These semi-
conductors, when downsized to nanometer, have become the focus of attention 
because of their tunable band structure, high extinction coefficient, possible multi-
ple exciton generation and unique electronic and transport properties. It is important 
that II–VI semiconductors can be easily prepared in high-quality epitaxial, poly-
crystalline and nanocrystalline films. The concentration of charge carriers can also 
vary in II–VI semiconductors in a wide range due to doping. Thus, the use of II–VI 
films represents an economical approach to the synthesis of semiconductors for 
various applications. It should be noted that the range of technical applications for 
II–VI compounds goes beyond the better-known semiconductors such as Si, Ge and 
some of the III–V compounds.

Formally, metal oxides such as CdO and ZnO also belong to II–VI compounds. 
However, we will not cover them in this book. In recent years, these compounds 
have been allocated to a separate group “Metal oxides,” and many books have been 
devoted to their discussion, in contrast to other II–VI compounds. In particular, for 
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those who are interested in exactly these compounds, we can recommend the Metal 
Oxides series which is published by Elsevier.

The aim of this three-volume book is to provide an updated account of the state 
of the art of multifunctional II–VI semiconductors, from fundamental sciences and 
material sciences to their applications as various sensors and radiation detectors, 
and, based on this knowledge, to formulate new goals for further research. The pro-
posed book provides an interdisciplinary discussion of a wide range of topics, such 
as synthesis of II–VI compounds, their deposition, processing, characterization, 
device fabrication and testing. Topics of the recent remarkable progresses in the 
application of nanoparticles, nanocomposites and nanostructures consisting of II–
VI semiconductors in various devices are also covered. Both experimental and theo-
retical approaches were used for this analysis.

Currently, there are already published books on II–VI semiconductors. However, 
some of them were published too long ago and they cannot reflect the current state 
of research in this area. Other published books focus on a limited number of topics, 
from which topics related to various sensor applications such as gas sensors, humid-
ity sensors and biosensors are almost completely excluded. When considering pho-
todetectors, the focus is also only on the analysis of IR photodetectors. However, 
sensors operated in the visible, ultraviolet and X-ray ranges also hold great promise 
for applications. With these books, we will try to close this gap.

Proposed our three-volumes book Handbook of II–VI Semiconductor-Based 
Sensors and Radiation Detectors is the first to cover both chemical sensors and 
biosensors and all types of photodetectors and radiation detectors based on II–VI 
semiconductors. It contains a comprehensive and detailed analysis of all aspects of 
the application of II–VI semiconductors in these devices. This makes these books 
very useful and comfortable to use. Combining this information in three volumes, 
united by common topics, should help readers in finding the necessary information 
on the required subject.

Chapters in Handbook of II–VI Semiconductor-Based Sensors and Radiation 
Detectors. Vol. 1: Materials and Technologies describe the physical, chemical and 
electronic properties of II–VI compounds, which give rise to an increased interest in 
these semiconductors. Technologies that are used in the development of various 
devices based on II–VI connections are also discussed in detail in this volume.

Handbook of II–VI Semiconductor-Based Sensors and Radiation Detectors. Vol. 
2: Photodetectors focuses on the consideration of all types of optical detectors, 
including IR detectors, visible and UV detectors. This consideration includes both 
the fundamentals of the operation of detectors and the peculiarities of their manu-
facture and use. An analysis of new trends in the development of II–VI 
semiconductors- based photodetectors is also given.

Handbook of II–VI Semiconductor-Based Sensors and Radiation Detectors. Vol. 
3: Sensors, Biosensors and Radiation Detectors describes the use of II–VI com-
pounds in other fields such as radiation detectors, gas sensors, humidity sensors, 
optical sensors and biosensors. The chapters in this volume provide a comprehen-
sive overview of the manufacture, parameters and applications of these devices.

Preface
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We believe that these books will enable the reader to understand the present sta-
tus of II–VI semiconductors and their role in the development of a new generation 
of photodetectors, chemical sensors, biosensors and radiation detectors. I am very 
pleased that many well-known experts with extensive experience in the develop-
ment and research of II–VI semiconductor sensors and radiation detectors were 
involved in the preparation of the chapters of these books.

The target audience for this series of books are scientists and researchers work-
ing or planning to work in the field of materials related to II–VI semiconductors, i.e. 
scientists and researchers whose activities are related to electronics, optoelectron-
ics, chemical and biosensors, electrical engineering, biomedical applications, etc. I 
believe this three-volume book may also be of interest to practicing engineers or 
project managers in industries and national laboratories who would like to develop 
II–VI semiconductor-based photodetectors, radiation detectors and sensors but do 
not know how to do it, and how to select the optimal II–VI semiconductor for spe-
cific applications. With numerous references to an extensive resource of recently 
published literature on the subject, these books can serve as an important and 
insightful source of valuable information, providing scientists and engineers with 
new ideas for understanding and improving existing II–VI semiconductor devices.

I believe that these books will be very useful for university students, doctoral 
students and professors. The structure of these books offers the basis for courses in 
materials science, chemical engineering, electronics, optoelectronics, environmen-
tal control, chemical sensors, photodetectors, radiation detectors, biomedical appli-
cations and many others. Graduate students may also find the book very useful in 
their research and understanding of the synthesis of II–VI semiconductors, study 
and application of this multifunctional material in various devices. We are confident 
that all of them will find the information useful for their activities.

Finally, I thank all the authors who contributed to these books. I am grateful that 
they agreed to participate in this project and for their efforts to prepare these chap-
ters. This project would not have been possible without their participation. I am also 
very grateful to Springer for the opportunity to publish this book with their help. I 
would also like to inform that my activity related to editing this book was funded by 
the State Program of the Republic of Moldova project 20.80009.5007.02.

I am also grateful to my family and wife, who always support me in all my 
endeavors.

Chisinau, Moldova Ghenadii Korotcenkov 
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Chapter 1
Basic Principles of Solid-State X-Ray 
Radiation Detector Operation

M. Zahangir Kabir

1.1  Introduction

X-rays are electromagnetic waves, whose photon energies range roughly from 
0.1  keV to 125  keV.  The X-rays are classified as soft X-rays (from 0.1  keV to 
10 keV) and hard X-rays (10 keV to 125 keV). X-rays are used in various types of 
imaging purposes; for examples, diagnostic medical X-ray imaging cover photon 
energies from 10 keV up to 120 keV, crystallography uses X-ray photons of energy 
around 10 keV, security scanning uses photon energies from 80 to 140 keV, and 
X-ray microscopy and fluorescence spectroscopy cover photon energies ranging 
from 0.1 to 3 keV, as shown in Fig. 1.1. Different applications require different spe-
cialized detectors having different suitable photoconductors and detector designs.

A radiation detector is a device that converts the energy (or part of the energy) of 
the incident radiation into a measurable electrical signal. In other words, it can mea-
sure the presence of a particular type of radiation. There are two types of X-ray 
detectors: (1) scintillation detectors and (2) solid-state semiconductor detectors. In 
scintillator detectors, X-ray energy is converted into light photons in the scintillator 
layer and these light photons are then detected by a photodetector. In solid-state 
semiconductor detectors (also known as the direct conversion detector), X-ray pho-
tons directly generate electron and hole pairs (EHPs) in the photoconductor layer, 
which are collected on electrodes. Semiconductor X-ray radiation detectors are the 
most important class of detectors for detecting and measuring this type of radiation 
because of their solid-state structure, higher resolution, and efficiency. These semi-
conductor radiation detectors are also used as imaging detectors and capture X-ray 
images by arranging them in arrays. A simplified functional classification of 

M. Z. Kabir (*) 
Department of Electrical and Computer Engineering, Concordia University,  
Montreal, QC, Canada
e-mail: zahangir.kabir@concordia.ca

© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2023
G. Korotcenkov (ed.), Handbook of II-VI Semiconductor-Based Sensors and 
Radiation Detectors, https://doi.org/10.1007/978-3-031-24000-3_1
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Fig. 1.1 The X-ray spectrum and applications over various spectral regions. (Idea from Ref. [1])

Fig. 1.2 A simplified classification of X-ray radiation detectors with corresponding photoconduc-
tor materials. (Idea from Ref. [2])

semiconductor X-ray detectors is shown in Fig. 1.2. Only semiconductor detectors 
will be discussed in this chapter.

The semiconductor detectors have one of three common configurations shown in 
Fig. 1.3, depending on the applications. The planar configuration (Fig. 1.3a) is the 

M. Z. Kabir
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Fig. 1.3 Simplified cross-sectional structures of three basic X-ray detectors: (a) single element 
planar detector, (b) co-planar detector, and (c) pixelated detector for imaging applications. Here Qc 
is the collected charge and iph(t) is the instantaneous photocurrent

1 Basic Principles of Solid-State X-Ray Radiation Detector Operation
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most common and simplest configuration for implementation, where a photocon-
ductor layer is sandwiched between two electrodes. The co-planar configuration 
(Fig. 1.3b) can provide higher spectral resolution. The top electrode is a continuous 
metallic plate, and the bottom electrode is segmented into 2D arrays of pixels in 
imaging detectors (Fig. 1.3c). The photoconductor layer can have several composi-
tions such as p-n, p-i-n, or simply metal/photoconductor/metal type. The metal/
photoconductor/metal type detectors are often called photoconductive detectors. 
Detectors based on the p-n junction or a Schottky junction are reverse-biased to 
ensure a wider depletion layer and strong electric field in the depletion region 
though the field is not uniform. Therefore, pin devices are preferred not only because 
of their wider i-layer, or depletion layer width, but also ensuring a relatively uniform 
field in this depletion layer.

The top electrode is biased with a voltage source to establish a relatively uniform 
electric field along the photoconductor layer in the photoconductive detectors. The 
bulk part of the photoconductor layer used in photoconductive detectors is either 
intrinsic or close to intrinsic (slightly p or n-type). The X-ray absorption, ionization 
(EHP generation), and charge transport occur mainly in the nearly intrinsic photo-
conductor layer where both holes and electrons can drift by the influence of the 
applied electric field F. The X-ray generated holes and electrons drift following the 
electric field and induce photocurrent iph in the external circuit, which corresponds 
to the radiation received by the detector. An additional current, named as the dark 
current, continuously flows in the external circuit because of the adequate electric 
field in the absence of the radiation. The dark current must be as small as possible 
because it acts as a noise.

The detector is designed in such a way that the dark current can be minimized. 
There are two main sources of dark current [3, 4]: (i) thermal generation of charge 
carriers in the photoconductor layer and (ii) carrier injection from the contacts. The 
thermal generation of carrier in high bandgap semiconductors is negligibly small 
and its contribution to the dark current is also very small. The electrode- 
semiconductor contacts are blocking (e.g., Schottky junction) in nature in photo-
conductive detectors to minimize the carrier injection from the metallic contacts, 
but allow photogenerated charge carrier flow from the photoconductor layer to the 
electrodes to eliminate carrier accumulation at the interfaces. A very thin blocking 
layer is often inserted between the bulk photoconductor layer and the electrode in 
order to minimize the carrier injection from the electrode as shown in Fig. 1.3c. The 
non-injecting blocking contacts may not require if the resistivity of the photocon-
ductor is sufficiently high [3]. The carrier injection from the metal contacts is insig-
nificant in reverse-biased p-n or pin detectors and the dark current is controlled by 
the thermal generation current in the depletion region.

The fundamental concepts related to X-ray detectors such as X-ray interaction 
with the solid-state materials, EHP creation mechanism, signal formation princi-
ples, general requirements, and materials for X-ray detectors are described in Sect. 
1.2. Two very important applications of X-ray radiation detectors in spectroscopic 
and flat-panel imaging are described in Sects. 1.3 and 1.4, respectively. A brief 
introduction to X-ray interaction position sensitive semiconductor detector struc-
tures and their implication on charge collection are given in Sect. 1.5.

M. Z. Kabir
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1.2  X-Ray Photoconductivity

1.2.1  X-Ray Interactions with Photoconductor

X-rays interact with the photoconductor which occurs mainly by three different 
mechanisms. The types of interactions are the photoelectric effect, Rayleigh scatter-
ing, and Compton scattering. The incident X-rays can be completely absorbed in the 
medium (photoelectric effect) or scattered (Rayleigh or Compton scattering). 
Rayleigh scattering involves an elastic (coherent) scattering of X-rays by orbital 
electrons. The energy of the scattered X-ray is identical to that of the incident X-ray. 
There is no exchange of energy from the X-ray to the medium. However, the scat-
tered X-ray experiences a change in its trajectory relative to that of the incident 
X-ray, and this has an adverse effect in imaging detectors, where the detection of 
scattered X-rays is undesirable. However, this type of interaction has a low proba-
bility of occurrence in the diagnostic X-rays. In general, the average scattering 
angle decreases with increasing incident X-ray energy E.

Compton scattering involves an inelastic (incoherent) scattering of an X-ray pho-
ton by an atomic electron. Compton scattering typically occurs when the energy of 
the X-ray photon is much greater than the binding energy of the atomic electron. 
Therefore, the Compton effect occurs with the outer-shell electrons. This interaction 
includes an electron of kinetic energy E″, an ionized atom, and a scattered X-ray 
photon of energy E′ that is lower than the incident photon energy E. Thus, some 
energy is imparted to the medium in Compton scatting event. The imparted energy 
depends on the scattering angle which is random. The probability of Compton 
absorption per unit mass is approximately proportional to E−0.5 [5].

In photoelectric interaction, the incident X-ray interacts with an orbital electron 
in the atom, and all its energy is transferred to the electron. Part of this energy is 
used to overcome the binding energy of the electron, and the remaining fraction 
becomes the kinetic energy Ek of the photoelectron. If the energy of the incident 
X-ray is higher than the binding energy of the electron, the electron is removed from 
its shell and a vacancy is created in that shell. The ejected electron is most likely one 
whose binding energy is closest to, but less than, the incident photon energy. For 
example, for photons whose energies exceed the K-shell binding energy, photoelec-
tric interactions with K-shell electrons are most probable. The binding energy asso-
ciated with the K-shell is called the K-edge and so on. This vacancy is usually filled 
by an electron from an outer shell, leaving a vacancy in the outer shell that in turn 
may be filled by an electron transition from a more distant shell. This series of tran-
sitions is called an electron cascade. The energy released by each transition is equal 
to the difference in binding energy between the original and final shells of the elec-
tron. This energy may be released by the atom as characteristic X-rays or Auger 
electrons. The probability of photoelectric absorption per unit mass is approxi-
mately proportional to Z4/E3, where Z is the atomic number. Emissions from transi-
tions exceeding 100  eV are called characteristic or fluorescent X-rays. The 
characteristics X-rays are named as K-fluorescent, L-fluorescent, etc. based on the 
electron receiving shell.

1 Basic Principles of Solid-State X-Ray Radiation Detector Operation
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1.2.2  Ionization Energy and Signal Formation

Energetic primary electrons created by photoelectric effect or Compton scattering 
travel in the solid can cause ionization along its track and create many electron-hole 
pairs (EHPs). As a result, a single X-ray photon can create thousands of EHPs. 
However, on average, a certain portion of X-ray photon energy is not absorbed in 
the medium because of various scattering events. The average energy absorbed in 
the medium by the primary X-ray interaction can be determined and is described by 
the  linear attenuation coefficient α  and energy absorption coefficient αen. Thus, 
(αen/α)E is the average absorbed energy Eab by the primary X-ray interaction per 
attenuated X-ray photon of energy E. For sufficiently thick medium, the escaped 
radiations from the primary interaction site can interact with atomic electrons of the 
medium like primary X-rays but at different points. Therefore, the actual average 
absorbed energy per attenuated X-ray photon of energy E in a very thick detector is 
higher than (αen/α)E and closer to E.

The average number of EHP creation per absorbed photon,

 
N

E

Wi
i

= ab

 
(1.1)

Where Wi is the ionization energy of the medium, which is the average absorbed 
energy required to create a single EHP. In this case, the maximum collected charge 
in the external circuit would be Qi = eNi if there is no loss of charge carriers in the 
detector, where e is the elementary charge. Klein [6] developed a formula to calcu-
late the ionization energy, which is,

 
W CE E0 � �g phonon  

(1.2)

where Eg is the bandgap energy, C  =  2.8 and 2.2 for crystalline and amorphous 
semiconductors, respectively, [6, 7]. Here Ephonon = mħωp, where m is the average 
number of optical phonon emission per ionization and ħωp is the optical phonon 
energy. The value of Ephonon is in the range of 0.1–0.5 eV. Note that the ionization 
energy obtained from Klein’s formula is denoted by W0. In most semiconductors, 
the ionization energy follows Eq. (1.2) and thus Wi ≈ W0. However, there are few 
exceptional semiconductors (e.g., amorphous selenium, a-Se) where the actual ion-
ization energy Wi >> W0 and depends on the electric field and photon energy [8–10]. 
In those cases, the Klein’s formula serves as the lowest theoretical limit for the 
ionization energy [11].

Since the photoconductors have relatively higher resistivity and thus there is 
inadequate reservoir of free carriers available to surround the photogenerated carri-
ers and maintain local charge neutrality within the time scale of interest, the photo-
generated drifting carriers instantaneously induce charges at the electrodes. The rate 
of change of this induced charge creates current in the external circuit. Therefore, 
the currents resulting from the photogeneration of mobile carriers into the 
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photoconductive detector are due entirely to induction. The Shockley-Ramo’s theo-
rem provides a convenient way to calculate the induced current flowing through an 
electrode of multielectrode detectors (e.g., pixelated image detector) due to the 
motion of charge carriers in the detector (Fig. 1.4). The induced current Ij and charge 
Φj on an electrode j by a moving elementary positive charge e at x are given by 
[12–14],

 
I e xj � � � �v F jw  

(1.3)

 
�j jeV x� � � �w  

(1.4)

where v is the instantaneous velocity of charge e, Fwj(x) and Vwj(x) are the weighting 
field and potential of electrode j. Fwj(x) and Vwj(x) are the electric field and potential 
that would exist at charge e’s instantaneous position x if the electrode of interest (j) 
is raised to unit potential and all other electrodes kept at zero potential and all 
charges removed. Vwj is unitless and the unit of Fwj is m−1. An analytical expression 
for the weighting potential in pixelated detectors having finite square pixels has 
been derived in literature [15].

Let a positive point charge be moving from x1 to x2. Φj1 and Φj2 are the induced 
charges at electrode j when the charge is at x1 and x2, respectively. The induced 
charges, Φj1 = −eVwj(x1) and Φj2 = −eVwj(x2). The collected charge at electrode j for 
moving a positive point charge from x1 to x2 is given by,

 
Q e V x V xj j j j j� � �� � � � � � � ��� ��� �2 1 2 1w w  

(1.5)

Fig. 1.4 A cross section of a multielectrode detector: (a) an elementary positive charge at x is 
drifting by an applied field F. (b) An elementary positive charge is moved from point x1 to x2

1 Basic Principles of Solid-State X-Ray Radiation Detector Operation
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For a large area single-element detector, Fw(x) = 1/L, Vw(x) = x/L, and thus cur-
rent, i = ev/L [16], where L is the photoconductor thickness. In this case, the col-
lected charge at the electrode for moving a positive point charge from x1 to x2 
is simply,

 
Q e

x x

Lj j j� � �� � � �� �
� �2 1

2 1

 
(1.6)

If there is carrier trapping, only a fraction of photogenerated charge is collected 
in the external circuit. Consider an electron and a hole (an EHP) are generated at x 
and drift under the influence of the electric field. The average electron and hole 
photocurrents are ie(t) = (eve/L)exp(−t/τe) for t < te and ih(t) = (evh/L) exp(−t/τh) for 
t < th, respectively; where ve = μeF, vh = μhF, te = x/ve, te = (L − x)/vh, μ is the carrier 
mobility, and τ is the carrier lifetime. The subscripts e and h on μ and τ refer to 
electrons and holes, respectively. Both types of carrier drifts produce currents of the 
same polarity at any electrode. Therefore, the collected charge at any electrode is 
the sum of the contributions of both types of carrier transports. The average col-
lected charge for applying a positive bias at the top electrode (the electric field is 
along the positive x direction) is,
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(1.7)

where te = x/μeF and th = (L − x)/μhF are the electron and hole transit times, respec-
tively. Eq. (1.7) is the well-known Hecht equation for calculating the average col-
lected charge. The maximum collected charge, Qc = e, when the lifetime of both 
holes and electrons is infinity. Therefore, the charge collection efficiency,
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(1.8)

Equation (1.8) is the charge collection efficiency for a free EHP generation at x, 
which depends not only on the charge carriers transport properties (mobility- lifetime 
of both holes and electrons) and electric field, but also on the location where the 
charge is created. For exponential absorption throughout the photoconductor layer 
(which is the case for X-rays), the average charge collection efficiency [17, 18],
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where xe = μeτeF/L, xh = μhτhF/L, Δ = 1/αL and η = 1 – exp (−1/Δ) is the quantum 
efficiency of the photoconductive detector. Therefore, the actual collected charge 
Qc = Qiηηcc, where Qi is the X-ray generated free charges, η accounts for the average 
fraction of the X-rays that are attenuated within the photoconductor thickness. 
Though Eq. (1.9) applies under small signal conditions under uniform electric field, 
the equation shows much resilience even under strong injection and errors are not as 
large as one may anticipate [19]. Further, Eq. (1.9) assumes that the carrier transport 
properties (i.e., μτ do not vary across the sample). It is still possible to use Eq. (1.9) 
in cases where the carrier ranges are not uniform in the sample by suitably defining 
effective carrier ranges as discussed in [18]. The charge collection efficiency for a 
given photoconductor depends on xe and xh and hence on the applied field. Most 
semiconductors have asymmetric μτ products. Ensuring that the carrier with the 
longer range is drifted towards the bottom electrode can provide a better charge col-
lection efficiency [15].

1.2.3  X-Ray Photoconductors

The following are the general properties of the X-ray photoconductor [20] used in 
X-ray detectors:

 1. Most of the incident X-ray radiation should be absorbed within a practical pho-
toconductor thickness. This means that, over the energy range of interest, the 
attenuation depth δ (inverse of the attenuation coefficent α of the photoconduc-
tor) of the X-rays must be substantially less than the photoconductor layer thick-
ness L. Higher atomic number materials give higher attenuation.

 2. The photoconductor should have high intrinsic X-ray sensitivity, i.e., it must be 
able to generate as many collectable (free) EHPs as possible per unit of incident 
radiation. This means the ionization energy, Wi, (amount of radiation energy 
required to create a single free EHP) must be as low as possible.

 3. The photoconductor should have good charge carrier transport properties. That 
means the product of carrier drift mobility (μ) and carrier lifetime (τ) should be 
high so that the charge collection efficiency is close to unity.

 4. The properties of the photoconductor should not change with time because of 
repeated exposure to X-rays, i.e., X-ray fatigue and X-ray damage should be 
negligible.

 5. The detector should preferably operate at around room temperature.

Both elementary (Si, Ge, or Se) and compound semiconductors are used in radia-
tion detectors. Si detectors are used for low energy X-rays (<30 keV) [21]. They are 
mechanically and chemically robust. High purity Ge detectors have high resolution 
and efficiency for detection of hard X-rays. Both Si and Ge detectors often need to 
operate at low ambient temperature to decrease the dark current from thermally 
generated charge carriers [22]. Compound semiconductors are mostly derived from 
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groups III and V (e.g., GaAs, GaN, InP) and groups II and VI (e.g., CdTe) of the 
periodic table. The compound semiconductors have few distinct advantages as their 
electronic and chemical properties can be modified by band-gap engineering for 
specific applications in radiation detectors. For example, adding a few percent Zn 
into the CdTe lattice strengthens the lattice of CdTe, increases the band gap [23], 
decreases the conductivity, and hence reduces the dark current. A few selected com-
pound semiconductors such as CdTe, CdZnTe (Cd0.92Zn0.08Te – Cd0.9Zn0.1Te), and 
HgI2 are already used in commercial X-ray and γ-ray spectroscopic detectors. They 
do not need cooling and can be used at room temperature, which is a distinct advan-
tage. Their properties have been extensively reviewed in the literature [21, 22, 24–
29] and in recent book [3] and chapters [30, 31]. A comprehensive description of the 
photoconductors for large area medical X-ray image detectors can be found in Refs. 
[32, 33].

Group II-VI materials attract special attention for radiation detectors because 
they can provide continuous broad range of bandgaps (e.g., 0.15 eV for HgTe to 
4.4 eV for MgS). These compounds are formed by combining a Group IIb metal 
(such as Zn, Cd, and Hg) with a Group VIa cation (usually S, Se or Te). They have 
high effective Z and thus provide high stopping power (i.e., high attenuation). The 
high stopping power enables thinner detector. All II-VI binaries have direct band-
gaps. The typical main compounds are CdTe and HgTe. They are alloyed with Zn, 
Se, Mn, or Cd to create ternary compounds (e.g., Cd(1 − x)ZnxTe, Cd(1 − x)MnxTe and 
Hg(1 − x)CdxTe) for commercial radiation detectors. Group II-VI semiconductors can 
also be created in quaternary forms, although less common than III-V varieties.

There are many experimental semiconductors that have good commercial poten-
tial. For example, GaAs p-i-n X-ray detectors for spectroscopy have been demon-
strated [34]. GaAs arrays have been also demonstrated for X-ray spectroscopy with 
high resolution [35]. SiC is another possible X-ray detector material that has favor-
able properties for X-ray spectrum measurements and can be used in harsh environ-
ments [36, 37]. GaN-based X-ray radiation detectors are more suitable at high 
temperature and high radiation field operation [38, 39]. The electronic properties of 
typical materials used in dosimetry and spectroscopic detectors are summarized in 
Table 1.1. The materials for imaging detectors are described in Sect. 1.4.

1.3  X-Ray Spectroscopic Detectors

The measurement of the energy distribution of the incident radiation is known as 
radiation spectroscopy. The basic principle of spectroscopy measurement set up 
using a semiconductor detector is illustrated in Fig. 1.5. The fundamental properties 
of a radiation detector are often determined by its pulse height spectrum. To con-
struct a pulse height spectrum, a stream of monoenergetic photons is irradiated 
within the detector. Photons are sufficiently separated so that one photon at a time 
is absorbed and the collected charges from the individual photons can be separately 
processed and stored in the multichannel analyzer. The preamplifier integrates the 
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Table 1.1 Selected examples of single crystal semiconductors for use in X-ray detectors for the 
measurement of dose or energy spectra. If the detector type is not fully known, metal/semiconductor/
metal is shown. HPGe is high purity Ge

Semi- 
conductor Detector type

Density 
(g cm−3)

Eg 
(eV)

Wi 
(eV) FN Typical mobility-lifetime

Si pn, pin or 
Schottky 
junction

2.33 1.12 3.62 0.08–
0.13

μeτe ≈ 1 cm2/V, 
μhτh ≈ 1 cm2/V

Ge
Ge (Li)

pin-like, metal/
HPGe/metal

5.33 0.72 2.96 0.06–
0.11

μeτe ≈ 1 cm2/V, 
μhτh ≈ 1 cm2/V

GaAs pin 5.32 1.43 4.18 0.14 μeτe ≈ 10−4 cm2/V, 
μhτh ≈ 4 × 10−6 cm2/V

CdTe Schottky, pin, 
and metal/CdTe/
metal

5.85 1.44 4.43 0.06–
0.09

μeτe ≈ 10−3 cm2/V, 
μhτh ≈ 10−4 cm2/V

CdZnTe Schottky, pin, 
and metal/CdTe/
metal

5.8 1.57 4.6 0.10 μeτe ≈ 10−3 cm2/V, 
μhτh ≈ 10−4 cm2/V

HgI2 Metal/HgI2/
metal

6.4 2.15 4.2 0.12 μeτe ≈ 3 × 10−4 cm2/V, 
μhτh ≈ 4 × 10−5 cm2/V

4H-SiC Metal/HgI2/
metal

3.29 3.27 7.28 0.128 μeτe ≈ 4 × 10−4 cm2/V, 
μhτh ≈ 8 × 10−5 cm2/V

InP Metal/InP/metal 4.79 1.34 4.2 0.13 μeτe ≈ 2 × 10−5 cm2/V, 
μhτh ≈ 10−5 cm2/V

Source: Data are typical values quoted in the literature as in Refs. [3, 28]

Fig. 1.5 The basic principle of photon energy spectrum measurements using a semiconductor 
detector

transient current pulse to produce a voltage step ΔV proportional to collected Qc. 
The pulse shaping circuit converts the preamplifier output signal into a form suit-
able for measurements, producing an output voltage pulse with pulse height Vp pro-
portional to Qc. However, a statistical variation in Qc is observed for different 
incident photons and so does in voltage pulse height Vp. The multichannel analyzer 
sorts out incoming voltage pulses according to their output pulse height and stores 
the number of pulses (count) of a particular charge level (channel number). We can 
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suitably calibrate the measurement system for a known photon energy so that we 
can convert the Qc to photon energy E and plot the number of occurrences (counts) 
against the photon energy E which is called a pulse height spectrum. The detailed 
analyses of the various components of spectroscopic measurement technique are 
described in radiation detection and measurement textbooks such as in references 
[40, 41]. In the ideal case, we would find a Gaussian distribution with a mean that 
corresponds to E and a full width between half maximum (FWHM), ΔE. If σ is the 
standard deviation of the Gaussian profile, then ΔE = 2.35σ.

There are several potential sources of fluctuation for the observed ΔE. These 
include any drift of the operating characteristics of the detector during the measure-
ments, sources of random noise within the detector and instrumentation system 
(electronic noise), and statistical noise arising from the discrete nature of the mea-
sured signal itself. The third source represents the minimum amount of fluctuation 
that will always be present in the detector signal, which sets an important limit on 
detector performance.

The overall observed variance can be written as

 � � � �2 2 2 2� � �con cc ,e  (1.10)

Where σcon is the standard deviation owing to carrier generation, σcc is the standard 
deviation owing to incomplete charge collection, and σe is the standard deviation 
owing to leakage current and amplifier noise. The electronic noise is a lumped value 
incorporating the noise associated with the leakage current of the detector and the 
noise due to the electronic chain, starting with the preamplifier, to the final output.

As mentioned earlier, the energy transfer of an X-ray photon energy to the matter 
occurs through the creation of an energetic primary electron. This energetic primary 
electron slows down by transferring energy in a cascade of energy transfer pro-
cesses to electrons and the lattice. The conversion process of an absorbed photon to 
the number of carriers has fluctuations about its mean value Ni due to the random-
ness of this whole processes. If the conversion (the ionization of the medium by the 
primary electron) was a string of independent events, the conversion statistics would 
be a Poisson distribution so that the variance of the conversion process would be Ni. 
In fact, the energy conversion events are correlated by energy conservation. 
Therefore, the variance in the number of charge carrier generation is modified by a 
Fano factor FN [42], and thus the actual variance of conversion is FNNi. If ΔEcon is 
the FWHM in the pulse height spectrum in Fig. 1.5 from the statistics of the conver-
sion process alone, then this would be

 
�E F EWN icon � 2 355.

 
(1.11)

The Fano factors for many semiconductors are typically less than 1 and are listed 
in Table 1.1. FN < 1 is accounted by the fact that the spread in the collected number 
of carriers is less than that expected from Poisson statistics. A reliable experimental 
measurement of FN requires that the photogenerated carriers suffer no trapping (all 
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are collected) and the electronic noise in the measurement circuit is suppressed. 
Fano factor also has temperature and photon energy dependence [3].

The second important broadening mechanism is the effect of charge carrier trap-
ping during the drift of the carriers towards their collection electrodes. Some of 
charge carriers can be trapped during their drift towards the electrodes and are not 
fully collected, so the measured charge is less than Qi. There are two intermingled 
fluctuations in charge collection. First is that not every photon is absorbed at x, so 
there will be fluctuations in x and hence in Qc. The absorption probability of a pho-
ton along the sample follows an exponential distribution exp(−αx) where α is the 
linear attenuation coefficient of the medium. The variance of charge collection effi-
ciency for the fluctuation on interaction distance x can be found in Ref. [43, 44]. 
Second, charge carrier trapping during drift is a stochastic process and there will be 
fluctuations in ηcc even if each photon was absorbed exactly at x. The signal variance 
for the fluctuation in ηcc owing to charge carrier trapping for photon interaction at x 
is given in Ref. [45].

The resolution of a spectroscopic detectors is nominally quoted in terms of the 
FWHM width ΔE at the photon energy E. Obviously, the smaller is ΔE, the better 
is the resolution of the detector in discriminating different energy photons. High 
purity Ge detectors operated at low temperatures have especially high spectral reso-
lution. For example, if the electronic noise can be reduced by special techniques, 
then a resolution of 345 eV at 59.5 keV or 0.57% is achievable at 100 K [46], though 
typical quoted values in various tables have been 670 eV at 77 K [3]. Typically, the 
energy resolution with compound semiconductor detectors at room temperature is 
approximately 2% or more, but less at low temperatures as discussed in references 
[28]. Tables 9.5, 4, and 3  in references [3, 26, 28], respectively, provide the best 
values that are observed for a range of semiconductors at energies 5.9  keV and 
59.5 keV.

1.4  Flat-Panel X-Ray Image Detectors

1.4.1  Materials and Structures

The flat-panel X-ray imagers (FPXIs) are, at present, the most successful digital 
X-ray detectors for screening medical imaging such as mammography and general 
radiography [47–50]. The last few decades have seen a nearly full transformation of 
X-ray imaging to modern digital imaging. Digital X-ray image sensors have two 
major parts; the detector where X-rays are absorbed and charge carriers are gener-
ated and collected, and the peripheral electronics (including a two-dimensional 
active-matrix arrays, AMA) that scan and process the collected charge from the 
detector for display or other form of readable information [51]. An AMA is a two- 
dimensional large array of pixels as shown in Fig. 1.6. The requirements on the digi-
tal detector technology have become more and more demanding as medical X-ray 
imaging today is not only about projection imaging, but involves real-time imaging 
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(fluoroscopy) and tomosynthesis, among other imaging enhancements such as dual 
energy imaging, photon counting, etc., each of which has its own demands on the 
detector technology [52–58]. The FPXIs are generally either phosphor-based (indi-
rect conversion) or photoconductor-based (direct conversion). In indirect method, 
X-ray energy is converted into light photons in phosphor layer (mostly cesium 
iodide, CsI) and these light photons are then detected by a photodiode. In direct 
method, X-ray photons directly generate EHPs in the photoconductor layer, which 
are collected on electrodes. The typical single pixel structures of both direct and 
indirect conversion FPXIs with TFT are shown in Fig. 1.7. A comprehensive and 
detailed review of flat-panel image detectors, both direct and indirect, has been 
given by Rowlands and Yorkston [59]. A drawback of indirect method is that the 
light photons are scattered and blur the image. The direct conversion detectors pro-
duce much sharper images than the indirect conversion detectors [48]. The focus of 
this section is on the properties and the performance of direct conversion X-ray 
image detectors.

For large area detectors, each pixel has a thin film transistor (TFT) and a charge 
storage capacitance. The TFT gate (G) is for the control of the “on” or “off” state of 
the TFT and connected to a particular address line i, the drain (D) is connected to a 
pixel electrode and a pixel storage capacitor, the source is connected to a particular 
data line j. The AMA has M × N number of gate and data lines, where M and N can 
be several thousand. The intrinsic read-out resolution of the detector is determined 
by the pixel pitch, which is typically 50–100 μm. The TFT array is laid out on a 
suitable flat rectangular glass substrate and is purchased by the detector manufactur-
ing company as a component onto which the semiconducting photoconductor is 
coated. The TFT-AMA substrate makes use of the well-established hydrogenated 
amorphous silicon (a-Si:H) technology for displays. A photoconductive layer is 
deposited on top of the AMA substrate (Fig. 1.7). A suitable electrode is deposited 
on the top surface to apply a bias voltage, which establishes a field in the photocon-
ductor. Upon absorption of X-ray photons through the top surface, electrons and 
holes are generated in the photoconductor layer and these carriers drift and give rise 
to an X-ray photocurrent. Each pixel stores an amount charge in the storage capaci-
tor based on the radiation received on top of that pixel. The stored charge from the 
capacitors can be read through properly addressing the TFT (i,j) via the gate (i) and 
source (j) lines. The electrical signals from pixels are amplified, multiplexed, and 
digitized so that the image can be conveniently displayed in a computer screen. The 
signal scanning technique is adequately described in these Refs. [51, 59, 60].

In the case of small area imaging detectors, the TFT in AMA can be replaced by 
CMOS, CCD or, a particular ASIC (Application Specific Integrated Circuit) pix-
elated read-out chip. For direct conversion detectors, an X-ray photoconductor such 
as CdZnTe crystals are usually indium bump-bonded (equivalent to “cold welding”) 
to electrodes on a CMOS [61]. CdZnTe crystals have also been bonded to ASIC 
read-out chips and CCDs using indium bumps to produce high resolution detectors 
for slot scanning X-ray imaging [62, 63]. Direct coating of the CMOS with a pho-
toconductor has also been tried, for example, a-Se directly evaporated onto a defined 
area of the CMOS [64]. In recent years, advances have been made in increasing the 
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Fig. 1.6 The structure of a typical direct conversion active-matrix array-based flat panel X-ray 
imager. (Idea from Ref. [51])

effective imaging area of wafer-size CMOS chips through stitching and tiling [65]. 
In another application, polycrystalline layer of HgI2 was grown directly on a CMOS 
chip (10 cm × 10 cm) to construct an X-ray imager [66]. There are several distinct 
advantages to using crystalline photoconductors on CMOS read-out chips. First is 
that the pixel size can be made very small and the whole operation can be very fast 
compared to TFT arrays. The second is that most CMOS imaging chips have on- 
pixel MOS transistors that provide on-pixel amplification to improve the imaging 
performances. Presently, the largest area commercial CMOS sensors are about 
11 cm × 14 cm and use indirect conversion as described in [67]. Manufacturers such 
as Dexela and Teledyne-DALSA also offer CMOS-tiled detectors for specific X-ray 
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Fig. 1.7 A typical pixel structure of the TFT-based flat-panel detector: (a) a pixel element of the 
direct conversion FPXI, and (b) a pixel element of the indirect conversion FPXI
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imaging applications that include not only medical imaging but also industrial 
imaging (e.g., nondestructive testing).

Stabilized a-Se is currently the only photoconductor for large area commercial 
X-ray image sensors, especially for mammography [51, 68]. Stabilized means that 
a-Se has been alloyed with 0.2–0.5%. As to prevent the crystallization of pure a-Se 
and then doped with Cl in the ppm amounts to control the charge transport (see [69] 
and recent review in [70]). The commercial a-Se detector is n-i-p or p-i-n type, 
where bulk i-layer is the stabilized a-Se layer [5]. These p-like and n-like layers do 
not have conventional p- or n-layer definitions in crystalline semiconductor theory 
based on electron and hole concentrations or the position of the Fermi level, rather 
they have a very high concentration of deep trap centers for oppositely charged car-
riers. In the p-like layer, the holes are relatively mobile, but electrons get easily 
trapped, and similarly in the n-like layer, electrons are mobile, but the holes get 
trapped easily. The thickness of these p- or n-like layers is few microns, whereas the 
i-layer thickness is at least few hundred microns. The thin p- or n-like layers act as 
“blocking layers”. The trapped charge carriers in these blocking layers reduce the 
electric field at the contacts and, hence, reduce the carrier injection from the elec-
trodes, which reduces the dark current [71]. The p-i-n structure was the key to the 
success of the a-Se-based FPXI because it allowed the dark current to be extin-
guished to an innocuous level [72–74].

A-Se is the most preferred photoconductor for direct-conversion X-ray detectors 
because of its low dark current, convenient low-temperature deposition over a large 
area, and good charge-transport properties. There is one remarkable drawback of 
a-Se, which is its lower intrinsic X-ray sensitivity (i.e., large Wi) ionization energy 
as compared to its competitors, such as polycrystalline HgI2 or CdZnTe [32]. For 
example, the typical value of the electric field used in a-Se detectors is 10 V/μm 
where the value of Wi is about 45 eV; the value of Wi is 5–6 eV for polycrystalline 
mercuric iodide (poly-HgI2) and poly-CdZnTe. The imaging properties of a-Se 
based FPXIs for various medical imaging modalities have been well-examined and 
analyzed; see for example [75–80]. There have been a number of other photocon-
ductors, such as polycrystalline layers of TlBr [81, 82], PbI2 [83–86], HgI2 [60, 
87–91], CdTe [92], CdZnTe [93, 94], PbO [95–98], and various hybrid organic−
inorganic perovskite (e.g., methylammonium lead halides, MA Pb-halides) [99–
105] that have been investigated to replace a-Se. Some of these, particularly HgI2 
and MAPbI3 [60, 106], have shown much potential for use in commercial FPXI 
applications. MA Pb-halide perovskites, in polycrystalline form, can be easily and 
cheaply prepared in large areas from solution (in contrast to vacuum deposition) and 
have already shown very good performance in photovoltaics and photodetector 
applications [107, 108]. The basic underlying problem with most of these semicon-
ductors is that they exhibit either an unacceptably large dark current under high 
fields needed to extract all X-ray generated charges or they possess significantly 
incomplete charge collection, and its consequences such as low resolution and 
image lag because they need to be operated at a low field to prevent a large dark 
current [32, 51]. Another drawback of polycrystalline materials is the adverse 
effects of grain boundaries in limiting charge transport and the nonuniform response 
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of the sensor due to large grain sizes. Grain boundaries in the polycrystalline mate-
rial are expected to create trapping levels within the band gap and introduce poten-
tial barriers between neighboring grains [109, 110]. Table 1.2 provides a summary 
of the properties of current photoconductive layers that either are used or have 
potential for use in large area FPXIs. Photoconductors for large area X-ray imaging 
have been recently reviewed in [33, 111].

1.4.2  Metrics of X-Ray Imaging Performances

X-ray sensitivity, resolution in terms of modulation transfer function (MTF), detec-
tive quantum efficiency (DQE), image lag, and ghosting are often considered as the 
metrics of imaging performances. For most practical applications, the spatial- 
frequency- dependent (f-dependent) detective quantum efficiency, DQE(f), is the 
appropriate metric of overall system performance and is unity up to the Nyquist 
frequency for an ideal FPXI.

1.4.2.1  X-Ray Sensitivity

The X-ray sensitivity is an important selection criterion of a photoconductor for its 
use in X-ray detectors, which is defined as the collected charge per unit area per unit 
exposure of radiation. If Φ0 is the photon fluence per Roentgen, the X-ray sensitivity 
can be written as [112],
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Where αair and ρair are the energy absorption coefficient of air and its density (αair/ρair 
is in cm2/g and Wi is in eV). Note that the expression of X-ray sensitivity in Eq. 
(1.13) does not consider the secondary photon reabsortion. For a thin detector where 
the probability of secondary photon reabsorption is low, Eq. (1.13) is still good. 
However, in thick detectors where most of the secondary photons are reabsorbed in 
the detector volume, the X-ray sensitivity for uniform excitation becomes,
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The X-ray sensitivity is basically controlled by Wi, η and ηcc. Typical X-ray sen-
sitivities of various photoconductive X-ray detectors are given in Ref. [33].
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Table 1.2 Properties of a few selected large area X-ray photoconductors. PVD is physical vapor 
deposition and SP is screen printing

Photoconductor
State
Preparation

Density 
(g/cm3)

δ at 
20 keV
δ at 
60 keV

Eg 
(eV) Wi (eV)

Electron
μeτe (cm2/V)

Hole
μhτh 
(cm2/V)

a-Se
Amorphous
Vacuum deposition

4.3 49 μm
998 μm

2.2 45 at 
10 V/μm
20 at 
30 V/μm

3 × 10−7 – 10−5 10−6 – 
6 × 10−5

Cd.95Zn.05Te
Polycrystalline
Vacuum deposition

4.3 80 μm
250 μm

1.7 5 ~2 × 10−4 ~3 × 10−6

HgI2

Polycrystalline
PVD

6.3 32 μm
252 μm

2.1 5 10−5 − 10−4 10−6 − 10−5

HgI2

Polycrystalline
SP

6.3 32 μm
252 μm

2.1 5 10−6 − 10−5 ~10−7

PbI2,
Polycrystalline
Normally PVD

3–5 28 μm
259 μm

2.3 5 7 × 10−8 ~2 × 10−6

PbO,
Polycrystalline
Vacuum deposition

5.8 12 μm
218 μm

1.9 8–20 10−9 − 5 × 10−7 4 × 10−8

CH3NH3PbI3 Perovskites 
Polycrystalline
SP

4.8 52 μm
365 μm

1.6 5 ~10−6 10−6 − 10−4

TlBr
Polycrystalline
Vacuum deposition

7.5 18 μm
317 μm

2.7 6.5 Small (1.5–
3) × 10−6

Source: Data combined from various sources

1.4.2.2  Spatial Resolution

The spatial resolution of an imaging device/system can be described in terms of the 
modulation transfer function (MTF), which is the relative response of the system as 
a function of spatial frequency. The FPXI is a rotationally symmetric system, and 
therefore, MTF is also rotationally symmetric and can be expressed in terms of 
single radial frequency f, which is the Fourier transform of the line spread function 
(LSF). When an imaging system is stimulated with a signal along a line, the LSF is 
constructed by evaluating the system response perpendicular to the line. The size of 
the pixel in an imaging detector sets a theoretical limit on the image resolution. 
While images with small pixels have the potential to deliver high spatial resolution, 
many other factors also affect spatial resolution, and in many cases, those other fac-
tors limit the spatial resolution. The shape of pre-sampling MTF contains all the 
information on signal blurring of the detector, which can be described as a cascade 
of several independent stages where the overall MTF is simply the product of the 
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MTFs of all the individual stages. The pre-sampling MTF of an image detector can 
be expressed as,

 
MTF f MTF f MTF f MTF ftr� � � � �� � �� � �m a ,

 
(1.15)

where MTFm = ppeMTFpe + pkMTFk + pcMTFc is the weighted MTF including the 
MTFs due to the range of the primary photoelectron, K-fluorescence reabsorption, 
and Compton Scattering [113], MTFpe is due to the range of the primary photoelec-
tron, MTFk is due to the K-fluorescence reabsorption, MTFc is due to Compton 
scattering, MTFtr is due to the charge carrier trapping, and, ppe, pk, and pc are the rela-
tive probabilities of the released charge carriers being from the photoelectric pri-
mary electron interaction, K-fluorescent X-ray reabsorption, and Compton scattered 
photon, respectively. MTFa is the modulation transfer function associated with the 
aperture function of the pixel electrodes. The aperture in FPXI is approximately a 
square with a dimension a, and thus,
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The spatial resolution in direct conversion FPXIs is usually high and closer to 
MTFa, as compared to phosphor-based FPXI [48]. The signal blurs due to the range 
of primary photoelectron and Compton scattered photons are insignificant for diag-
nostic X-rays (up to 100 keV) [17, 113]. Therefore, the charge carrier trapping and 
the reabsorption of K-fluorescent X-ray photons at different points from the primary 
X-ray interaction point are the two dominant mechanisms responsible for the loss of 
resolution [114, 115] in direct conversion FPXI. The loss of resolution due to fluo-
rescence reabsorption is maximum (although not very substantial) just above the 
K-edge of the photoconductor material. This effect can be ignored when (i) the 
incident X-ray photon energy is lower than the K-edge of the photoconductor, or (ii) 
the mean energy of the X-ray beam and the K-edge occurs at widely different ener-
gies [17, 114]. The theoretical method for calculating MTFk can be found in oxy-
Refs. [113, 116]. The charge carrier trapping has a significant effect on the resolution 
of these direct conversion X-ray image detectors, which is discussed below.

The top electrode in direct conversion FPXI is a continuous metal plate and the 
electrode on the other side of the photoconductor is segmented into an array of indi-
vidual square pixels of size a × a. Since the effective fill factor (the effective frac-
tion of pixel area used for image charge collection) of a photoconductive flat-panel 
detector is close to unity [117, 118], the effective pixel aperture width a is virtually 
identical to the pixel pitch (center to center distance between two pixels). Some of 
the X-ray generated carriers become captured by deep traps in the bulk and blocking 
layers during their drift across the photoconductor. These trapped carriers induce 
charges not only on the corresponding pixel electrode, but also on neighboring pixel 
electrodes and consequently there is a lateral spread of signal and hence a loss of 
image resolution [2]. An analytical expression for the MTF due to distributed carrier 

M. Z. Kabir



23

trapping in the bulk of the photoconductor has been described in [119]. If all charge 
carriers are trapped right at the interface between the photoconductor and blocking 
layer only, then its corresponding MTF can be calculated by a simple analytical 
expression [115, 120]. In fact, some of X-ray generated carriers are trapped in the 
i-layer (i.e., the bulk trapping) and the rest are trapped (or recombine with oppo-
sitely charged trapped carriers) in the blocking layers or reach at the corresponding 
electrode. A mathematical model for calculating MTF due to this distributed trap-
ping (bulk plus blocking layer trapping) is described in Ref. [121]. The effect of 
bulk trapping is more important in thicker detectors. The charge carrier trapping/
recombination (in both bulk and blocking layer) mostly determines the resolution of 
the chest radiographic detectors, whereas the charge carrier trapping/recombination 
in the blocking layer and K-fluorescence reabsorption mainly control the resolution 
of the amorphous selenium mammographic detectors [121].

1.4.2.3  Noise and DQE

Detective quantum efficiency (DQE) measures the ability of the detector to transfer 
signal relative to noise from its input to its output. The image signal is generated in 
the detector and passes through the read out and peripheral electronics such as self- 
scanning devices, amplifiers, and analog-to-digital converters. These read out and 
peripheral electronics contribute to noise, which is commonly termed as the elec-
tronic noise. Again, the random nature of charge carrier generation and transport 
properties gives rise to random fluctuations in image signals contributing to image 
formation and hence creates random noises, which is termed as the quantum noise. 
The resultant image relative to noise components is partially degraded by various 
sources of statistical fluctuations, which arise along the imaging chain. The relative 
increase in image noise through an imaging system as a function of spatial fre-
quency f is expressed quantitatively by DQE(f). The DQE(f) is defined as
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where SNRin and SNRout are the signal to noise ratio at the input and output stages 
of an image detector, respectively. DQE(f) is unity for an ideal detector. The SNR(f) 
is a function of the MTF and the noise power spectrum (NPS). The input noise in 
the number of X-ray quanta incident on the detector follows a Poisson process and 
thus, input noise variance is, σ2 = Φ0 and the input NPS(f), S0 = σ2 = Φ0, where Φ0 is 
the average number of X-ray photons incident on the detector. Therefore, 
input SNR fin

2
0
2

0 0� � � �� � �/ .
The DQE(f) is conveniently calculated by developing an appropriate cascaded 

linear system model [122, 123]. In the cascaded linear system model, an imaging 
system is described as cascades of several independent elementary stages. The 
effects of various phenomena, such as charge carrier trapping, K-fluorescence, and 
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electronic noise, on DQE(f) in the imaging chain have been examined in Refs. [45, 
116, 124]. The cascaded linear system model of Kabir et al. [116] is the most com-
prehensive one, which combines both series and parallel processes [125]. However, 
one can get quite similar result using a much simpler cascaded linear system model 
consisting of only series branches as described in [17, 126].

The linear system model for the calculation of DQE(f) of a photoconductive 
detector consists of eight stages: (1) X-ray attenuation, (2) scattering of X-ray pho-
tons before EHP creation, (3) the generation of charge carriers (conversion gain), 
(4) charge collection, (5) blurring due to charge carrier trapping, (6) aperture blur-
ring, (7) noise aliasing, and (8) the addition of electronic noise. The flow chart 
shown in Fig. 1.8 illustrates these eight separate stages and the signal and noise in 
different stages. Each of these stages can be categorized as one of the following five 
processes: (i) stochastic gain, (ii) stochastic blurring, (iii) deterministic blurring, 
(iv) aliasing, and (v) addition. The first, third, and fourth stages in Fig. 1.8 are con-
sidered as the stochastic gain stage. The stochastic gain enhances the noise associ-
ated with the quanta because the amplifying mechanism is stochastic in nature. The 
second and fifth stages are the stochastic blurring stages. Stochastic blurring is 
caused by random scattering of quanta. The integration of signal onto individual 
pixels in a digital detector is the deterministic blurring stage (sixth stage). The 
details of the signal and noise propagation through various stages are described in 
[17]. This cascaded linear system model has been applied to several different pho-
toconductive detectors [114, 127].

High conversion gain (~E/Wi) and high charge-collection efficiency are required 
to improve the DQE performance of an X-ray image detector. The conversion gain 
is solely a material property of the photoconductor. The charge collection efficiency 
can be improved by increasing F and improving the μτ products of the carriers. 
However, increasing F also increases the dark current dramatically and, thus, there 
is a practical limitation on F. The quantum noise limited SNR decreases with 
increasing dose. On the other hand, the electronic noise is usually independent of 
the incident radiation dose. Therefore, the detector could be quantum noise limited 
if the incident dose is sufficiently high to overcome the effect of the electronic noise. 
When the incident dose is reduced to very low levels (e.g., fluoroscopy and tomog-
raphy), the detector performance is mainly controlled by the electronic noise. The 
schemes for reducing the electronic noise or increasing the internal signal gain 
become essential for low-dose imaging applications [128–130]. Recently, there has 
been an intense attempt to develop solid state flat-panel direct and indirect conver-
sion sensors utilizing avalanche selenium detectors for low-dose medical X-ray 
imaging [131–134]. The avalanche multiplication can increase the signal strength 
and improve the signal to noise ratio in low-dose X-ray imaging applications.

Fig. 1.8 The block diagram shows the propagation of signal and NPS through the eight stages of 
a direct conversion X-ray imaging detector
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There are several electronic noise sources associated with the read-out technol-
ogy used, e.g., TFT vs. CMOS or passive pixel vs active pixel. The noise is expressed 
as root-mean-square number of electrons. The dominant sources of electronic noise 
are the TFT reset noise or kTC noise (typical value is 600 e) and the data line noise 
(typical value is 800–2000 e in passive pixel) per pixel. The data line noise has two 
important noise contributions: the charge amplifier and the data line. These noise 
sources are lumped into a single quantity and quoted as a number of electrons 
referred to the input of the charge amplifier. Each of the component sources of noise 
is independent. Therefore, the total noise power is the sum of the noise powers of all 
the sources. In general, the data line noise dominates all other noise sources in pas-
sive pixel TFT arrays. This large noise can be reduced by using a source follower or 
an amplifier at the pixel level, which makes the pixel an active pixel, rather than 
passive with just a TFT switch. Active pixel architectures in which the pixel has an 
embedded amplifying transistor can reach sub-500 electrons per pixel for a-Si:H 
TFTs and below 200 e for CMOS sensors. Active pixel sensors (APS) have shown 
improved SNR with respect to passive pixel sensors (PPS, with only a TFT switch) 
[135–138]. It is important to mention that nearly all sensitive CMOS imaging chips 
already have on-pixel amplification. The CMOS sensors show low electronic noise 
when the pixel size is very small (∼25 um) [129]. However, larger CMOS APS sen-
sors show relatively higher electronic noise [65]. Moreover, the APS sensors are 
vulnerable to the radiation damage [139].

1.4.2.4  Image Lag and Ghosting

The detectors should be free of noticible image lag and ghosting. When the photo-
conductor is exposed to X-rays, a transient photocurrent starts to flow that reaches 
almost a steady value at the carrier transit time [140]. Ideally, the current should be 
present as long as the detector is subjected to X-ray exposure and, once the radiation 
is stopped, it should diminish to zero. In reality, some of the drifting carriers are 
trapped at various levels of defect states within the bandgap of the photoconductor 
layer and the subsequent release of these trapped carriers lead to a transient decay-
ing current for several hundreds or thousands of seconds after the cessation of the 
excitation [141]. This is known as the residual current or the lag signal and has been 
modeled for a-Se detectors in [142]. For most applications, this is an undesirable 
phenomenon because when part of the current from a previous exposure combines 
with the next one, the resulting image can be inaccurate, particularly when images 
are acquired in a fast sequence, e.g., in fluoroscopy. The image lag signal has been 
measured in most of the potential photoconductive detectors. The amount of image 
lag signal in a-Se detectors has been found to be negligible, whereas it is quite sig-
nificant in some of other polycrystalline detectors [32].

The X-ray exposure can change the X-ray sensitivity of the exposed area and 
thus lead to a shadow impression of a previously acquired image which becomes 
visible in subsequent uniform exposure, which leads to what is called “ghosting” 
[143]. Ghosting can severely affect the diagnostic value of X-ray images. The 
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causes of change in X-ray sensitivity and resolution, and their recovery mechanisms 
in a-Se detectors, have been systematically investigated in the last decade [144, 
145]. Although the relative amounts of changes in sensitivity and resolution, arising 
from repeated exposure in commercial a-Se detectors, are below the tolerance level, 
they are due to the following probable mechanisms: (i) recombination of drifting 
carriers with oppositely charged trapped carriers [141], (ii) creation of X-ray 
induced metastable trap centers [146, 147], and/or (iii) reduction of the free carrier 
generation due to space charge (i.e., due to a nonuniform electric field) [145, 148]. 
It is expected that the ghosting phenomenon may also be present in other photocon-
ductive (e.g., HgI2, CZT, PbO, and PbI2) detectors, although a very limited number 
of reports are available in literature [104].

1.5  Position-Sensitive Semiconductor Detectors

Many semiconductors have asymmetric transport properties of holes and electrons. 
To overcome the effects of severe trapping of one type of charge carriers (e.g., μτ of 
holes in polycrystalline CdZnTe is two orders of magnitude inferior to electrons), 
few special detector structures have been developed in which the collected charge is 
sensitive only to the other type of charge carriers [3]. These techniques are called 
single polarity charge sensing, which can alleviate the charge trapping problem if 
the schubwegs (μτF) of just one type of charge (such as electrons) can be larger than 
the photoconductor thickness. The charge collection efficiency of Frisch grid [149] 
and coplanar detectors [150] depends only on one type of charge carriers. The 
response of a pixelated detector for X-ray imaging, the so-called small pixel effect 
[151], provides unique advantage by favoring one type of carrier (that moves 
towards the pixels) over the other.

The small pixel effect on the charge collection at the corresponding electrode or 
the neighboring electrodes can be easily understood by the help of Shockley-Ramo’s 
theorem (Eq. 1.4) and the shape of the weighting potentials of the pixelated elec-
trodes. Let us assume an X-ray interaction occurs along the center of any pixel 
(named as “0” pixel in Fig. 1.9a). Then, the weighting potentials of the central pixel 
(Vw0) and the next neighboring pixel (Vw1) as a function of interaction position x for 
various normalized pixel widths (an = a/L) are shown in Fig. 1.9b, c. For small pix-
els, the weighting potential Vw0 rises very slowly until very close to the pixel elec-
trodes (near-field region); then rises upwards sharply [15]. On the other hand, the 
weighting potential Vw0 is almost linear for large pixels, an >> 1, (e.g., an = 4 curve 
in Fig. 1.9a). The large pixel case, i.e., an ≥ 4, is equivalent to the case of a single- 
element detector. The weighting potentials of neighboring pixels are zero at both 
ends of the detector as shown in Fig. 1.9b. As a result, the neighboring pixels don’t 
receive any signal if there is no trapping. In practice, the neighboring pixels may 
receive some signals depending on the trapping rates of both types of charged carri-
ers (electrons and holes) [119]. The nonlinearity of the weighting potential of the 
next neighboring pixel Vw1 increases with decreasing normalized pixel width an.
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In smaller pixels, i.e., an ≤ 0.2, the motion of charge carriers close to the pixel 
electrodes (near-field region) can produce almost full signal (collected charge) 
strength in the external circuit and the motion of charge carriers outside this region 
induces very little signal. The reason is that the induced charge on a particular pixel 
electrode by a moving charge is very small when the charge is far away (the distance 
to the pixel is much greater than the pixel dimension) due to charge sharing among 
many pixel electrodes and increases rapidly when the charge is in the vicinity of this 
pixel. As a result, the change in induced charges in pixel electrodes due to the carrier 
motion through the near-field region is much higher than their motion in the outside 
of the near-field region (this change in induced charge produces electric current in 
the external circuit and the integration of this current is the collected charge). A very 
small fraction of carriers moves through the near-field region for the carriers that 
move towards the top electrode because of exponential absorption profile across the 
photoconductor thickness and the irradiation occurs through the top electrode. The 
induced signals due to the carrier drift towards the top electrode should decrease 
with decreasing the normalized pixel width. Since the charge collection efficiency 
of pixelated detectors mainly depends on the transport properties (mobility and 

Fig. 1.9 (a) X-ray interaction occurs along the center of a pixel (named as the pixel electrode “0”). 
The next nearest pixel electrodes are named as electrode “1”. (b) The weighting potential of the 
center pixel and (b) The weighting potential of the next nearest pixels
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lifetime) of the charges that move towards the pixel electrodes, the effects of poor 
transport properties of other type of carriers can be eliminated by having smaller 
pixels. Some of the potential photoconductors (e.g., a-Se, CdZnTe, and HgI2) for 
X-ray image detectors have asymmetric transport properties (mobility-lifetime 
products) for electrons and holes. Therefore, the charge collection efficiency of pix-
elated detectors can be improved by ensuring that the carrier (electron or hole) with 
the higher mobility-lifetime product is drifted towards the pixel electrodes.
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Chapter 2
CdTe-/CdZnTe-Based Radiation Detectors

A. Opanasyuk, D. Kurbatov, Ya. Znamenshchykov, O. Diachenko, 
and M. Ivashchenko

2.1  Introduction

Processes accompanied by nuclear radiation are widely used in energy, industry, 
medicine, and scientific research [1, 31]. Their application opens up unlimited pros-
pects, but requires a special approach to process control and ensuring personnel 
safety. The study of radioactivity showed that the human body has a limited set of 
natural receptors. Such a significant factor of danger, as hard radiation during 
nuclear decay, can be perceived by a person only after long-term interaction with 
body tissues, which sometimes causes irreparable damage to the body. Therefore, 
almost from the moment of the discovery of “invisible rays”, the question arose of 
developing ionising radiation detectors that would allow measuring the intensity 
and determining the energy spectrum of radiation.

To register and measure the characteristics of nuclear irradiation, many instru-
ments can be used, such as ionisation cameras, proportional counters, Geiger-Muller 
counters, scintillation counters, diffusion cameras, Wilson cameras, bubble and 
spark cameras, Cherenkov counters, etc. In addition, nuclear irradiation can also be 
registered using special photographic emulsions. Recently, nuclear irradiation solid- 
state semiconductor detectors have also been developed for these purposes.

Semiconductor detectors are similar to gas ionisation chambers in terms of the 
physical principle of operation. Semiconductor materials suitable for the develop-
ment of effective radiation detectors must meet the following requirements: they 
must have (i) a high resistivity (<1010 ohm∙cm), (ii) a low value of the average 
energy expended by a quant of irradiation to create a pair of charge carriers, (iii) low 
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value of the rate of recombination of the created charge carriers, and hence the high 
value of their lifetime, (iv) high value of the velocity of positive and negative charge 
carriers, and (v) large average of an atomic number of atoms (Z) forming a com-
pound for sufficient absorption capacity of the material. In most cases, these require-
ments are best met by single-crystal semiconductors, in which carrier transport is 
not limited by scattering at grain boundaries. But the number of semiconductor 
materials with high atomic numbers that can be obtained in the form of large single 
crystals with the required electro-physical properties and high chemical and 
mechanical stability is significantly limited. Unfortunately, only some semiconduc-
tor materials meet the abovementioned requirements at room temperature.

In recent decades, numerous attempts have been made to develop semiconductor 
detectors of various constructions based on many materials capable of operating at 
low and room temperatures [1, 42]. The initial goal of these studies, formulated as 
early as 1970, was the development of proportional detectors. To solve this problem, 
well-studied and technologically advanced electronic materials such as silicon (Si) 
and germanium (Ge) were used. But it turned out that these materials have disad-
vantages that significantly limit their use. Germanium has a low band gap and a high 
conductivity. Therefore, detectors developed on its basis must operate at liquid 
nitrogen temperature (77 K) to limit the influence of intrinsic noise. At the same 
time, detectors based on silicon doped with lithium have a low efficiency of detect-
ing hard X-rays and γ-rays due to the low atomic number of material. Significant 
successes in creating uncooled radiation detectors operating at room temperature 
have been achieved only with the use of new semiconductor materials such as HgI2, 
CdTe, Cd1 − xZnxTe (CZT), Cd1 − xMnxTe (CMT), etc.

High-resistance Cl-doped single crystals of cadmium telluride (CdTe:Cl) have 
been widely used as a base material to manufacture detectors of various types of 
hard-radiation [13, 33, 91, 98, 103, 105]. In recent years, the tendency to substitute 
CdTe:Cl on triple-component solutions has been observed, especially Zn-based 
solutions. It may be caused by the following benefits of Cd1 − xZnxTe (CZT) com-
pound against bi-component solution: high value of the materials’ resistivity, 
increased charge carriers’ mobility and lifetime, band gap (Eg) variation ability due 
to composition changing, increasing stability due to the higher band gap value and 
to the harder interactions between the components atoms, etc. [6, 15, 21, 24, 59]. 
However, the structural and electric homogeneity of this solid solution of single 
crystals was unsatisfactory due to the zinc segregation coefficient of k = 1.35 [70, 
84, 102, 106]. So, in recent times, as an alternative way for traditional CZT solid 
solution to manufacture hard-irradiation room-temperature detectors, the usage of 
Cd1 − xMnxTe (CMT) compound has been proposed [16, 39, 53, 65, 95]. As a result, 
a problem of growing the massive single crystal cadmium telluride samples and its 
solid solutions to obtain high-efficiency irradiation detectors with homogeneity and 
well-controlled electrical characteristics was formed [13, 33, 38, 49, 60, 67].

One more way to improve the structural quality of CdTe and CZT single crystals 
is the Se implementation into materials with a segregation coefficient value close to 
1 [70, 80, 106]. It was estimated that Se (this material has an opposite segregation 
tendency) added into CZT may result in samples with stable lattice constant value 
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and electro-physical characteristics by ingot volume [29, 70, 78]. Therefore, the 
development of methods for obtaining single-crystal solid solutions of Cd1 − xTe1 − ySey 
(CTS) and Cd1 − xZnxTe1 − ySey (CZTS) has been started [20, 29, 70, 78, 80, 106]. The 
study determined that obtained single crystals of these materials had a high homo-
geneity; they had practically absent defects, often present in CdTe and CZT single 
crystals [20, 70, 78, 80, 106].

To decrease the cost of irradiation detectors in recent times, thick (close to 
100 μm) structural perfect single crystal and polycrystalline films were proposed 
instead of bulk single crystals [54]. As an analogue, CdTe films may be used as 
CZT, CMT, CTS, CZTS solid solution layers. However, the possibility of using the 
thick layers of chalcogenide compounds for detecting hard irradiation in recent 
times is practically not studied, and related papers connected to the fabrication of 
the film detectors are almost absent.

This work is generally devoted to using CdTe and CZT compounds as detector 
materials.

2.2  Types of Hard Irradiation Detectors

Nuclear irradiation detectors are devices for the registration of α-particles and 
β-particles, X-rays and γ-irradiation, neutrons, protons, etc. They are used for deter-
mining the irradiation composition, calculating their intensity, measuring the quan-
tum particles energy spectra, studying the processes of interactions between fast 
particles and atomic nucleus, and studying the processes of decay of the non-stable 
particles. Registering process is based on the interactions between irradiation or 
particles and substance.

All nuclear radiation detectors can be divided into particle counters, path detec-
tors, and detectors that change their measurement properties during the irradiation.

Irradiation detectors have the following main characteristics: efficiency (proba-
bility of particle registering during its getting to the detector), time distinction (a 
minimal time of fixation two separate particles by detector), death time, or time of 
reveal (time during which detector after the registering process losses the ability to 
register the next particle or significantly worsens their characteristics). In case of 
additional determination, the particle energy, or their coordinates, a detector is also 
characterised by energy distinction (particle energy determination precision) and 
spatial distinction (particle coordinates determination precision).

Semiconductor detectors are worked by the principle of generation of the non- 
equilibrium charge carriers in material under the influence of different types (α, β, 
Х-ray, γ) of nuclear irradiation with their following separation (Fig.  2.1). Such 
detectors are actively studied and improved in recent time due to their following 
advantages: compactness, a wide range of detection irradiation energies, low energy 
consumption, direct transformation of irradiation energy on electric signal, func-
tional ability at room temperatures, high efficiency, and energy distinction. 
Moreover, the unique properties of semiconductor detectors make it possible to 
solve problems that are inaccessible to other types of detectors [1, 42].
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Fig. 2.1 Scheme of hard irradiation spectrometer based on semiconductor detector with (a) p-i-n 
structure or (b) ohmic contacts. (Idea from Grinev et al. [28])

Fig. 2.2 Typical view of a detector with (1) ZnSe scintillator (Te), (2) p–ZnTe— n–CdSe photo-
receiver, and (3) registration system. (Idea from Grinev et al. [28])

In most cases, a semiconductor detector is presented as a single crystal deposited 
onto opposite facets of metal contacts, so it represents a “metal-semiconductor- 
metal” structure [1, 42]. Electro-physical and detecting characteristics of this struc-
ture depend on the semiconductor material properties and the properties of the 
metal-semiconductor section boundary, material’s properties, and contact fabrica-
tion technique.

During the hard irradiation fabrication, semiconductor detectors use two types of 
contacts: rectifier (barrier) and ohmic contacts [42]. Ohmic contacts are intended for 
passive semiconductor connection to an external electrical field, so they must have 
a constant and limitless low electrical resistivity. Rectifier contacts (Schottky barri-
ers) are active elements of electronic circuits. They are characterised by non-linear 
current-voltage characteristics (I-V curve) and are primarily analogue to diodes 
based on homojunction and heterojunctions [79, 81]. The best energy distinction 
during the registration of γ-quants has detectors with barrier contacts due to their 
low values of losses currents and the low values of noise levels. Constructions of 
detectors with homojunction and heterojunctions are also presented.

Another type of solid-state detector is the “scintillator-photoreceiver” system 
(Fig.  2.2) where the electron-hole pairs are created under the influence of hard 
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irradiation following their recombination and further luminescence in the range of 
photoreceiver-sensitive wavelengths.

So, hard irradiation in a scintillator is transformed into electro-magnetic irradia-
tion with a lower frequency value and is further transformed into an electrical signal 
in a photoreceiver [28].

2.3  General Criteria for Choosing the Optimal Material 
for Solid-State Detectors

To satisfy the above-described characteristics, the material for fabrication of the 
hard irradiation detectors must have the following range of physical parameters [1, 
2, 42, 58]:

• High-density ρm and large average atomic number Z, which ensures efficient 
absorption of ionising radiation quanta in a fairly small volume.

• A low value of energy formation in the electron-hole pairs leads to the creation 
of more free carriers during the absorption of ionised irradiation quant. It facili-
tates the registration and increases the precision of quant energy determination.

• High transport properties of free charge carriers (multiplication of the mobility 
on lifetime μτ) of electrons (e) and holes (h) in material, which provide a forma-
tion of the qualified output signal without spectral distortions and efficiency losses.

• A high value of resistivity ρ, which provides a minimal loss current and decreases 
an own detector.

• Possibility of forming the ohmic and blocking contacts that makes a possibility 
to realise a necessary detector’s construction.

• Manufacturability allows obtaining a quality material and manufacturing detec-
tors with a given shape and size.

• Stability of parameters during long-term storage and operation.

Atomic number Z of detecting material is the main parameter which might be 
maximised. It reduces the depth of radiation absorption and increases its detection 
efficiency. The same effect can be achieved if at the same efficiency to reduce the 
thickness of the detector or at the constancy of both values to increase the maximum 
resolution energy of γ-irradiation. It is well known that the depth of absorption of 
this irradiation very much (~Z5) depends on the material’s atomic number. Therefore, 
in [2], as a parameter characterising the absorption capacity of a semiconductor, it 
is proposed to use the ρmZ5/μ where ρm is the density of the material and μ0 is its 
molar mass. Effective volumes of irradiation absorption of γ-detectors of different 
designs and based on many materials are given in Fig. 2.3.

Wide band gap Eg is one of the most necessary semiconductor’s characteristics 
influencing the detector’s quality. For example, Eg determines the carriers mobility 
μе,h, which, as a rule, changes inversely proportional to the wide band. It also deter-
mines a resistivity ρ which increases during increasing Eg.

Semiconductor band gap also determines the energy of electron-hole pairs for-
mation, which are created under irradiation due to Klein ratio Ep = 2.8Eg + 0.606 
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Fig. 2.3 Sizes of spectrometric detectors and their energetic distinction for ©– irradiation with the 
energy of 662 keV. (Reprinted with permission from (Lund et al. [52]. Copyright 1995: IEEE)

(Fig. 2.4) [58] (Ep = 2.67Eg + 0.87 by another data [42]). Dark currents and detector 
noises also depend on Eg intensively decreasing during band gap increasing.

It is well known [79, 81] that resistivity ρ is inversely proportional to free charge 
carriers’ concentration that is estimated by the following equation:

 
n N N E kTi � �� �c v gexp / ,2

 
(2.1)

where Nc, Nv are the number of quantum states in conduction and valence bands; 
k is Boltzmann constant.

However, in real semiconductors, as a rule, there are uncontrolled impurities that 
act as donors and acceptors and determine the amount of thermally generated carri-
ers, and hence the material’s resistance. These media are responsible for dark cur-
rents and detector noise.

The signal of a semiconductor detector is proportional to the absorbed energy, 
and the number of generated electron-hole pairs during single-photon absorption is 
calculated by the expression N = E/Ep where E is the radiation energy. The average 
statistical deviation of this value is equal to � � N  or in energy units 
E E N E Erms p p= = · . The half-height peak width in the spectrum (energy 
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Fig. 2.4 The average energy needed for creating single electron-hole pair in different semiconduc-
tor materials depends on their wide band gap. (Reprinted with permission from Owens and Peacock 
[58]. Copyright 2004: Elsevier)

difference, see Fig. 2.5) can be written as follows E E E EFWHM p� � �� 2 35. . In 

practice, the equation E E E E FFWHM p� � � �� 2 35.  where F is the Fano factor is 

used to estimate the limit of the difference due to statistical processes. This factor is 
always less than one, and for the most studied semiconductors, such as Si and Ge, it 
is 0.250–0.415 [48, 58].

As we can see, while choosing a semiconductor based on the value of the band 
gap Eg, a compromise is needed to maximise μе,h, ρ and other material parameters 
simultaneously. Available empirical and theoretical data suggest that the optimal 
values of Eg should be in the range of 1.7–2.2 eV [58].

The following ratio determines the efficiency of charge carriers collecting in the 
detector:
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As follows from the relationship, this efficiency depends not only on the free 
path length λe and λh, but also on the localisation of the charge that occurs when 
irradiated. Since the place of interaction of photons with matter is essentially ran-
dom, it can be described by the classical exponential law of absorption; as a result, 
the width of the peak in the energy spectrum is determined by the ratios λe/L and λh/L.
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Fig. 2.5 Minimum resolution of devices based on semiconductors and superconductors at radia-
tion energy of 5.9 keV as a function of the band gap of the material Eg. The graph is based on the 
average Fano factor of 0.14 for semiconductors and 0.22 for superconductors. (Reprinted with 
permission from Owens and Peacock [58]. Copyright 2004: Elsevier)
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where λ is the length of the charge carriers; L is the thickness of the detector; τ is a 
lifetime of charge carriers; E is an electric field strength in the detector; JТ is the 
dark current density.To improve charge collection, the product μe,hτρ should be as 
large as possible. The value of JТ, however, is limited by the requirement of low 
noise level in the detector (in the case of sufficient electrical strength of the material).

Thus, to assess the ability of the detector material to store and record radiation- 
induced charges, it makes sense to use the product of three factors μe,hτρ, preferring 
the material with the maximum value of this product (other things being equal). 
Other parameters (energy of electron-hole pair formation, melting temperature, 
etc.) are not the primary factors and may not be considered in the first stage of detec-
tor material selection.

In the second stage of semiconductor selection for ionising radiation detectors, it 
is necessary to consider the possibility of practical production of the material, 
including the growth process of the single crystal. Parameters such as the required 
level of purity of the starting materials, melting temperature, pressure at which crys-
tals are grown, chemical stability of the compound, the possibility of long-term 
operation and storage of the device, etc. are also subject to analysis.
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To numerically compare the efficiency of detector materials in the future, we will 
use the products of μe,hτρ and ρmZ5/μ and then we will separately characterise the 
material in terms of its manufacturability. Some important from the point of view of 
detector properties parameters of some semiconductor materials are given in com-
parative Table 2.1 [2, 42, 58].

Subsequently, we used them to determine the above products and select semicon-
ductor materials with the best characteristics for detecting hard irradiation. The results 
of the corresponding calculations for materials of n- and p-types are shown in Fig. 2.6.

It has been shown from Fig. 2.6 and Table 2.1 that the best detective properties 
have the following materials: CMT, HgI2, CZT, ZnSe, CdTe, ZnTe, CdSe, and oth-
ers. The results of the calculation of the efficiency of detecting hard irradiation of 
different energy by detectors based on some of these materials are shown in Fig. 2.7.

As already mentioned, it is necessary to use materials with optimal parameters to 
create high-performance hard radiation detectors with high spectral resolution and 
recording speed. Such parameters include the high atomic number value required 
for the effective interaction of atoms with radiation. At the same time, a significant 
value of the band gap and the product of the parameters of mobility-lifetime (μe,hτ) 
are required to obtain high resistance and low dark currents of the detector, respec-
tively. In addition, for a high sensitivity and efficiency of detectors, you need to use 
base layers with a large thickness, which provides conditions for the absorption of 
the maximum number of incident photons. The need for homogeneity and low den-
sity of structural defects in the detecting material is due to the need for efficient 
charge transfer of generated charge carriers, low dark currents, and the lack of addi-
tional conductive circuits between detector contacts that can cause short circuits.

Taking into account all the above requirements, only some semiconductor mate-
rials are suitable for use as detectors: Si, Ge, GaAs, HgI2, TlBr, CdTe and CZT, 
CMT, etc. Among these semiconductor materials, silicon and germanium are the 
most studied and technologically developed. It was on their basis that the first semi-
conductor detectors of hard radiation were created [1]. Detectors made of these 
materials have good transport properties and are pretty perfect and cheap.

Table 2.1 Parameters of some semiconductor materials that characterised their detecting 
properties

Parameter CdTe:Cl Cd0,9Zn0,1Te Cd0,35Mn0,55Te

Atomic number Z 50 49.1 49
Density, ρm·103 (kg/m3) 5.85 5.78 5.80
Working temperature (К) 300 300 300
Eg (eV) 1.46 1.57 1.73
Fano Factor, ΔEFWHM keV at 60 keV 0.3 0.393 0.53
The formation energy of e-h pair, eV 4.43 4.64 2.12
Drift mobility μ (cm2/V·sec) e 1000–1100 1000–1100 –

h 100 120 –
The average lifetime of carriers τ (sec) e 10−7 –3·10−6 8·10−7 –3·10−6 –

h 1.2·10−7–5·10−6 6·10−8 – 1.2·10−6 10−7

μτ (cm2/V) e 10−4 – 3·10−3 8·10−4 – 9·10−3 >·10−6

h 10−5 – 4·10−4 3·10−6 – 1.2·10−4 –
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Fig. 2.6 Characterisation of semiconductor materials in case of the hard irradiation detecting 
efficiency. (Idea from Abyzov et al. [2])

Fig. 2.7 Dependence of 
hard irradiation detecting 
efficiency on the energy of 
different materials devices. 
(Idea from Lowe et al. 
[51])

Nevertheless, these materials have certain disadvantages that limit their use in 
this field. Germany has a small band gap EgGe = 0.67 eV at T = 300 K, and, conse-
quently, a high specific conductivity. Therefore, germanium detectors to limit the 
influence of intrinsic noise can work only at low operating temperatures 
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(EgGe = 0.74 eV at T = 77 K). Detectors based on silicon (EgSi = 1.1 eV at T = 300 K), 
in addition to this disadvantage, have a relatively low efficiency of detection of 
quanta with energies above 60 keV due to low atomic number.

The most attractive semiconductor materials that are suitable for detectors with 
high recording efficiency and good energy resolution, operating even at room tem-
perature, are based on CdTe and solid solutions. These materials combine a rela-
tively high resistivity and one of the most significant known values of the product 
μe,hτ. Due to this fact, CdTe, CZT, and CMT are materials that require the most 
negligible thickness (0.5 mm) at an applied voltage of 100 V and must absorb 90% 
of radiation under the action of radiation with an energy of 60 keV. Such indicators 
are very close to the ideal detector material [23].

The advantage of using solid solutions is the ability to vary their physical proper-
ties in a wide range, which allows you to optimise their characteristics for use as a 
detector material. The growing interest in radiation detectors that can operate at 
room temperature has led to the development of technologies using semiconductor 
compounds with a wider band gap compared to Si and Ge [58]. In turn, the main 
advantage of solid solutions of CZT, CMT over CdTe is the ability to obtain a mate-
rial with a more significant band gap and, accordingly, greater resistivity and leak-
age current.

Theoretical calculations show [92] that for effective detection of radiation with 
energies of about 10 keV at room temperature, it is necessary to use a solid solution 
of CZT with significant concentrations of zinc (x = 0.8) (Fig. 2.8), while the concen-
tration of manganese in CMT solution can be twice as small.

In the following, we will focus on the review of the main physical characteristics 
of cadmium telluride and its solid solutions.

Fig. 2.8 Optimal wide 
band gap depending on the 
temperature and photon 
energy for CZT solid 
solution with different zinc 
compositions
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2.4  Main Physical Characteristics of CdTe, ZnTe, and CZT 
and Their Application

In the general case, a standard iodine radiation detector based on CdTe (ZnTe, CZT) 
consists of a base layer made of its own semiconductor, where incident photons are 
absorbed, and electron-hole pairs are generated, as well as electrical contacts. The 
electrical signal is removed from the ohmic contact (e.g. Pt), while the other contact 
is blocking (e.g. In), which reduces the dark currents of the device. It is possible to 
further reduce the influence of dark currents on the detector output signal by creat-
ing a p–i–n junction.

Due to the unique physical properties of II-VI-group compounds, especially – 
cadmium telluride, this compound is a perspective material for fabrication on its 
basis of a wide range of high-efficiency nuclear energetic devices, solar energy 
instrumentations, optical, and acoustic electronic [3, 21, 46, 66, 99, 104]. It is a 
wide band gap semiconductor with a high transmission coefficient value (~70%) of 
electro-magnetic irradiation in the range of wavelengths of λ  =  (2.0–30.0) μm. 
These properties allow its usage to fabricate the corresponding spectra filters and 
electronic and optical modulators in near-IR and IR areas [91, 104]. A significant 
interest of researchers has the luminescent properties of CdTe. It may be caused by 
direct interactions between the valence and conduction gaps through the shallow 
acceptor levels that lead to the formation of irradiation in infra-red spectra [104].

Cadmium telluride is one of the promising materials for manufacturing X-ray 
and γ-irradiation semiconductor detectors that can work at room temperatures. As a 
rule, to detect the low-energy X-ray irradiation, low-ohm n-CdTe is used. In con-
trast, it is necessary to register the high-energy irradiation to use the semi-isolated 
material with a resistivity of ρ = (108–1010) Ohm·m [3, 5, 46, 56].

Such wide usage of CdTe is due to its extremal physical properties. Besides, 
cadmium telluride is the heaviest compound of II-VI semiconductors 
(μ = 240·10−3 kg/mole). The ionicity by Phillips (Iph = 0.717) is also bigger among 
these compounds.

Cadmium telluride is the single material in II-VI group compounds that can be 
obtained in both types of semiconductor conductivities. It is usually crystallised in 
a sphalerite (zinc blend) structure, which lies in a cubic symmetry group and con-
sists of two face-centred cubic lattices (FCC), shifted each other on the quarter of 
the space-diagonal of the crystallographic cell. Each sub-lattice is formatted by cad-
mium of tellurium atoms as shown in Fig. 2.9. So, four neighbouring atoms that 
belonged to another FCC sub-lattice surround each atom in a materials lattice. 
Neighbouring atoms situated in tetrahedron form, simultaneously creating covalent 
connections, distribute four valence electrons.

Hexagonal (wurtzite) modification of CdTe (Fig.  2.9) is metastable and is 
occurred in crystals and films obtained in super non-equilibrium conditions. 
Sphalerite and wurtzite modifications differ from each other only by alternating 
densely packed atomic layers. Sphalerite phase CdTe lattice constant is the biggest 
among all II-VI compounds with an analogue crystalline structure.
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Fig. 2.9 Crystalline structure of sphalerite phase of CdTe and CZT (left), and wurtzite phase of 
CdTe (right) compound

Electro-physical properties of this material are estimated by parameters and con-
figuration of its band gap, and its value is the smallest among II-VI compounds [96].

Cadmium telluride has a high value of vapour pressure close to the melting point. 
This fact is complicated to grow the crystals from the melt, but formatted the favour-
able conditions for grown crystals and thin films from the vapour phase. During the 
evaporation procedure, CdTe is dissociated, and its gas phase is a mixture of com-
pound components vapours. Moreover, there is observed an absence of chalcogen-
ides molecules. Cadmium vapour in the mixture is single-atomic; simultaneously 
tellurium may be presented in single-atomic as a double-atomic state, and the first 
state prevails.

Zinc telluride is a wide bandgap semiconductor which has a bandgap value of 
Еg = 2.26 eV at room temperature and Еg = 2.39 eV at T = 4.2 K. Its melting point 
is Тm  =  1513 К; its density is ρm  =  5.633·103  kg/m3. Its sublimation heating is 
Q = 119.2 kJ/mole; its formation enthalpy value is ΔH = −117.5 kJ/mole. In ther-
modynamically equilibrium conditions, zinc telluride is crystallised in a cubic 
sphalerite structure. The compound’s lattice constant is а = 0.61033 nm, and the 
distance between Zn and Te atoms is 0.363 nm. The thermal coefficient of linear 
expansion at room temperature is α0 = 8.4·10−6 К−1 [82].

ZnTe presence area in a temperature range from room temperature (RT) to melt-
ing point (MP) lays from the tellurium side. ZnTe stoichiometric composition at 300 
К corresponds to 66.12 mass. % of Те and to 33.98 mass. % of Zn (50.0048 at. % 
of Те) [8, 10, 22, 25, 34, 57, 82]. Phase diagram features lay the effect of consisting 
in ZnTe the tellurium excess. As a result, it has an electro-conductivity with only 
hole type regardless of the obtaining conditions and type of compound doping [10, 
12, 34]. Holes’ mobility in material is μp = 110 cm2/V·sec and their effective mass 
is mlp = 0.154·m0, mhp = 0.695·m0 [10, 25, 34].

CZT ternary semiconductor compound is a solid solution of cadmium telluride 
(CdTe) and zinc telluride (ZnTe). It is a direct gap semiconductor with p-type con-
ductivity. Wide band-gap of this material is varied from 1.46 eV (CdTe) to 2.26 eV 
(ZnTe) depending on the zinc concentration (Fig. 2.10). CZT as CdTe is crystallised 
as sphalerite structure based on cubic symmetry group and consists of two FCC 
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Fig. 2.10 Variation of wide band gap (filled circle) and lattice constant (filled square) at room 
temperature depending on the х solid solution concentration

cubic sub-lattices shifted each other onto quarter crystallographic cell spacing diag-
onals. Cadmium (Cd), zinc (Zn), or tellurium (Te) atoms form each of these sub- 
lattices. In general conditions, the solid solutions grown mechanism is revealed in 
mutual substitutions of atoms by metal sub-lattice (Cd, Zn). In contrast, the concen-
tration of the atoms in the chalcogenide sub-lattice (Te) is constant; the principle of 
Cd, Zn, and Te atoms positioning in solid solution crystal lattice is shown in Fig. 2.9 
(left). So, the general physical parameters of solid ternary solutions may have inter-
mediate properties corresponding to the pure binary compounds [94].

The effect of zinc atoms impurity on CdTe lies in decreasing the lattice constant 
and increasing the band gap. The value of CZT lattice constant may be determined 
using the Wegard linear approximation [18, 75]:

 
a a x a xx xCd Zn Te CdTe ZnTe1 1� � � �� � � � � � � � � � ,

 
(2.4)

where а(CdTe) and а(ZnTe) are CdTe and ZnTe lattice constant values  – 
0.64810 nm and 0.61026 nm, correspondingly.

In the case of a crystalline material, the relation Eq. (2.5) determines the depen-
dence of the band gap CZT on x [4]. Corresponding dependencies have been shown 
in Fig. 2.10.

 
E x x x xg � � � � � �� � � �1 48 0 70 0 38 1. . . .

 
(2.5)

Fabrication of the high-quality irradiation detectors requires a material with high 
values of resistivity and charge carrier lifetime multiplication μτ [17]. Increasing the 
zinc concentration in CZT solid solution leads to increasing its resistivity (Table 2.2), 
which, as a result, decreases the device’s dark current and increases the detecting 
efficiency [19].

On the other hand, increasing the zinc concentration can decrease crystalline 
quality due to lattice deformation [63, 64, 83]. This effect is the reason why the Zn 
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Table 2.2 The main characteristics of CdTe, ZnTe and CZT

Material CdTe Cd0,9Zn0,1Te ZnTe

Crystalline structure Cubic (sphalerite) Cubic (sphalerite) Cubic (sphalerite)
Atomic number, Z 48; 52 48; 30; 52 30; 52
Density (kg/cm3), ρm 6.2·10−3 5.78·10−3 5.63·10−3

The wide band gap (eV), Eg 1.46 1.57 2.26
Resistivity (Ohm × cm), ρ 109 1010 1010 – 1012

μeτe (cm2/V) 10−3 10−3 – 10−2 10−3 – 10−2

μhτh (cm2/V) 10−4 10−5 10−5

Source: Data extracted from Berchenko and Sredin [8], Berger [9], Bhargava [10], Del Sordo et al. 
[17], Kasap and Capper [34], Novoselova [57], Schlesinger [76], Georgobiani [25]

concentration in the CZT solid solution of most detectors does not exceed x = 0.20 
and most often lies in the range x = 0.04–0.10 [17].

The main physical properties of CZT in the case of x = 0.10 and their comparison 
to the physical properties of pure CdTe and ZnTe are presented in Table 2.2.

2.5  Methods of Growth of the Bulk CdTe Crystals and Solid 
Solutions on Their Base

2.5.1  II-VI Compounds Phase Diagrams Features

The complexity of the technology of growing single crystals of II-VI compounds, 
which includes cadmium telluride, and especially solid solutions based on them, is 
due to the following reasons: high melting points and strong dissociation of the 
melt, the tendency to unilateral deviation from stoichiometry, segregation of com-
ponents, and also the ability of these compounds in the synthesis to crystallise in 
various modifications.

To select the conditions for growing single crystals and determine the conditions 
of their annealing point to change certain properties, it is necessary to know the 
phase diagrams of such compound. The phase equilibrium in the system of II-VI 
compounds is usually characterised by three parameters: temperature (T), pressure 
(where P is the sum of the partial pressures of the components), and phase composi-
tion (x). It can be described by a conventional bio-component system (AB), where 
only one compound is formed. For such systems, in the case of the crystal growth 
process, it is interesting to consider two types of equilibrium – the equilibrium of a 
solid compound with a gas phase (GP), the equilibrium of a ternary-component 
system – a solid compound, liquid and gaseous phase (TLG). The latter determines 
the equilibrium conditions for growing the compound from the melt.

In contrast to the constituent components, II-VI compounds are more refractory 
and have significantly lower vapour elasticity. The peculiarity of these materials is 
their decomposition or dissociation at elevated temperatures, which is described by 
the following equilibrium reaction:
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nAB s nA g nB g� � � � � � � �,  

(2.6)

where s is a solid state, g is a gas state.
Numerous mass-spectrometric studies show that the gas phase of the elements of 

VI group of the table of elements consists mainly of diatomic molecules (n = 2).
Equation (2.7) indicates that the partial pressures of the components of the com-

pounds are interrelated. They are interconnected by the following equilibrium 
constant:

 K P Pn
nP A B= ,  (2.7)

Where activities are estimated is a partial pressure.
In the case of pressure measurements, the KP is usually determined for all mate-

rials. The minimal pressure in the melting point condition of stoichiometric compo-
sition may be assumed from the following equation:

 
P Kmin .=

3

2
23

P
 

(2.8)

During the “solid state-liquid-gas” system description, we have the three anal-
ysed components: temperature, pressure (as a sum of two components pressures), 
and composition. Inert gas pressure has not practically influenced the system’s equi-
librium. Two surfaces describe the phase equilibrium in three-dimensional space 
with P, T, and x coordinates. For a more informative demonstration of the ternary 
phase, the surfaces of liquids and solids are usually projected on bi-dimensional 
areas. It leads to obtaining the three types of phase diagrams: P – x, T – x, P – T. On 
P – x and T – x diagrams, the solid state is usually described as a separate verti-
cal line.

The phase diagrams shown in Figs. 2.11 and 2.12 estimate a connection between 
pressure and temperature for CdTe and ZnTe compounds. The upper curve is char-
acterised by the cadmium (zinc) vapour pressure and estimates the highest bound-
ary of the solid CdTe (ZnTe) stability area. The pure tellurium pressure (Figs. 2.11b 
and 2.12b) determines the lowest curve.

For practical usage, the higher interest of researchers represents the value of 
minimal pressure (Pmin) close to the maximal melting point (Tmax). In the case of 
CdTe and ZnTe, these values are 4.8 × 10−3 Pa (0.23 atm.) and 10−2 Pa (0.64 atm.), 
respectively.

The possibility of controlling the electrical properties of any material is deter-
mined by its homogeneity area. It can be seen in Fig. 2.11a that the CdTe presence 
area is quite asymmetric. In the case of a temperature more than 1000 K, the more 
significant part of the compound presence area lies on the cadmium side. In the case 
of a temperature lower than 1000 K, this area is shifted onto the tellurium side [3]. 
So, cadmium telluride crystal growth temperature determines their point defects, 
which prevail in materials. Because they are charged, they have estimated a type of 
material’s conductivity. In most cases, during the single crystal growth and the 
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Fig. 2.11 CdTe compound phase diagrams: (a) – T – x, (b) – P – T. (Idea from Kreger [45])

Fig. 2.12 ZnTe compound phase diagrams: (a) – T – x (a), (b) – P – T. (Reprinted with permission 
from Feltgen et al. [22]. Copyright 2001: Elsevier)

deposition of undoped films of this compound, they have a р-type conductivity 
because the preferred defects in the material are single-charged cadmium vacancies 
(VCd

− ) [71] or interstitial tellurium atoms ( Tei
− ) [7].

2.5.2  Methods of Single Crystals Growth

Modern methods of growing crystals of II-VI compounds can be divided into three 
main groups: growth from the gas phase, growth from solutions, and crystallisation 
from the melt [44]. Each of these groups has many varieties and methods of growth. 
Criteria for choosing the method of obtaining crystals, taking into account at least 
three parameters: the nature of the substance to be crystallised, the nature of melt-
ing; presence of phase transitions, chemical activity, etc.; technical and economic 
indicators of the method (complexity and cost of equipment, type of construction 
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materials, etc.); requirements for the actual structure, geometric configuration, and 
dimensions of the grown single crystal. In addition, some authors used to obtain 
crystals of chalcogenide compounds by other methods such as electrolytic precipi-
tation, hydrothermal synthesis, chemical precipitation, etc. [14, 15]. However, these 
methods are not widespread in our time.

It was previously thought that II-VI compounds have relatively high melting 
points and sublimate well, so it is most convenient to use the method of growing 
from the gas phase. However, the results of later studies were the most acceptable 
method of rising from the melt under inert gas pressure. Thus, the highest quality 
large crystals of CdTe and CZT can be grown only by melting under pressure.

2.5.2.1  Vapour Phase Growth

Relatively perfect chalcogenide crystals are obtained from the gas state, but epi-
taxial films are most often applied in this way [30]. Existing methods of growing 
single crystals of II-VI compounds from the gas phase can be divided into two main 
groups [40, 47]: synthesis from elements and the sublimation method of powdered 
compounds in a vacuum. The chemical transport method is the synthesis of ele-
ments that can be carried out either in an inert atmosphere or in an atmosphere of 
chemically active gas. The main requirement in the growth of samples from the gas 
phase is the continuous supply of a pair of compound components in the reaction 
zone and the crystal’s growth. Depending on the method of transportation of crystal- 
forming elements, crystallisation methods from the gas phase can be divided into 
dynamic and static. Dynamic methods use a carrier gas that passes continuously 
through the system. In static methods, transport is provided by the diffusion of com-
ponents through the gas phase. The source of steam, in this case, is a compound of 
the desired composition in powder form, which is at a high temperature. The pair of 
components formed during the dissociation of the compound diffuses into the cold 
zone, where the crystals grow [47].

It should be noted that during growing from the gas phase, crystals of very high 
quality of many compounds can be obtained, but their growth rates are usually very 
low [40]. In addition, the growth rate also decreases during synthesis due to the 
deterioration of heat dissipation from the growing crystal. The situation is some-
what better for hexagonal compounds, but growth is often limited to one orientation 
[40]. Low temperatures of the growth process contribute to high quality, especially 
in those compounds in which the phase transition occurs below the melting point 
(ZnSe, ZnS).

The use of the method of gas transport reactions is possible only if a certain 
amount of transporting agent is introduced into the crystal. Halogens are the only 
possible agent for the growth of crystals of II-VI compounds, so the presence of 
some donors in the resulting material should be expected. In some cases, growth 
temperatures are pretty low, less than 1073 K. At such temperatures, quartz ampoules 
remain rigid and almost inert. Another advantage is that the desorption from the 
furnace elements is low. If the contact of the growing crystal with the ampoule walls 
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is excluded, then using very low gradients (below 5 degrees per cm), it is possible 
to obtain samples practically free from thermoelastic stresses.

2.5.2.2  Solution Growth

One of the most common methods of growing crystals from solution is the method 
of zone melting (moving heater). The narrow zone of the tellurium melt passes 
through the rod of the source polycrystalline material CdTe or ZnTe.Suppose the 
temperature gradients are selected correctly, and the area moves slowly. In that case, 
the material will dissolve in the lower part of the zone and precipitate as a single 
crystal in the upper. This method combines the advantages of solution growth and 
zone cleaning and low temperatures (923–1123 K), which are used to eliminate cor-
rosion of the crucible material virtually. However, solid recrystallisation is used to 
cultivate single crystals of II-VI compounds to a limited extent [41].

2.5.2.3  Melting Growth

The method of growing crystals from the melt is widespread. The primary condition 
for obtaining single crystals by this method is congruent melting of the substance, 
the absence of polymorphic transitions and, preferably, its sufficient chemical inert-
ness. The main advantage of melt growth is the high growth rate, resulting from 
which large single crystals can be obtained relatively quickly. At the same time, 
speeds of a few millimetres per hour are typical; however, when crystals of high 
quality with a high-quality structure are to be obtained, much lower rates are often 
used. The melt has already received crystals of all zinc and cadmium chalcogenides, 
considering the sufficiently high sulfite vapour pressure. Only cadmium telluride 
can be melted under relatively mild conditions, so a sealed quartz ampoule can be 
used as a crucible. Usually, higher temperature compounds are grown in graphite or, 
in some cases, in ampoules of pyrolytic boron nitride.

In recent years, gradient cooling (or Tamman’s method) is gaining popularity for 
high-volatile compounds. Nowadays, the vertical Bridgman method and its modifi-
cation are becoming more and more widespread for the cultivation of single crystals 
of II-VI compounds, which is associated with improving the design of growth 
chambers [35, 36, 78, 87]. This method allows the melt to be well preserved, as the 
free surface from which evaporation occurs is kept to a minimum. In the case of 
tellurides, the vapour pressure is moderate. The stoichiometry of the compounds 
can be controlled through a reservoir with a heated electrode (modified Bridgman 
method). In the case of CdTe and ZnSe crystals, the popularity of the low-growth 
gradient method is periodically reviving.

Bridgman’s horizontal method for the cultivation of II-VI compounds is rarely 
used. The large melt area that arises contributes to its rapid evaporation. However, 
the relatively low volatility of CdTe has made progress in this method in terms of 
reducing thermomechanical stresses in the samples.

2 CdTe-/CdZnTe-Based Radiation Detectors



54

The Czochralski method, quite common for cultivating single crystals of other 
materials, has hardly been used to cultivate chalcogenide compounds. Only poly-
crystalline CdTe ingots were obtained using B2O3 as a flux [72].

At the same time, the zone melting method is often used to grow CdTe crystals 
[73, 93]. This method is similar to Bridgman’s method, except that only a tiny por-
tion of the charge melts at a given time. It reduces the crucible material’s corrosion 
and the melt’s rate of evaporation. The sharp temperature zones used in this method 
are well combined with the volatility of compounds in the growth setup [30, 73, 93].

Comparative analysis of the main methods of growing crystals of II-VI com-
pounds shows that the best structural characteristics of single crystals can be 
obtained using vapour-phase methods that ensure crystal growth without contact 
with the ampoule walls and the solution-melt method of moving heater (tellurium 
for CdTe). However, only growth methods from the melt (Bridgman, zone melting, 
gradient cooling, and their modifications) combine high crystal growth rates with 
sufficiently good crystallinity and purity of the material. In addition, only these 
methods nowadays provide the possibility of obtaining crystals of large sizes and, 
accordingly, high productivity of technological equipment.

2.5.3  Structural Features of Single Crystals of CdTe and Its 
CZT Solid Solutions

High-quality CdTe and CZT single crystals are required in hard radiation detectors. 
However, they are challenging to grow due to the constituent components’ high 
melting points and volatility [69]. The obtained single crystals, as a rule, contain a 
large number of structural defects. The performance of detectors based on these 
compounds is primarily limited by the presence of such internal crystal defects as 
networks of subgrain boundaries and a high concentration of tellurium (Te) inclu-
sions (Fig. 2.13). These defects lead to a deterioration of the conditions of charge 
carrier transport, especially for holes, and the spatial heterogeneity of the transfer 
parameters, which leads to a deterioration of the energy resolution of detectors in 
the amplitude-pulse spectra (Fig. 2.14).

It has been estimated that Te inclusions are the main centres of hole capture in 
CdTe and CZT single crystals, and crystal defects, such as subgrain boundaries and 
their connections, are the primary centres for isolating these inclusions. Isolation of 
tellurium precipitates during crystal growth is due to the peculiarities of their T – x 
phase diagram, where most of the region of solid solutions is shifted towards excess 
tellurium (Fig. 2.15). At the same time, with increasing zinc content in CdTe at the 
growth temperature of single crystals increases the amount of excess tellurium. 
When the crystals are cooled to room temperature, excess tellurium is released in 
the form of precipitates due to retrograde solubility. Typical concentrations of pre-
cipitates in CdTe and CZT crystals are shown in Table 2.3.

Inclusions of tellurium can be removed by post-growth annealing of single crys-
tals in Cd vapour. However, this process can lead to the formation of star-shaped 
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Fig. 2.13 CZT single crystal micrograph for detecting the signals obtained by (a) the X-ray dif-
fraction topography and (b) the X-ray crystal card obtained in high-resolution conditions. 
(Reprinted with permission from Bolotnikov et al. [11]. Copyright 2013: Elsevier)
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Fig. 2.14 (a) X-ray topography and (b) amplitude Frisch grid-detector spectra based on CZT 
crystals with different sub-grain boundary concentrations. Sample dimensions: 6 × 6 × 15 mm3. 
(Reprinted with permission from Bolotnikov et al. [11]. Copyright 2013: Elsevier)

defects, which, in turn, can capture electrons and reduce the response to hard radia-
tion (Fig. 2.16) [101]. Subgrain boundary networks are usually randomly distrib-
uted in the CdTe / CZT matrix, causing spatial severe heterogeneity in the quality of 
the single crystal in volume and amplifying its poor spectral quality.
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Fig. 2.15 T – x projection of CZT solid solutions phase diagrams of different compositions: (a) – 
Cd0.9Zn0.1Te, (b) – Cd0.85Zn0.15Te. (Reprinted with permission from Greenberg and Guskov [27]. 
Copyright 2006: Springer Nature)

Table 2.3 Typical concentrations of Te precipitates in CdTe and CZT crystal designed for detector 
application

Material Temperature (°C) X (at.%) Typical Te precipitations concentration (cm−3)

CdTe ~900 50.014 7·104

Cd0.90Zn0.10Te ~900 50.052 2.8·105

Cd0.85Zn0.15Te ~900 50.100 2.8·105

In addition, CZT crystals grown using the high/low-pressure Bridgman method 
create inhomogeneity of zinc concentration along the length of the ingot due to the 
high segregation coefficient Zn ~ 1.35 [68]. Including 10% Zn in CdTe can increase 
the material’s band gap by 2%, indicating the importance of uniformity of the dis-
tribution of Zn along the length of the grown crystal. Heterogeneity in zinc concen-
tration leads to the growth of very poor crystals [68]. Only about 30% of the total 
length of the grown CZT ingot has the crystalline quality of the detector class, 
which significantly increases the cost of production of these detectors. Thus, using 
single crystals CdTe and CZT as detector material requires a significant improve-
ment in their structural quality.

2.6  Hard Irradiation Detectors Based on CdTe and CZT 
Single Crystals

2.6.1  X-Ray and Gamma Irradiation Detectors Based 
on Cadmium Telluride

Unlike gamma-ray detectors, X-ray detectors do not have to be thick. Due to the 
high ability to inhibit ionising radiation and absorb X-rays in the area near the input 
electrode, the efficiency of collecting charge carriers generated by radiation can be 
reduced to the efficiency of collecting particles of only one sign, characterised by 
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Fig. 2.16 (a) Star-wise effect in annealed CZT single crystal determined by the optical micros-
copy after chemical treatment, and (b) a card of carrier’s collection efficiency. (Reprinted with 
permission from Yang et al. [101]. Copyright 2006: Springer Nature)

Fig. 2.17 Gamma irradiation detection efficiency with the energy of 100 keV depending on CdTe, 
Si, and Ge detection layer thickness. (Reprinted with permission from Takahashi et  al. [85]. 
Copyright 2009: IEEE)

greater mobility – i.e. electrons. Due to this, detectors made of CdTe have a high 
quantum detection efficiency (Fig. 2.17).

The high value of the average atomic number of cadmium telluride (Z(CdTe) = 50) 
and its density provide good absorption of ionising radiation. A wide band gap 
(Eg(CdTe) = 1.46 eV at T = 300 K) allows it to be used at room temperature because, 
in these conditions, the material has reasonably high resistivity [42, 58]. Cadmium 
telluride was probably the first broadband material to be used to make non-cooling 
gamma-ray detectors. However, the low electrical resistivity of its crystals is the 
cause of increased leakage currents, which limits the actual energy resolution of 
CdTe-based detectors. That is why chlorine is introduced into the material to com-
pensate for electrically active impurities, both own (Cd vacancies) and uncontrolled. 
However, even with a special alloying Cl impurity, the resistance of CdTe crystals 
does not exceed ρ = (108–3 × 109) Ohmˑcm [42, 97, 104].
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It was found that Cl-doped single crystals of cadmium telluride have all the char-
acteristics of very pure semiconductor material if the criterion of purity is the con-
centration of electrically active impurities. Indeed, such crystals have a resistivity 
ρ ~ (108–109) Ohm (i.e. very close to their resistance), a long lifetime of carriers 
(τ ~ 5 × 10−6 sec), and high mobility of charge carriers of both types. The conductiv-
ity in these crystals is determined by only one impurity level (~Ev + 0.60 eV) with 
an impurity concentration N = (1012–1013) cm−3. These high parameters are difficult 
to explain by compensating for shallow donor and acceptor levels when doped with 
chemical impurities. According to Verger et al. [97] and Zanio [104], the high purity 
of chlorine-doped material is a consequence of the so-called “self-purification” of 
crystals, which is associated not with the direct separation of impurities from the 
crystal, but with the deactivation of electrically neutral impurities and intrinsic 
defects. The decontamination mechanism is an almost complete chemical interac-
tion of impurities and their defects with the formation of stable electrically neutral 
complexes, the energy levels located outside the forbidden zone of the material [97].

The grown alloy crystals are cut into plates of the required thickness, ground, 
polished, and treated in a chemical herb to create detectors. After these operations, 
apply electrical contacts. As electrode materials, metals with low (A1, In) and high 
electron yield (Au, Pt, Ir) are used. In addition to surface barrier structures, metal- 
oxide- semiconductor and p-i-n structures are also used to improve contact proper-
ties. The task of obtaining optimal and reproducible contacts is essential because it 
is closely related to polarisation in chlorine-doped crystals, limiting detectors’ capa-
bilities based on CdTe [42].

Recently, a material doped with impurities with an unfilled d-band is also used to 
create hard radiation detectors, giving localised states near the middle of the mate-
rial’s band gap: V, Cr, etc. It allows compensating for residual impurities and obtain-
ing a material with high resistivity [26, 97].

Detectors based on chlorine-doped CdTe single crystals have high spectrometric 
properties, but at the same time, they are characterised by changes in signal ampli-
tude and collection efficiency over time. The degradation of amplitude spectra over 
time is due to polarisation. The problem of polarisation could be solved entirely by 
growing CdTe crystals with their conductivity without doping with compensating 
impurities. Indeed, with the help of the mobile heater method, it is possible to obtain 
un-doped CdTe crystals from very well-purified starting materials, in which the 
polarisation effect is almost absent. However, even at the lowest growing tempera-
tures, crystals obtained in this way have a relatively low resistivity of ρ ~ (104 – 106) 
Oh·m, which does not allow them to be used effectively in large-volume detectors.

A significant step towards overcoming this problem was the production of CdTe 
crystals from the Bridgman melt under high pressure (HPV), which was first carried 
out by San Diego Semiconductors, Inc., USA [62]. The high inert gas (argon) pres-
sure of up to 100 atm used in this method significantly suppresses the dissociation 
of CdTe molecules in the melt, thus reducing the number of intrinsic defects in the 
solid material. As a result, it was possible to raise the resistivity of cadmium tellu-
ride crystals to 109 Ohms without doping impurities. In addition, the size of the 
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crystals grown by the method of HPV can reach 100 mm in diameter, significantly 
reducing the cost of such material.

Over the last decade, CdTe and CdTe:Cl single crystals have been widely used in 
ionising radiation detectors production, IR-filter substrates, and non-linear optics 
for various industries: medicine, nuclear power plant control, X-ray and gamma-ray 
imaging equipment, security, etc. [13, 33, 67, 77, 91]. However, improving the per-
formance of existing devices based on these materials has slowed down in recent 
years. Modern electronics devices require the creation of structurally perfect single 
crystals of new promising materials with controlled optical and electrical properties 
and the ability to create reliable electrical contacts. One of the effective methods of 
controlling the structurally sensitive characteristics of cadmium telluride is isova-
lent impurities introduction and the formation of solid solutions based on it. The 
introduction of the third, and sometimes the fourth element, into the binary com-
pound, allows changes in such essential parameters of the material as the lattice 
period, electron affinity, band gap, conductivity, etc.

In recent years, attempts have been made to replace such detector materials as 
CdTe and CdTe:Cl with solid solutions CZT, CMT, and CZTS, which have much 
better characteristics (higher resistivity, higher mobility of charge carriers, the abil-
ity to change the band gap of the material by introducing impurities, lower concen-
tration precipitates, two-dimensional and point defects, etc.), and the structural 
characteristics of the material along the single-crystal ingot are more uniform 
(Table 2.3). It increases the yield of high-quality detector material significantly, thus 
reducing the cost of the detectors themselves.

2.6.2  Detectors Based on CZT Solid Solutions

A positive result in the semiconductor detectors of hard irradiation gave the transi-
tion from CdTe to solid solutions CZT, where x = 0.05–0.20, proposed by experts 
from Aurora Technologies Corp., San Diego, USA. As they showed in [19], such a 
crystalline material has a resistivity of (1010–1011) Ohm without additional doping. 
As a result, the loss currents in the metal-semiconductor-metal system used to detect 
radiation are significantly reduced. It substantially improves the performance of 
detectors based on CZT crystals. It makes it possible to obtain an actual energy 
resolution for 137Cs radiation (E = 662 keV) at room temperature, which is close to 
the resolution of germanium detectors at liquid nitrogen (77 K). In the general case, 
CZT crystals proved suitable for manufacturing compact X-ray sensors in the range 
of 10 keV–1 MeV, operating at room temperature.

Since 1992, significant efforts have been made to develop ionising radiation 
detectors based on CZT material grown by the Bridgman method of high pressure 
(HPV) [42]. The Zn vapour pressure at the melting point is lower than Cd, so intro-
ducing Zn into CdTe within (5–20) % at a pressure of 100 atm leads to the improved 
stoichiometry of the obtained semiconductor material without the need for addi-
tional doping with impurities. As a result of growing CZT by the HPV method, it is 
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possible to get a material with a resistivity of 1011 Ohm×cm, which is almost two 
orders of magnitude larger than that of CdTe crystals. Since leakage currents are 
reduced in a material with a higher resistivity, using CZT crystals allows detectors 
with larger dimensions of the sensitive element both in thickness and area of the 
component. The diameter of the crystals grown by the HPV method can reach 10 cm 
and a weight of 10 kg.

Along with the increase in the width of the band gap and the resistance of the 
detector material, the introduction of Zn has negative consequences concerning the 
transfer of holes. As can be seen from Table 2.3, the transport properties (character-
ised by the product of mobility μ for the lifetime of carriers τ) of CZT material 
improve compared to CdTe concerning electron transfer but deteriorate in the hole 
component. On average, the lifetime of holes in CZT detectors is much shorter than 
in detectors based on chlorine-doped CdTe crystals. The reason for this is not yet 
clear; perhaps it is due to non-stoichiometry and more defects in the crystal. The 
advantage of the HPV method is the possibility of obtaining large CZT ingots, but 
their homogeneity is not yet sufficient and needs to be improved. The higher resis-
tivity CZT of the material compared to CdTe (hence lower loss currents) makes it 
possible to produce better spectrometers from this material for the low-energy 
region because at relatively low energies of ionising radiation, quanta induced 
charge in the case of irradiation of the detector with the transfer of electrons, not 
holes. Lower loss currents of CZT detectors also make it possible to use these detec-
tors at higher temperatures. The loss currents of CdTe and CZT detectors operating 
at room temperatures affect the energy resolution to a greater extent than the elec-
tronic noise of the previous and main charge-sensitive amplifiers connected to the 
detectors. Detector loss currents increase nonlinearly with increasing temperature. 
Since the capacitance of the detectors is usually very small (about 1 pF), the contri-
bution of noise to the half-width of the spectral line in the first approximation can 
be estimated as proportional to the square root of the product of the loss current at 
the time of signal amplification. If the detector is directly connected to the preampli-
fier, a significant DC component of the loss current may limit the amount of inverse 
resistance of the preamplifier. But the lower the feedback resistance, the higher the 
electronic noise of the preamplifier. When the ambient temperature changes during 
the detector’s operation, the noise will change, negatively affecting the spectral 
resolution and efficiency of counting pulses in a given energy range.

In Eisen and Shor [21], loss currents were measured on many CdTe and CZT 
detectors depending on the temperature and the applied electric voltage at different 
bias polarities. The variation in loss current values for detectors of the same material 
did not exceed ±15%. After applying a voltage to CdTe or CZT detectors at the initial 
stage, a slight decrease in the loss current was observed, and then it stabilised. For 
CdTe detectors, the stabilisation time was (10–15) minutes, and for CZT detectors – 
less than 1 minute. Longer stabilisation times for CdTe detectors indicate the pres-
ence of deeper traps for charge carriers near the electrodes. Loss currents depending 
on the applied voltage (I-V curves) are shown in Fig. 2.18 for several different CdTe 
and CZT detectors. In some CdTe detectors, there was an asymmetry in the loss cur-
rents when voltages of varying polarity were applied. It indicates the existence of 
barriers of different heights at two opposite contacts in such detectors. In the case of 
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Fig. 2.18 Loss currents at 300 К depending on the bias voltage in the case of (a) CdTe detectors 
and (b) CZT detectors. All listed samples (CdTe 1–2, CZT 1–4) have detector quality but belong 
to different manufacturers. (Reprinted with permission from Eisen and Shor [21]. Copyright 1998: 
Elsevier)

Fig. 2.19 Temperature dependence of the loss current of a typical CdTe detector during the bias 
voltage of 120 V. (Reprinted with permission from Eisen and Shor [21]. Copyright 1998: Elsevier)

CZT detectors, there is complete symmetry in the loss currents. In addition, the I-V 
curves of these detectors in the range of applied voltage U = (10–500) V are linear. 
The temperature dependence of the loss current of one of the CdTe detectors studied 
by Eisen and Shor [21] is shown in Fig. 2.19. The technical characteristics of most 
CdTe detectors after their continuous operation for a week at a voltage of 120 V and 
a temperature of 303 K remained satisfactory. Only in some detectors was an increase 
in the loss current, and in some, there was even a breakdown.

Figure 2.20 shows the change in the half-width temperature of the 122 keV line 
and its energy temperature offset (recorded signal height) for a typical CZT detector 
with an operating offset of 500 V. The detector was DC connected to the preampli-
fier, and the amplifier signal generation time was set as 2 μs. For this value of the 
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Fig. 2.20 Temperature dependence of the line half-width at 122 keV and shifting by energy for a 
typical CZT detector at a bias voltage of 500 V. (The idea of Korbutyak [42])

Fig. 2.21 Spectrums were obtained by (a) CdTe detector with a bias voltage of 120 V and (b) CZT 
detector with a 500 V bias voltage. The time of forming signals was 3 μsec. Reprinted with permis-
sion from Eisen and Shor [21]. Copyright 1998: Elsevier)

operating voltage, the half-width and energy position of the line change slightly 
with temperature. Therefore, the detector can function satisfactorily in the tempera-
ture range up to 309 K.

Let us analyse the spectra of these planar CdTe and CZT detectors (for example, 
in the case of 57Co radiation source, see Fig. 2.21) obtained without additional cor-
rection of charge collection (by special electronics, modified electrode configura-
tion, etc.). We can determine which parameters are responsible for the difference 
between these spectra:

 1. CZT detectors at an operating bias of 500 V have a better energy resolution than 
CdTe-based detectors with a potential difference of 120 V. If we characterise the 
resolution of the half-width line (as a percentage of line position). For the time 
of signal amplifier 3 μsec, it is 4.7% for CZT and 7.2% for CdTe detectors. Its 
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best value in CZT detectors is due to the low level of current losses. With less 
signal generation time, the resolution of CdTe-based detectors becomes 
much better.

 2. The average efficiency of converting incident radiation into photocurrent on 
CdTe detectors with a thickness of 2 mm is approximately the same as on CZT 
detectors with a thickness of 3 mm. An incomplete collection of media in detec-
tors due to trapping holes is more pronounced in the spectra of CZT detectors. 
Although the energy resolution of CZT detectors is better than that of CdTe 
detectors, the holes contribute to the photo peak only from a small part of the 
detector’s working area.

 3. The efficiency of converting incident radiation into photocurrent in CdTe detec-
tors increases very strongly with increasing applied voltage, while in most CZT 
detectors, this growth is very slow. It means that the CZT signals are very 
short- lived, and the contribution to the total induced signal of the hole’s compo-
nent is insignificant. Moreover, the traps for holes in CZT detectors are more 
profound than in CdTe detectors.

 4. The efficiency of converting incident radiation into photocurrent in CdTe detec-
tors increases significantly with increasing amplifier signal generation time, 
while in most CZT detectors, this increase is slow. It again indicates a more 
significant contribution of holes in the case of CdTe detectors than CZT detec-
tors and the ability to compensate for the non-ballistic process of hole transfer by 
increasing the pulse generation time, which leads to a long time of signal growth. 
The contribution of holes in most CZT detectors is very small, and increasing the 
time of pulse formation within reasonable limits cannot compensate for the 
effect of too long a flight time of the holes.

2.7  Main Methods of Obtaining and Using CDTe, CZT, 
and CMT Films as Radiation Detectors

2.7.1  Main Methods of Deposition of CdTe, CZT, 
and CMT Films

As it was already mentioned, it has recently been proposed to use thick films of 
CdTe and its solid solutions to create hard radiation detectors.

Currently, the following methods are most widely used to obtain CZT and CMT 
films: organometallic epitaxy from the gas phase [54], organometallic chemical 
deposition from the gas phase [83], pulsed laser deposition [4], thermal evaporation 
[38], magnetron sputtering [107], molecular beam epitaxy [74], and hot wall epi-
taxy [86]. Among these methods of evaporation, close-spaced vacuum sublimation 
(CSVS) technique can be considered a promising low-cost film deposition technol-
ogy [43]. As a rule, CZT and CMT films by CSVS are produced by evaporation of 
the charge of particular chemical composition [100] or sequential application of 
layers of individual elements of the compound, followed by annealing of the 
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multilayer structure [89]. Using co-evaporation of CdTe and ZnTe, MnTe from dif-
ferent sources can be even more promising because, in this case, we can expect 
precise control of the concentration of impurities in the material.

A characteristic feature of films of solid solutions of CZT, CMT is their more 
defective structure compared to massive materials. That is, in most cases, the films 
contain a large number of extended defects (dislocations, pores, grain boundaries, 
inclusions). It is especially true of polycrystalline films grown on non-orienting 
substrates. It affects semiconductors’ structural, optical, and electrical properties. 
Defective film structure is susceptible to material production technology and can be 
optimised by determining the optimal growing conditions [43].

A detailed study of the structural and optical properties of the CZT and CMT 
layers was performed in [83, 88]. It was shown that the method and physical and 
technological conditions of application, changes in chemical composition, and 
defective structure of the material influence the properties of films.

2.7.2  Usage of the CdTe and CZT Films in Ionising 
Radiation Detectors

CdTe thick films as a detector material have only recently begun with scientists in 
Japan and Korea [37, 50, 54, 55, 90]. For this purpose, monocrystalline films 
obtained on oriented substrates [54] are mainly used nowadays because the grain 
boundaries of polycrystalline layers are effective recombination and trap centres 
that significantly affect the electrical characteristics of detectors. However, many 
authors [55, 77] used coarse-grained polycrystalline layers as detector material. To 
do this, they must have a columnar grain structure and crystallite sizes that signifi-
cantly exceed the diffusion-free path length of charge carriers D  >> λ [42]. For 
example, in [55], CdTe films 300 μm thick and with an average grain size of 10 μm 
were obtained on glass and quartz substrates by sublimation in a closed volume at 
Ts = (713–823) K. These films had a p-type conductivity and resistivity of ρ ~ 1010 
Ohm∙cm, but a small value of μτ. The authors did not study the detector properties 
of the material.

The first detectors based on thick d = (30–150) μm CdTe films were developed 
by [105]. The primary material was polycrystalline p-CdTe films with a columnar 
structure, obtained by sublimation in a hydrogen stream on molybdenum substrates. 
The film’s grain size was D = (30–150) μm. They had a resistivity of ρ = 103–107 
Ohm∙cm, and the lifetime of non-equilibrium charge carriers in the layers was 
τ = (50–70) 10−6 sec. To create detectors in a single cycle, the structure of p-CdTe- 
n-CdTe-n-CdO-Au (In) was formed (see Fig. 2.22).

It was shown that the method and physical and technological conditions of appli-
cation, changes in chemical composition, and defective structure of the material 
influence the properties of films. Dependence of signal from the bias voltage shown 
in Fig. 2.23b for film detector indicates high homogeneity and perfection of sensi-
tive areas of detectors formed by a set of independent parallel crystallites. All 
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Fig. 2.22 Construction of a hard irradiation detector based on CdTe thick films. 1 are defending 
electrodes, 2 is a signal to the electronic system

Fig. 2.23 (a) Amplitude spectra of 241Am source, determined by CdTe-film detector at T = 293 
К. The bias voltage was U = 4.3 V, Nch is the channel’s number; (b) dependence of channel’s ampli-
tude on the bias voltage. (Source – public domain)

detectors based on CdTe films had stable parameters even after two months of stor-
age at T = 293 K.

In Kang [32], some different methods of recording hard irradiation by a detector 
based on CdTe films were used. Compton electrons knocked out of the metal 
through which the detector material is irradiated are registered in the proposed 
designs. The corresponding designs are shown in Fig. 2.24.

Because of the simulation, irradiated lead or copper is the optimal metal for use 
as a conversion layer through the detector. The thickness of this layer should be 
2 mm, with a thickness of the CdTe absorption layer varying from 30 to 300 μm.

The results of comparing the characteristics of Compton electron detectors with 
a base layer of amorphous silicon and CdTe film with copper contacts of different 
thicknesses when irradiated with quanta with E = 6 MeV and the characteristics of 
the detector based on CdTe film depending on the contact material are shown in 
Fig. 2.25.
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Fig. 2.24 Designs of hard irradiation detectors based on CdTe thick films that registered Compton 
electrons: (a) Sketch of the proposed CdTe thin-film detector with metal converter. Fat arrows 
represent the secondary electrons generated in the converter. The dark and light dots are the elec-
trons and holes generated in CdTe and separated to the opposite faces of the CdTe structure (b). 
(Reprinted with permission from Parsai et al. [61]. Copyright 2010: John Wiley & Sons)
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Fig. 2.25 (a) Comparison of the characteristics of Si- and CdTe-based detectors (d = 30 μm) with 
different thicknesses of copper contacts (irradiation with Е = 6 MeV); (b) the detector’s character-
istics based on CdTe film depending on the conversion layer type of material. (Reprinted from 
Kang [32])

Detectors of ionising irradiation based on CZT thick films have been success-
fully developed in Kim et al. [38], Tokuda et al. [91], Won et al. [98]. Typically, such 
transducers consist of an absorbing layer, a blocking contact to reduce dark currents 
of the device, a carbon substrate, and metal contacts (Fig. 2.26). Due to the low 
output signal level, the detector must be connected to an amplifier.

The best results were achieved when CZT thick films doped by analogy to single 
crystals with donor impurities (Cl, Sn) [38] were used as the absorption layer. 
Introducing these impurities allowed compensation for the fine acceptors in the 
solid solution of p-type conductivity. In turn, this led to a significant increase in 
resistivity, which in its value approached the values inherent in its semiconductors 
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CdZnTe
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Fig. 2.26 A design of a hard irradiation detector based on CZT thick film

Fig. 2.27 Gamma irradiation spectrum of 241Am detector based on Cd0,96Zn0,04Te:Cl:Sn n-type 
thick film. (Reprinted with permission from Kim et al. [38]. Copyright 2008: Elsevier)

and the inversion of the material’s conductivity. As a result, the resolution of film 
detectors has reached the level of devices based on CZT single crystals (Fig. 2.27).

CdTe- and CZT-based hard irradiation detectors have found their practical appli-
cation in the nuclear industry, medicine, astrophysical research, and radiation safety. 
Manufacturers of these detector systems are many innovative companies around the 
world, including the United States, Korea, Japan, and the European Union, includ-
ing Kromek Group (UK), Dectris (USA), Baltic Scientific Instruments (BSI) 
(Latvia), Eurorad (France), and others.

The main parameters of individual real detector systems based on CdTe and CZT 
are given in Table 2.4, and their general appearance is given in Fig. 2.28.
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Table 2.4 The main parameters of real detector systems based on CdTe and CZT

Name Producer
Detector 
material

Energy 
range

Energy 
resolution 
FWHM 
(keV)

Dimensions 
(mm3) Applications

GR1 Kromek CZT 30 keV–
3.0 MeV

13–16 10 × 10 × 10 Control of nuclear 
materials, 
environmental 
monitoring, self- 
contained portable 
spectrometer

μSPEC BSI CZT 20 keV–
3.0 MeV

16–23 25 × 25 × 70 Control of nuclear 
materials, 
environmental 
monitoring

EIGER2 
R

Dectris CdTe 8 keV–
25 keV

4–11 77 × 38 × 0.75 Macromolecular 
crystallography, X-ray 
powder diffraction

S.5.5.3 Eurorad CdTe <6 keV 8–12 5 × 5 × 3 X-ray diffraction, 
X-ray fluorescence, 
bone densitometry, 
surgical probes, 
custom inspection 
systems

Source: www.kromek.com; http://bsi.lv; www.dectris.com; www.eurorad.com

Fig. 2.28 General view of irradiation detectors based on CdTe and CZT: GR1 (www.kromek.
com) (a), μSPEC (http://bsi.lv) (b), EIGER2 R (www.dectris.com) (c), S.5.5.3 (www.eurorad.
com) (d)

A. Opanasyuk et al.

http://www.kromek.com
http://bsi.lv
http://www.dectris.com
http://www.eurorad.com
http://www.kromek.com
http://www.kromek.com
http://bsi.lv
http://www.dectris.com
http://www.eurorad.com
http://www.eurorad.com


69

References

1. Abramov AI, Kazansky YA, Matusevich ES. Physical foundations of the operation of nuclear 
radiation detectors. Fundamentals of experimental methods of nuclear physics. Moscow: 
Atomizdat; 1977.

2. Abyzov AS, Azhazha VM, Davydov LN, Kovtun GP, et al. Selection of semiconductor mate-
rial for gamma radiation detectors. Technol Des Electron Equip. 2004;3:3–6.

3. Armani N, Ferrari C, Salviati G, Bissoli F, Zha M, Zappettini A, Zanotti L. Defect-induced 
luminescence in high-resistivity high-purity undoped CdTe crystals. J Phys Condens Matter. 
2002;14(48):13203.

4. Aydinli A, Compaan A, Contreras-Puente G, Mason A. Polycrystalline Cd1−xZnxTe thin films 
on glass by pulsed laser deposition. Solid State Commun. 1991;80(7):465–8.

5. Bassani F, Tatarenko S, Saminadayar K, Bleuse J, Magnea N, Pautrat JL.  Luminescence 
characterisation of CdTe: in grown by molecular beam epitaxy. Appl Phys Lett. 
1991;58(23):2651–3.

6. Bavdaz M, Peacock A, Owens A.  Future space applications of compound semiconductor 
X-ray detectors. Nucl Instrum Methods Phys Res, Sect A. 2001;458(1–2):123–31.

7. Bell SJ, Baker MA, Duarte DD, Schneider A, Seller P, et al. Comparison of the surfaces and 
interfaces formed for sputter and electroless deposited gold contacts on CdZnTe. Appl Surf 
Sci. 2018;427:1257–70.

8. Berchenko N, Krevs V, Sredin V. Semiconductor solid solutions and their usage. Moscow: 
Voenizdat; 1982.

9. Berger LI. Semiconductor materials. Boca Raton: CRC Press; 2020.
10. Bhargava R. Properties of wide bandgap II-VI semiconductors. London: INSPEC; 1997.
11. Bolotnikov AE, Camarda GS, Cui Y, Yang G, Hossain A, Kim K, James RB. Characterisation 

and evaluation of extended defects in CZT crystals for gamma-ray detectors. J Cryst Growth. 
2013;379:46–56.

12. Bose DN, Bhunia S. High resistivity in-doped ZnTe: electrical and optical properties. Bull 
Mater Sci. 2005;28(7):647–50.

13. Brambilla A, Renet S, Jolliot M, Bravin E. Fast polycrystalline CdTe detectors for bunch- 
by- bunch luminosity monitoring in the LHC.  Nucl Instrum Methods Phys Res, Sect 
A. 2008;591(1):109–12.

14. Brytan V. An influence of atomic hydrogen impurities on electrical and optical properties 
of CdTe and Cd1-xZnxTe single crystals grown by sublimation method (PhD dissertation, 
Odessa); 2014.

15. Carcelén Valero V. Growth and characterization of Cd0.85Zn0.15 crystals doped with Bi: 1019 at/
cm3 (PhD Thesis, Universidad Autónoma de Madrid, Madrid); 2010.

16. Cross AS, Knauer JP, Mycielski A, Kochanowska D, Wiktowska-Baran M, et al. (Cd, Mn) Te 
detectors for characterisation of X-ray emissions generated during laser-driven fusion experi-
ments. Nucl Instrum Methods Phys Res, Sect A. 2010;624(3):649–55.

17. Del Sordo S, Abbene L, Caroli E, Mancini AM, Zappettini A, Ubertini P. Progress in the 
development of CdTe and CdZnTe semiconductor radiation detectors for astrophysical and 
medical applications. Sensors. 2009;9(5):3491–526.

18. Denton AR, Ashcroft NW. Vegard’s law. Phys Rev A. 1991;43(6):3161–4.
19. Doty FP, Butler JF, Schetzina JF, Bowers KA. Properties of CdZnTe crystals grown by a high- 

pressure Bridgman method. J Vac Sci Technol B. 1992;10(4):1418–22.
20. Duff MC, Hunter DB, Burger A, Groza M, Buliga V, et al. Characterisation of heterogeneities 

in detector-grade CdZnTe crystals. J Mater Res. 2009;24(4):1361–7.
21. Eisen Y, Shor A. CdTe and CdZnTe materials for room-temperature X-ray and gamma ray 

detectors. J Cryst Growth. 1998;184:1302–12.
22. Feltgen T, Greenberg JH, Guskov AN, Fiederle M, Benz KW. P–T–X phase equilibrium stud-

ies in Zn–Te for crystal growth by the Markov method. Int J Inorg Mater. 2001;3(8):1241–4.

2 CdTe-/CdZnTe-Based Radiation Detectors



70

23. Fiederle M, Feltgen T, Meinhardt J, Rogalla M, Benz KW. State of the art of (Cd, Zn) Te as 
gamma detector. J Cryst Growth. 1999;197(3):635–40.

24. Franc J, Höschl P, Belas E, Grill R, Hlıdek P, et al. CdTe and CdZnTe crystals for room tem-
perature gamma-ray detectors. Nucl Instrum Methods Phys Res, Sect A. 1999;434(1):146–51.

25. Georgobiani AN. Wide-band II-VI semiconductors and the prospects of their application. 
Soviet Phys Uspekhi. 1974;17(3):424.

26. Gnatenko YP, Bukivskij PM, Piryatinski YP, Faryna IO, et  al. The effect of impurity and 
intrinsic defects on the energy structure and dynamic of electronic processes CdTe:V and 
Cd1-xHgxTe:V crystals. Funct Mater. 2008;15(1):23–9.

27. Greenberg JH, Guskov VN. Vapor pressure scanning of non-stoichiometry in Cd0. 9Zn0. 
1Te1±δ and Cd0. 85Zn0. 15Te1±δ. J Cryst Growth. 2006;289(2):552–8.

28. Grinev BV, Ryzhikov VD, Seminozhenko VP. Scintillation detectors and radiation control 
systems based on them. Kyiv: Naukova dumka; 2007.

29. Holloway PH, McGuire GE. Handbook of compound semiconductors: growth, processing, 
characterisation, and devices. Park Ridge; 1995.

30. Kalinkin IP, Aleskovskij VB.  Epitaxial films of A2B6 compounds. Leningrad: LGU 
Publishing; 1978.

31. Kamae T. Developments in semiconductor detector technology and new applications—sym-
posium summary. Nucl Instrum Methods Phys Res, Sect A. 1999;436(1–2):297–303.

32. Kang J. Thin film CdTe as high energy x-ray detector material for medical applications (PhD 
thesis, University of Toledo); 2008.

33. Kang S, Jung B, Noh S, Cho C, Yoon I, Park J. Feasibility study of direct-conversion x-ray 
detection using cadmium zinc telluride films. J Instrum. 2012;7(01):C01010.

34. Kasap S, Capper P.  Springer handbook of electronic and photonic materials. Berlin: 
Springer; 2017.

35. Kikuma I, Furukoshi M. Formation of defects in zinc selenide crystals grown from the melt 
under argon pressure. J Cryst Growth. 1978;44(4):467–72.

36. Kikuma I, Matsuo M, Komuro T.  Growth and properties of ZnSe crystals by a modified 
Bridgman method. Jpn J Appl Phys. 1991;30(11R):2718.

37. Kim TW, Park HL, Lee J. Structural and optical properties of a strained CdTeGaAs hetero-
structure grown by temperature-gradient vapor transport deposition at low temperature. Thin 
Solid Films. 1995;259(2):253–8.

38. Kim K, Cho S, Seo J, Won J, Hong J, Kim S. Type conversion of polycrystalline CdZnTe thick 
films by multiple compensation. Nucl Instrum Methods Phys Res, Sect A. 2008;584(1):191–5.

39. Kim K, Cho S, Suh J, Hong J, Kim S. Gamma-ray response of semi-insulating CdMnTe 
crystals. IEEE Trans Nucl Sci. 2009;56(3):858–62.

40. Kolesnikov NN, Timonina AV.  An universal technology of wide band gap II-VI com-
pounds growth. Izvestija vyshshykh uchebnych zavedenij. Materialy elektronnoi tekhniki. 
2010;2:24–8.

41. Koohpayeh SM.  Single crystal growth by the traveling solvent technique: a review. Prog 
Cryst Growth Charact Mater. 2016;62(4):22–34.

42. Korbutyak DV.  Cadmium telluride: impurity-defect states and detecting properties. Kyiv: 
Ivan Fedorov; 2000.

43. Kosyak V, Opanasyuk A, Bukivskij PM, Gnatenko YP. Study of the structural and photo-
luminescence properties of CdTe polycrystalline films deposited by close-spaced vacuum 
sublimation. J Cryst Growth. 2010;312(10):1726–30.

44. Kozlova OG.  Growth and morphology of crystals. Moscow: Moscow State University 
Publishing; 1980.

45. Kreger F, et al. Chemistry of non-ideality crystals. Moskow: Mir; 1969.
46. Krustok J, Collan H, Hjelt K, Mädasson J, Valdna V. Photoluminescence from deep acceptor- 

deep donor complexes in CdTe. J Lumin. 1997;72:103–5.
47. Kulchitskij NA, Naumov AV. The modern state of CdTe, ZnTe and Cd1-xZnxTe fabrication. 

Izvestija vyshshykh uchebnych zavedenij. Materialy elektronnoi tekhniki. 2010;2:17–24.

A. Opanasyuk et al.



71

48. Kutniy DV, Prokhorets IM, Rybka AV, Nakonechny DV, et  al. Technique for measuring 
electro- magnetic radiation by semiconductor detectors. Questions of atomic science and 
technology; 2006.

49. Kwon JS, Shin DY, Choi IS, Kim HS, Kim KH, et al. Growth of polycrystalline Cd0.8Zn0.2Te 
thick films for X-Ray detectors. Phys Status Solidi B. 2002;229(2):1097–101.

50. Lee HS, Lee KH, Kim JS, Park HL, Kim TW.  Rapid thermal annealing effects on the 
optical properties in strained CdTe (100)/GaAs (100) heterostructures. J Mater Sci. 
2004;39(23):7115–7.

51. Lowe BG, Sareen RA. Semiconductor X-ray detectors. Boca Raton: CRC Press; 2014.
52. Lund JC, Olsen R, Van Scyoc JM, James RB. The use of pulse processing techniques to 

improve the performance of Cd1-xZnxTe gamma-ray spectrometers. IEEE Nucl Sci Symp 
Med Imag Conf Rec. 1995;1:126–30.

53. Mycielski A, Kowalczyk L, Gałązka RR, Sobolewski R, Wang D, Burger A, et al. Applications 
of II–VI semimagnetic semiconductors. J Alloys Compd. 2006;423(1–2):163–8.

54. Niraula M, Yasuda K, Uchida K, Nakanishi Y, Mabuchi T, Agata Y.  MOVPE growth 
of thick CdTe heteroepitaxial layers for X-ray imaging detectors. Phys Status Solidi 
C. 2004;1(4):1075–8.

55. Niraula M, Yasuda K, Takagi K, Kusama H, Tominaga M, Yamamoto Y, Suzuki 
K. Development of nuclear radiation detectors based on epitaxially grown thick CdTe layers 
on n+-GaAs substrates. J Electron Mater. 2005;34(6):815–9.

56. Nishizawa H, Ikegami K, Takashima K, Usami T, Hayakawa T, Yamamoto T. Development of 
multi-layered CdTe semiconductor detectors. Hoshasen. 1996;22(3):27–36.

57. Novoselova AV, Lazarev VB. Physical and chemical properties of semiconductor substances: 
a reference. Moscow: Nauka; 1979.

58. Owens A, Peacock A. Compound semiconductor radiation detectors. Nucl Instrum Methods 
Phys Res, Sect A. 2004;531(1–2):18–37.

59. Owens A, Buslaps T, Gostilo V, Graafsma H, Hijmering R, Kozorezov A, et al. Hard X-and 
γ-ray measurements with a large volume coplanar grid CdZnTe detector. Nucl Instrum 
Methods Phys Res, Sect A. 2006;563(1):242–8.

60. Park SJ, Kim KH, Park YJ, Yuk SW, et al. X-ray response of Polycrystalline-CdZnTe. IEEE 
Symp Conf Rec Nucl Sci. 2004;7:4428–32.

61. Parsai EI, Shvydka D, Kang J. Design and optimisation of large area thin-film CdTe detector 
for radiation therapy imaging applications. Med Phys. 2010;37(8):3980–94.

62. Raiskin E, Butler JF. CdTe low level gamma detectors based on a new crystal growth method. 
IEEE Trans Nucl Sci. 1988;35(1):81–4.

63. Reno JL, Jones ED. Determination of the dependence of the band-gap energy on composition 
for Cd1−xZnxTe. Phys Rev B. 1992;45(3):1440.

64. Rodríguez ME, Alvarado-Gil JJ, Delgadillo I, Zelaya O, et al. On the thermal and structural 
properties of Cd1−xZnxTe in the range 0<×<0.3. Phys Status Solidi A. 1996;158(1):67–72.

65. Rohatgi A, et al. High efficiency cadmium and zinc telluride-based thin film solar cells, Final 
Subcontract Report DE91002112; 1990.

66. Romeo A. Growth and characterisation of high efficiency CdTe/CdS solar cells (Doctoral 
dissertation, ETH Zurich); 2002.

67. Rossa E, Bovet C, Meier D, Schmickler H, Verger L, et al. CdTe photoconductors for LHC 
luminosity monitoring. Nucl Instrum Methods Phys Res, Sect A. 2002;480(2–3):488–93.

68. Roy UN, Weiler S, Stein J, Cui Y, Groza M, Buliga V, Burger A. Zinc mapping in THM grown 
detector grade CZT. J Cryst Growth. 2012;347(1):53–5.

69. Roy U, Camarda G, Cui Y, Gul R, Hossain A, Yang G.  Cadmium zinc telluride selenide 
(CdZnTeSe) a promising low cost alternative to cadmium zinc telluride (CdZnTe) for medi-
cal imaging and nuclear detector applications. New York: Brookhaven National Lab; 2017.

70. Roy UN, Camarda GS, Cui Y, Gul R, Yang G, Zazvorka J, et al. Evaluation of CdZnTeSe as a 
high-quality gamma-ray spectroscopic material with better compositional homogeneity and 
reduced defects. Sci Rep. 2019;9(1):1–7.

2 CdTe-/CdZnTe-Based Radiation Detectors



72

71. Rudolph P. Fundamental studies on Bridgman growth of CdTe. Prog Cryst Growth Charact 
Mater. 1994;29(1–4):275–381.

72. Rudolph P. Prosperity and difficulty of bulk crystal growth of semiconductor compound (a 
review). Funct Mater. 2007;14(4):411–25.

73. Rudolph P, Engel A, Schentke I, Grochocki A. Distribution and genesis of inclusions in CdTe 
and (Cd, Zn) Te single crystals grown by the Bridgman method and by the travelling heater 
method. J Cryst Growth. 1995;147(3–4):297–304.

74. Sakr GB, Yahia IS. Effect of illumination and frequency on the capacitance spectroscopy 
and the relaxation process of p-ZnTe/n-CdMnTe/GaAs magnetic diode for photocapacitance 
applications. J Alloys Compd. 2010;503(1):213–9.

75. Schenk M, Hähnert I, Duong LTH, Niebsch HH. Validity of the lattice-parameter Vegard-rule 
in Cd1-xZnxTe Solid Solutions. Cryst Res Technol. 1996;31(5):665–72.

76. Schlesinger TE.  Semiconductors for room temperature nuclear detector applications. San 
Diego: Academic Press Inc; 1995.

77. Sellin PJ.  Thick film compound semiconductors for X-ray imaging applications. Nucl 
Instrum Methods Phys Res, Sect A. 2006;563(1):1–8.

78. Sen S, Johnson SM, Kiele JA, Konkel WH, Stannard JE. Growth of large-diameter CdZnTe 
and CdTeSe boules for Hg1−xCdxTe epitaxy: status and prospects. MRS Online Proceedings 
Library (OPL). 1989;161.

79. Sharma BL. Semiconductor heterojunctions. Moscow: Soviet Radio; 1979.
80. Shim M, Kim YM, Lee HH, Hong SJ, Lee JH. Separation behavior of impurities and sele-

nium reduction by the reactive zone refining process using high-frequency induction heating 
to purify Te. J Cryst Growth. 2016;455:6–12.

81. Simashkevich AV. Heterojunctions based on AII BVI semiconductor compounds; 1980.
82. Singh HP, Dayal B. Lattice parameters and thermal expansion of zinc telluride and mercury sel-

enide. Acta Crystallogr Sect A: Cryst Phys, Diffr, Theor Gen Crystallogr. 1970;26(3):363–4.
83. Stolyarova S, Edelman F, Chack A, Berner A, Werner P, et al. Structure of CdZnTe films on 

glass. J Phys D Appl Phys. 2008;41(6):065402.
84. Strzałkowski K. The composition effect on the thermal and optical properties across CdZnTe 

crystals. J Phys D Appl Phys. 2016;49(43):435106–12.
85. Takahashi T, Watanabe S. Recent progress in CdTe and CdZnTe detectors. IEEE Trans Nucl 

Sci. 2001;48(4):950–9.
86. Takahashi J, Mochizuki K, Hitomi K, Shoji T. Growth of Cd1−xZnxTe (x∼0.04) films by hot- 

wall method and its evaluation. J Cryst Growth. 2004;269(2–4):419–24.
87. Thomas RN, Hobgood HM, Ravishankar PS, Braggins TT. Melt growth of large diameter 

semiconductors. Solid State Technol. 1990;33(5):121–8.
88. Tirado-Mejía L, Marín-Hurtado JI, Ariza-Calderón H. Influence of disorder effects on Cd1–

xZnxTe optical properties. Phys Status Solidi B. 2000;220(1):255–60.
89. Tobeñas S, Larramendi EM, Purón E, De Melo O, Cruz-Gandarilla F, et  al. Growth of 

Cd1−xZnxTe epitaxial layers by isothermal closed space sublimation. J Cryst Growth. 
2002;234(2–3):311–7.

90. Tokuda S, Kishihara H, Adachi S, Sato T. Improvement of the temporal response and output 
uniformity of polycrystalline CdZnTe films for high-sensitivity X-ray imaging. In: Medical 
Imaging 2003: Physics of Medical Imaging, Vol. 5030; 2003, pp. 861–870.

91. Tokuda S, Kishihara H, Adachi S, Sato T. Preparation and characterisation of polycrystalline 
CdZnTe films for large-area, high-sensitivity X-ray detectors. J Mater Sci Mater Electron. 
2004;15(1):1–8.

92. Toney JE, Schlesinger TE, James RB. Modeling and simulation of uniformity effects in Cd1- 

xZnxTe gamma-ray spectrometers. IEEE Trans Nucl Sci. 1998;45(1):105–13.
93. Triboulet R, Marfaing Y. Growth of high purity CdTe single crystals by vertical zone melting. 

J Electrochem Soc. 1973;120(9):1260.

A. Opanasyuk et al.



73

94. Triboulet R, Siffert P.  CdTe and related compounds; physics, defects, hetero-and Nano- 
structures, crystal growth, surfaces and applications: physics, CdTe-based nanostructures, 
CdTe-based Semimagnetic Semiconductors, defects. Elsevier; 2009.

95. Trivedi SB, Wang CC, Kutcher S, Hommerich U, Palosz W.  Crystal growth technology 
of binary and ternary II–VI semiconductors for photonic applications. J Cryst Growth. 
2008;310(6):1099–106.

96. Turkevych I.  High temperature properties of CdTe (Doctoral dissertation, Prague); 
2004, 188 p.

97. Verger L, Baffert N, Rosaz M, Rustique J. Characterisation of CdZnTe and CdTe: Cl materi-
als and their relationship to X-and γ-ray detector performance. Nucl Instrum Methods Phys 
Res, Sect A. 1996;380(1–2):121–6.

98. Won JH, Kim KH, Suh JH, Cho SH, Cho PK, et  al. The X-ray sensitivity of semi- 
insulating polycrystalline CdZnTe thick films. Nucl Instrum Methods Phys Res, Sect 
A. 2008;591(1):206–8.

99. Wu X.  High-efficiency polycrystalline CdTe thin-film solar cells. Sol Energy. 
2004;77(6):803–14.

100. Xu H, Xu R, Huang J, Zhang J, Tang K, Wang L. The dependence of Zn content on thermal 
treatments for Cd1−xZnxTe thin films deposited by close-spaced sublimation. Appl Surf Sci. 
2014;305:477–80.

101. Yang G, Bolotnikov AE, Camarda GS, Cui Y, Hossain A, Yao HW, James RB. Internal elec-
tric field investigations of a cadmium zinc telluride detector using synchrotron x-ray mapping 
and Pockels effect measurements. J Electron Mater. 2009;38(8):1563–7.

102. Yazdi S, Alinejad M, Tajabor N. Growth of Cd0.96Zn0.04Te single crystals by vapor phase gas 
transport method. Iran J Phys Res. 2006;6(1):1–5.

103. Zaiour A, Ayoub M, Hamié A, Fawaz A, Hage-ali M. Preparation of high purity CdTe for 
nuclear detector: electrical and nuclear characterisation. Phys Procedia. 2014;55:476–84.

104. Zanio K. Semiconductors and semimetals. New York: Academic Press; 1978.
105. Zaveriukhin BN, et al. Film detectors of nuclear irradiation based on cadmium telluride. Tech 

Phys Lett. 2003;29(22):80–7.
106. Zhang N, Yeckel A, Burger A, Cui Y, Lynn KG, Derby JJ.  Anomalous segregation dur-

ing electrodynamic gradient freeze growth of cadmium zinc telluride. J Cryst Growth. 
2011;325(1):10–9.

107. Zhou H, Zeng D, Pan S. Effect of Al-induced crystallisation on CdZnTe thin films depos-
ited by radio frequency magnetron sputtering. Nucl Instrum Methods Phys Res, Sect 
A. 2013;698:81–3.

2 CdTe-/CdZnTe-Based Radiation Detectors



75

Chapter 3
ZnS-Based Neutron and Alpha Radiation 
Detectors

Ghenadii Korotcenkov and Michail Ivanov

3.1  Introduction

Neutrons are subatomic elemental particles with no electric charge and approxi-
mately the same mass as a proton. Neutron has a rest mass mn = 1.008665 Da, spin 
S = ħ/2 (intrinsic mechanical moment), and magnetic moment μn = −1.9130 μN, 
where μN is a nuclear magneton. It has a huge internal field and zero external. The 
neutron has an electromagnetic bound mass in the form of a conglomerate of an 
electron and a proton with a zero external electric field. Free neutrons are one kind 
of ionizing radiation.

The sources of neutron are:

 1. Radionuclide sources based on spontaneous fission of radionuclides or various 
nuclear reactions.

 2. Nuclear reactors. The generation of neutrons occurs in the process of controlling 
a chain reaction in a nuclear reactor based on the fission of heavy nuclei 235U, 
239Pu with an average energy of ≈2.0 MeV.

 3. Accelerators of charged particles. As a result of the collision of charged particles 
with energies of hundreds of MeV, neutrons are generated.

 4. Another source of neutrons is the impact of high-energy cosmic rays on atoms 
high in the atmosphere.

Different sources produce neutrons with different energies. Neutrons emitted 
from an atomic nucleus by fission or alpha particle bombardment have a broad dis-
tribution of energies, anywhere from about 0.01 to 15 MeV, though most have ener-
gies between 0.5 and 5 MeV. Different classifications exist, an example of one is 
given in Table 3.1. The given values of the boundary energies are, of course, rather 
conditional. Moreover, it is generally considered that the neutrons are “slow” when 
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Table 3.1 Classification of neutron in function of the energy ranges

Category Energy Average wavelength, cm

Ultracold <10−7 eV 9.10−6

Cold 10−7–5.10−3 eV 9.10−8

Thermal 5.10−3–0.1 eV 2.10−8

Epithermal 0.1–10 eV 3.10−10

Intermediate 10 eV–100 keV 3.10−11

Fast 100 keV–100 MeV <10−12

High-energy >100 MeV <10−13

Source: Data extracted from Aza et al. [3]

Table 3.2 Moderating powers and ratios of selected materials

Moderator Moderating ratio

Water (H2O) 58
Heavy water (D2O) 21,000
Graphite (C) 200
Polyethylene 122

Source: Data extracted from Ref. [29]

they have a kinetic energy of less than 0.5 eV (cadmium cut-off energy1) and “fast” 
when they have energy higher than this value.

As stated earlier, when neutrons are emitted from a nucleus, they typically have 
an energy of a few MeV and a speed that is a few percent of the speed of light [68]. 
These fast neutrons tend to pass through most materials without being absorbed, but 
when they collide with nuclei, they lose some of their energy and speed with each 
collision. The process of slowing down neutrons in multiple collisions is called 
moderation. Neutrons lose the most energy when colliding with light nuclei such as 
the hydrogen nucleus. Water and most plastics contain a lot of hydrogen, and these 
materials are also good neutron moderators (Table 3.2). After several tens of colli-
sions with hydrogen nucleus in the moderator, the neutrons are slowed down to 
speeds close to the speed of atomic vibrations from thermal motion. Such slow 
neutrons are called thermal neutrons. Thermal neutrons are much easier to detect 
than fast neutrons. Therefore, in studies of condensed matter, slow neutrons are 
mainly used

There are currently seven main application areas where neutron detectors are 
required. They are listed below [58]:

 1. Fusion: Neutron detection and neutron spectrometry provide fusion specialists 
with a valuable set of diagnostic tools to analyze the state of the plasma [26].

 2. Nuclear power: modernization of the design and operation of reactors. Neutron 
detectors make it possible to “display” the spatial distribution of the neutron flux 
in the reactor core [61].
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 3. Security: control of arms and radioactive materials, monitoring of storage sites 
for nuclear fuel waste, and movement of radioactive materials across the borders 
of states, as well as decontamination and decommissioning of nuclear power 
facilities [20, 84].

The primary purpose of neutron detection for national security is to help iden-
tify nuclear threats and distinguish materials used in “dirty bombs” from other 
radioactive materials such as industrial, medical, and natural sources of gamma 
radiation. One important reason for detecting neutrons is that gamma rays from 
special nuclear materials (SNM) can be shielded. Gamma rays from plutonium 
are mostly low energy and can be absorbed by less than an inch of lead or other 
heavy metals, shielding the SNM from gamma detection. Neutrons are not 
absorbed by these materials, so lead-shielded plutonium can still be detected by 
neutron emission. Of course, neutrons can also be shielded by neutron- 
moderating materials such as plastic and water, but this requires too thick layers 
of these materials.

 4. Fundamental science: study of cross sections for nuclear reactions, dark matter, 
exotic nuclei, neutron beams, and space physics, including antineutrino experi-
ments [5, 19, 21]. For example, neutron detectors can be used in high-energy 
physics as part of ionization calorimeters to detect neutrons produced by the 
interaction of high-energy particles (electrons and/or hadrons) with the material 
of the calorimeter.

 5. Dosimetry: personnel protection, radiotherapy (medicine) [44].
 6. Applied research: study of material properties using neutron scattering, diffrac-

tometry, radiography, and tomography [51, 65].
 7. Industrial application: petroleum industry, construction, and agriculture.

3.2  Neutron Detection

Neutrons do not have an electric charge and do not leave traces (tracks) of ionized 
and excited particles, the appearance of which is detected by most particle detectors. 
However, the interaction of neutrons with the substance of the detector can cause a 
variety of nuclear reactions with the formation of charged particles and γ-quanta. 
This secondary radiation can already be detected by conventional detectors. To 
detect neutrons, various types of neutron-nucleus interactions can be used. However, 
reactions of interaction of neutrons with three isotopes are usually used for these 
purposes. These isotopes include helium-3 (3He), lithium-6 (6Li), and boron-10 
(10B) [68]. The concentration of these isotopes in nature is 0.00014%, 7.50%, and 
19.80% for 3He, 6Li, and 10B, respectively.

 n � � � �3 1 3 765He H H keV  (3.1)
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The choice of 3He, 6Li, 10B nuclei as a converter is due to the large neutron capture 
cross section of these nuclei (Fig. 3.1). There are a few isotopes of elements that 
absorb thermal neutrons about 1000 times more than most materials do. Table 3.3 
provides the examples of cross sections for capture of thermal neutrons (∼0.025 eV) 
for common isotopes used in neutron detection.

As we can see, the interaction of neutrons with isotopes 3He, 6Li, and 10B is 
accompanied by the formation of charged alpha particles (4He), triton (3H), and 
γ-quanta (during the interaction of neutrons with 10B). Consequently, the neutron 
detector, in addition to the converter, whose nucleus interacting with neutrons gen-
erate charged particles and γ-quanta, must contain a detector that registers them. It 
is important to note that these reactions (3.1, 3.2, and 3.3), which are exothermic 
and proceed with heat release, are maximally efficient only at thermal neutron ener-
gies (5 × 10–3–0.5 eV). As the neutron energy En increases, the efficiency decreases: 
ε ∼ 1/(En)1/2 for En < 0.1 MeV. Therefore, if there are fast neutrons in the radiation, 
then to register them, neutron detectors are surrounded by a hydrogen-containing 
substance, in which neutrons are moderated (read Sect. 3.8)

Fig. 3.1 Cross section as a function of incident neutron energy for 3He (n,p), 6Li (n,α), and 10B 
(n,α) reactions. (Reprinted from http://atom.kaeri.re.kr/cgibin/endfplot.pl)
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Table 3.3 Thermal neutron capture cross sections for isotopes common to neutron detection

Isotope
Cross section, barns
Capture Scattering

Hydrogen-1 0.33 30
Helium-3 5300 3.9
Lithium-6 940 0.78
Boron-10 3800 2.3
Cadmium-113 20,000 25
Gadolinium-157 250,000 1000

3.3  Scintillation Detectors

Currently, neutron detectors can be grouped into four main classes: gas detectors, 
scintillation detectors, proportional detectors, and semiconductor detectors. Each of 
them has its own advantages and disadvantages. At present, proportional counters 
based on helium-3 are the most common as thermal neutron detectors. They consist 
of large area 3He counters, usually of two tubes, 2 meters long per module [33]. The 
great advantage of this type of detector is a large cross section for 3He (n,p) reaction 
over a wide range of neutron energy (the cross section for 0.025 eV neutron energy 
is 5330 barns), as well as negligible sensitivity to gamma-rays, which is a problem 
only in a very large radiation field. 3He counters are simple in design and are char-
acterized by a stability over a wide range of environmental conditions, not being 
degraded over years of operation. Today, 3He counter is the standard for calibrating 
other neutron detectors

Despite a number of advantages, such as insensitivity to gamma radiation, a 
rather high efficiency of thermal neutron detection (~60–90%), solid-state thermal 
neutron detectors based on various scintillators are beginning to play an increas-
ingly important role [34]. The reason for this substitution of 3He counters by scintil-
lator detectors is the sharply increased deficit of the 3He isotope after 2001 due to 
the crisis in its production. Other disadvantages of helium-based neutron counters 
include (i) leakage of helium from existing counters, leading to temporary parame-
ter instability, (ii) the high price of helium counters (the price of helium has risen 
from $100 to $2000 per liter in recent years), and (iii) the need for high voltage 
sources to operate the detectors

The luminescent method of dosimetry is based on the ability of ionizing radia-
tion to excite the atoms and molecules. The transition of atoms and molecules from 
an excited state to the ground state is accompanied by the emission of light (visible 
or ultraviolet). This phenomenon is called luminescence, the substances in which 
luminescence occurs are called phosphors or scintillators, and devices using this 
effect are called scintillation detectors [34]. The scintillation method of particle 
registration is one of the oldest registration methods. As early as 1919, in experi-
ments on the scattering of charged particles by nuclei, E. Rutherford and coworkers 
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registered α-particles by visually observing flashes of light in ZnS(Ag). However, 
the scintillation method for detecting particles was widely developed only after the 
invention of photomultiplier tubes (PMT), devices capable of detecting weak flashes 
of light. As a rule, the number of photons emitted is approximately proportional to 
the energy absorbed by the scintillator, which makes it possible to obtain radiation 
energy spectra. Scintillation detectors also compare favorably with gas discharge 
counters in response speed [34]

All scintillators can be divided into three classes: organic, inorganic, and gaseous 
[34, 43]. Of the organic compounds, liquid and solid solutions of aromatic com-
pounds or single crystals of anthracene, stilbene, tolane, etc. are most often used. 
Organic scintillators have much shorter flash times (on the order of a few to tens of 
nanoseconds) compared to inorganic ones (tenths of microseconds), but they have a 
lower light yield. Light yield is the number of photons emitted by the scintillator 
when a certain amount of energy is absorbed. Gas scintillators also have flash times 
in the nanosecond range. However, the light yield in gas scintillators due to the low 
density of gases is relatively low even in comparison with organic scintillators

With regard to inorganic scintillators, three types of scintillators are commonly 
used to detect thermal neutrons [81, 89]. These are a GS20(Ce) glass scintillator, 
europium-activated lithium iodide (6LiI(Eu)), and a ZnS(Ag)/6Li scintillator. The 
ZnS(Ag)/6Li scintillator is a granular compressed mixture of ZnS(Ag) and 6Li. The 
parameters of scintillators based on these materials are given in Table. 3.4. All of 
these materials use 6Li, which has a large thermal neutron absorption cross section 
(see Fig.  3.1) and enters into the (n,α) reaction when neutrons are absorbed. As 
shown in reaction (3.3), the absorption process leads to the decay of 6Li with the 
formation of charged alpha particles and tritons. The large Q value of this reaction 
(Q = 4.8 MeV) is released in the form of the kinetic energy of the reaction products 
(alpha particles and tritons), which provides a significant “per act” energy transfer 
in the scintillator during their interaction. Detectors based on a glass scintillator 
have a high neutron detection efficiency and a good pulse pair resolution of ~70 ns. 
However, they have both a high sensitivity to gamma radiation and a high intrinsic 
detector background. In contrast, ZnS/6Li scintillation detectors can exhibit both 
extremely low gamma sensitivity and inherent detector background. However, the 
2 μs resolution of the pulse pair of these detectors is only moderate. The processes 
occurring in the 6LiF/ZnS(Ag) neutron detection screen are shown in Fig. 3.2. As 
for 6LiI(Eu), the crystals of this scintillator are hygroscopic and require sealing. In 
addition, the 6LiI(Eu) scintillator is less sensitive than the 6LiF/ZnS(Ag) scintillator

Table 3.4 Classical slow neutron detectors

Material

6Li atom 
concentration, cm−3

Scintillator 
efficiency

Photon 
wavelength, nm

Neutron light 
yield (ph/n)

Decay 
time, ns

6Li-glass 
(Ce)

1.75 × 1022 0.45% 395 ~7000 70

6LiI(Eu) 1.83 × 1022 2.8% 470 ~51,000 1400
6LiF/ZnS 1.18 × 1022 5–9.2% 450 ~160,000 100–

1000
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Fig. 3.2 Diagrammatic representations of physical processes occurring in a physical processes 
occurring in a 6LiF/ZnS neutron detection screen. (Reprinted from https://scintacor.com/)

The choice of 6LiF and ZnS(Ag) for use in a neutron detector is based on the fact 
that each component in this mixture represents “best in class” performance (i.e., 
neutron absorption and luminescence, respectively). In the case of neutron absorp-
tion, the LiF crystal structure offers one of the highest densities of Li active sites in 
the solid state and therefore maximizes the probability of interacting with a neutron 
when it is enriched in 6Li. The relative content of 6Li in nature is 7.59% and the 
highest content of 6Li in LiF is currently 95%. Usually, this material is used in a 
neutron detector. In a number of works, when developing neutron detectors, instead 
of 6LiF, 10B is used in the form of 10B2O3 [9] or H3

10BO3 [35]. Compared to 10B, the 
thermal neutron capture cross section of 6Li is about 4 times lower, but the energy 
released in the nuclear reaction (3.3) involving 6Li is 1.73 times greater than in the 
nuclear reaction (3.2) involving 10B. An additional advantage of reaction (3.3) 
involving 6Li is the absence of a gamma background. The advantages of the 
ZnS(Ag)/10B2O3 scintillator include the fact that the content of the 10B isotope in 
natural boron is about 20%. This means that enrichment with the 10B isotope may 
not be used to develop the boron light composition, which greatly simplifies the 
fabrication process.

With regard to luminescence, ZnS(Ag) is one of the brightest known phosphors 
(see Fig. 3.3) and remains unsurpassed in its emission under the action of alpha 
particles and tritons (i.e., the products of neutron capture by 6Li) [42]. To improve 
fluorescence, ZnS is doped with Ag atoms, which act as an activator. ZnS(Ag) has a 
very efficient emission due to the donor-acceptor transition: the donor level is due 
to the addition of aluminum or chlorine, and the acceptor level is due to silver [8]. 

3 ZnS-Based Neutron and Alpha Radiation Detectors

https://scintacor.com/


82

Fig. 3.3 Light yield of scintillators and cathode ray tube phosphors. (Reprinted with permission 
from Dorenbos [17]. Copyright 2002: Elsevier)

If we analyze the available information, it turns out that most of the personal alpha 
monitors (PAM) that are used in laboratories for the detection of alpha particles are 
built from ZnS(Ag) due to its potentially large area and low cost. ZnS is also widely 
used in its undoped form in “glow in the dark” paints and products due to its long 
lasting phosphorescence. It should be noted that in some cases ZnS(Cu) is used 
instead of ZnS(Ag). ZnS(Cu) is also a good phosphor that emits in the longer wave-
length region of the spectrum. If the emission maximum of the ZnS:Ag scintillator 
is at a wavelength of ~450 nm, then for ZnS(Cu) the emission maximum is observed 
at a wavelength of ~520 nm.

The process of interaction of charged particles with ZnS can be described as fol-
lows (see Fig. 3.4). Charged particles move in the phosphor material for several tens 
of microns (approximately 6–12 μm for α particles and 30–70 μm for triton [93] in 
opposite directions). These particles scatter on ZnS(Ag) atoms, leading to excitation 
or ionization. The resulting free charge carriers will cause secondary and tertiary 
free carriers as they thermalize at the bottom of the conduction band. The popula-
tion of free carriers migrates in the conduction band until it is captured by the lumi-
nescent center, which then relaxes to form a photon [66, 67]. The content of 6LiF in 
the 6LiF/ZnS:Ag composite can vary within 10–60% of the mass used. For example, 
the 70% efficient thermal neutron counter, developed by Marin et al. [38], contained 
up to 42% 6LiF in the composite. The fact that the detector uses a thin scintillator 
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Fig. 3.4 Schematic of scintillation process in inorganic crystal via impurities/defects. (Idea from 
Castle [10])

layer with a relatively low Z causes its extremely low sensitivity to gamma radia-
tion. The estimates made show that the ZnS(Ag)/6LiF scintillator has a sensitivity to 
gamma quanta at a level of 10–6 [85] and a light yield of ~95,000–160,000 photons 
per neutron [59]. This is due to the fact that in ZnS(Ag) the formation of one photon 
requires 27 eV, while α-particles have an energy of more than 4 MeV (reaction 3.3). 
As a result, in a suitably designed detector, the ionization caused by charged 
α-particles and triton can make a signal that is distinctly larger than the signal from 
electrons produced by gamma rays. Therefore, if a large signal is detected, it is 
counted as a neutron; if the signal is small, it is either ignored or counted separately 
as a gamma ray. Thus, the combination of 6LiF and ZnS:Ag forms a neutron scintil-
lator composite (NSC) material with exceptional efficiency.

Of course, when developing a neutron scintillator, it would be possible to use 
ZnS single crystals with better luminescent properties, on the surface of which a 
6LiF, 10B2O3, or H3

10BO3 converting layer was deposited [41]. But, the solution of 
many problems of radiation registration requires large-area scintillators. The manu-
facture of detectors of this type from single crystals is a very difficult task, requiring 
significant material costs, since there is no well-established technology for growing 
ZnS single crystals of the required sizes. This problem can be solved by using a 
scintillation matrix of single crystals. However, in this case, it is impossible to avoid 
the laborious selection of matrix elements, which must be uniform in their 
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scintillation parameters. The experiment showed that the best way out of this situa-
tion is to use the neutron scintillator composite material discussed above. In addi-
tion, composite facilitates the transfer of energy from the converter to the scintillator. 
However, it must be said that layer-by-layer deposition of a scintillator and a con-
verter is in some cases used to expand the functionality of commercial ZnS(Ag) 
screens. For example, Morris et al. [46] used commercial ZnS(Ag) screens (www.
eljentechnology.com) with 3.25  ±  0.25  mg/cm2 phosphor, vacuum-coated with 
20 ± 5 nm boron enriched up to 95% 10B, for ultracold neutron (UCN) detection. 
They found that the thinner 10B coating provided higher efficiency and several times 
more light than ~120 nm thick coatings.

Unfortunately, the neutron scintillator composite, when composed of such gran-
ular mixtures, is subject to optical loss due to light scattering at internal interfaces 
and absorption of light as it passes through the composite. The latter is facilitated by 
ZnS:Ag, which itself can absorb its own luminescence. Since the ZnS:Ag scintilla-
tor is weakly transparent to its own luminescent radiation, the light radiation com-
ing out only from its surface layer is actually recorded. These loss mechanisms 
cause restrictions on the thickness of the scintillator screen: an increase in the thick-
ness of the composite material above a certain threshold value (for example, about 
0.3–0.5  mm for 6LiF/ZnS:Ag mixtures) does not provide additional light yield, 
despite the additional neutron absorption capacity.

There is another problem with the ZnS(Ag)/6LiF scintillator. Since the refractive 
index of light for most scintillators is quite large, a significant part of the light that 
arises in the scintillator experiences total internal reflection on its surface. The 
refractive index for a ZnS crystal is about 2.4, and for LiF about 1.3. Therefore, to 
ensure good optical contact (and, consequently, to increase light collection), a 
binder material can be added to the composite that is transparent in the range of 
wavelengths of photons emitted by the scintillator and has a certain refractive index, 
consistent with the material of the neutron scintillator. This significantly reduces 
internal absorption and scattering, thus enhancing the light yield of the neutron 
scintillator. As a result, the number and intensity of optical pulses reaching the pho-
tosensitive element increase, which, in turn, significantly improves the efficiency of 
neutron detection. Such a binder may be polymethylmethacrylate (C5O2H8)n, 
polydimethylsiloxane (C2H6OSi), or polyethylene (C2H4).

Regarding the particle sizes of ZnS(Ag) and 6LiF in the ZnS(Ag)/6LiF compos-
ite, it is considered that 5–9 μm for ZnS, 0.6–0.8 μm for LiF, and less than 2 μm for 
H3

10BO3 particles are optimal [10, 35]. When these conditions were met, a notice-
able improvement in the light yield and an increase in the efficiency of thermal 
neutron detection were observed. The experiment showed that the particle size of 
the 6LiF converter (0.6–0.8 μm) provides a high probability of neutron absorption 
and a high yield of secondary radiation. At a converter particle size below 0.6 μm, 
the probability of neutron absorption in the converter decreases, and an increase in 
the 6LiF grain size above 0.8 μm leads to a decrease in the light yield and energy of 
secondary radiation (α-particles and tritons). This takes place due to absorption of 
α-particles and tritons in LiF grains, even before they will fall into the scintillator. 
This leads to a decrease in the efficiency of neutron detection. The particle size of 
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the ZnS(Ag) scintillator of 7–9 μm provides a large proportion of the energy loss of 
α-particles in the scintillator and, as a result, a high light yield. The experimental 
data correlate well with the computer simulation data given in [10].

3.4  ZnS-Based Phosphors

Manufacturers of ZnS-based scintillators do not describe the technology of synthe-
sis and post-synthesis treatments of ZnS(Ag) particles. However, based on the avail-
able information, it can be concluded that in order to achieve a high efficiency of 
neutron detectors, the ZnS(Ag) particles used to manufacture the scintillator must 
be optically transparent, have high luminescence efficiency, low decay time, and 
high temporal stability of parameters. Many studies have been carried out to solve 
these problems. They showed that ZnS(Ag)-based phosphores used in the fabrica-
tion of neutron detectors can be synthesized using a wide variety of methods [18] 
from chemical vapor deposition (CVD) [40], solid state procedure [36], sol-gel 
technology [69] and chemical precipitation [16, 60], to hydrothermal technique 
[23]. A description of these technologies can be found in Chap. 11 (Vol. 1). ZnS 
scintillator is conventionally made by adding AgNO3 and NH4Cl to make ZnS:Ag,Cl, 
resulting in blue emission (2.80 eV, 450 nm) [91] with a decay time of 5 ns (γ-ray) 
to 100 ns (α-particle) [7].

The optimal concentration of Ag in ZnS is usually at the level of 0.05 mol% [1, 
4]. This concentration provides the best luminescent properties of the synthesized 
ZnS(Ag) (see Fig. 3.5a). With a deviation towards a greater or lesser concentration 
of the activator, the luminescence intensity decreases. The same situation is observed 
when doping ZnS with Cu. When doped with copper, the maximum photolumines-
cence was also observed at doping concentrations below 0.25% [48]. For example, 
Kotera and Naraoka [32] studied ZnS(Ag) and ZnS(Cu) with activator 

Fig. 3.5 (a) PL spectra for ZnS doped with different concentration of Ag. (Reprinted with permis-
sion from Ref. [1]. Copyright 2018: Elsevier); (b) The cathodoluminescence spectra of ZnS:Cu:Cl 
phosphors with various Cu-doped concentrations. (Reprinted with permission from Ref. [12]. 
Copyright 2001: Elsevier)
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concentration varying between 0.1 and 0.0001 mol%. In the ZnS(Cu) samples stud-
ied by Davies et al. [16], the concentration of Cu was 0.01–0.005 mol.%. As we can 
see in Fig. 3.5b, the maximum luminescence at a wavelength of ~520 nm is observed 
for samples with a Cu concentration of 120 ppm, which corresponds to 0.012% 
[12]. As the Cu concentration increases, the luminescence maximum shifts to the 
short wavelength region, and its intensity decreases. However, it should be noted 
that there are also works in which the decrease in the ZnS(Cu) photoluminescence 
intensity begins at a Cu concentration exceeding 2% [57].

To stabilize properties, control grain sizes, and improve optical transparency, the 
synthesized material is typically annealed at 800–1200 °C [11, 16, 32]. Annealing 
is accompanied by an increase in crystallite size (see Fig.  3.6), which starts at 
T ~ 400 °C and accelerates at T > 600 °C [82]. When choosing the optimal annealing 
conditions, the luminescence intensity increases as well [92]. Lu and Chu [36] 
observed the maximum photoluminescence of ZnS after annealing at 
T = 1100 °C. Annealing also makes persistent phosphorescence shorter [32, 82]. 
Annealing in an oxygen containing atmosphere was accompanied by the formation 
of ZnO and a decrease in the luminescence intensity [74]. Therefore, in order to 
exclude the oxidation and transformation of ZnS into ZnO, annealing is carried out 
in an atmosphere of an inert gas (Ar, N2) or an atmosphere containing sulfur vapor. 
For example, in [77], samples of ZnS(Ag) and ZnS(Cu) were fired at 1020 °C for 
40 min in argon atmosphere. To improve the temporal stability of ZnS:Ag phos-
phors, it is also proposed to use a surface coating with a thin layer of In2O3 or ITO 
(In2O3:Sn) [55, 70]. Surface encapsulation also makes it possible to reduce the 
amount of sulfur species out-gassing from the ZnS and thus reduce the degradation 
of ZnS:Ag phosphorus [55]. At that, Souriau et al. [70] note that when solving the 
problem of stability of phosphors, one has to find a compromise between luminous 
efficiency and stability.

Fig. 3.6 (a–e) TEM and (f–j) SEM images of ZnS NCs (f) samples after annealing: (a, g)  – 
Tan = 600 °C, (b, g) –700 °C, (d, i) –800 °C, (e, j) –900 °C. (Reprinted with permission from Ref. 
[82]. Copyright 2011: RSC)
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3.5  Neutron Detectors

Scintillator-based neutron detectors can be configured in a variety of ways. The 
main elements of such detectors are a scintillator, a photomultiplier tube (PMT) or 
a semiconductor photodetector that converts the emitted light into a current pulse, 
and an optical system for combining the scintillator and photodetector. Some exam-
ples of neutron detectors are shown in Fig. 3.7.

As a photoreceiving device in neutron detectors, PMTs are mainly used, the 
spectral sensitivity of which is matched with the emission wavelength of the scintil-
lator. But there are also devices using silicon avalanche photodiodes (Si-APD), 

Fig. 3.7 (a) The design of a neutron detector with a small effective working area using a modera-
tor: 1 – scintillator, 2 – light guide-light mixer, which simultaneously serves as a neutron reflector, 
3 – PMT, 4 – polyethylene moderator, 5 – polyethylene case; (b) Design of a neutron detector with 
an increased sensitive area: 1 – ZnS(Ag)/ 6LiF (30 mg/cm2) scintillator, 2 – reflective cone. 3 – 
PMT, 4 – cover; 5 – housing for light shielding. (Reprinted from Ref. [9]. Published by Moscow 
State University as open access); (c, d) Configuration of a planar neutron detector with (c) one and 
(d) two scintillator layers: 1-scintillator; 2 – flat light guide (organic glass) or WLS fibers; 3 – PMT 
or Si-PM; (e) Internal configuration of the planar detectors with multilayer structure. The detec-
tor’s sensitive area is composed of five transparent ~170 μm-thick layers of a mixture of ZnS(Ag) 
and 95% 10B enriched boron. These layers are arranged in four plates of PMMA sizing 
23 × 36 × 0.635 cm for the N-15 and 120 × 15.2 × 0.635 cm for the N-48 detector. The PMMA 
function is twofold, as light guide and as neutron moderator. All is surrounded by ~8 μm thick 
aluminum mylar as light reflector. Detector has an outer moderator made of high density polyeth-
ylene (0.94  g  cm−3) with thickness 24–48  mm. (Reprinted from Ref. [22]. Published by EDP 
Sciences as open access)
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Fig. 3.8 Quantum efficiency (%) plotted against the wavelength (nm). (Adapted with permission 
from Ref. [88]. Copyright 2013: Elsevier)

often referred to as Si-PM [38, 47]. Figure 3.8 represents the quantum efficiencies 
of PMT and Si-APD. Although the quantum efficiency of Si-APD is higher than 
PMT, which allows them to detect even single-photon events, PMT allows for a 
much higher multiplication gain of up to 106. That is why PMTs are used in most 
neutron detectors. When using Si-APD, there is also a risk of signal suppression by 
the thermal noise of the avalanche photodiode (Si-PM). Marin et al. [38] propose to 
suppress noise by cooling the photodiodes or by applying a timing coincidence 
circuit. Marin et al. [38] showed that the use of the signal coincidence scheme from 
two Si-PM makes it possible to exclude even weak noises.

The simplest version of the neutron detector is the one proposed by Lucas [37] 
for counting alpha-emitting radon and progeny. A modern version of the Lucas Cell 
typically consists of a clear plastic cylinder with an interior coating of ZnS(Ag) on   
the walls, but not on the bottom of the cylinder. The ratio of cylinder diameter to 
length is from 1:8 to 1:24. Cylinder is then placed in a light-tight enclosure contain-
ing a photomultiplier tube connected to an electronic counter. This simple, rela-
tively inexpensive alpha counter has been widely used for assessment of radon 
concentrations. To turn the alpha detector into a neutron detector, it is enough to 
replace the ZnS(Ag) scintillator with a 6LiF/ZnS:Ag composite. The geometry of 
the sensitive volume of the detector, in which the length is much greater than the 
width, is favorable for light collection, but does not allow the creation of compact 
high-performance neutron detectors with a large sensitive surface.

To solve this problem, detectors using flat scintillation screens are more suitable. 
The collection of scintillation light from the surfaces in such detectors is carried out 
using a wave length shifting plate (WLSP), at the ends of which photomultipliers 
are installed. Efficient collection of light is possible provided that the length of the 
plate is much greater than the width, which is determined by the diameters of the 
PMT. The design of the detector makes it possible to create neutron detectors with 

G. Korotcenkov and M. Ivanov



89

a large sensitive surface by increasing the width of the wave length shifting plate 
and the number of PMTs installed at its ends. However, an increase in the number 
of photomultipliers used complicates the design of the detector and significantly 
increases its power consumption. Another disadvantage of such detector is the low 
efficiency of scintillation light collection, since the scintillation light is collected 
only from the end of the WLSP.  Wave length shifting optical fibers (WLSFs) 
(Fig. 3.9) can be used instead of a WLS plate, which are placed close to each other 
on the surface and optically coupled to PMT [27, 46]. Since the optical fiber re- 
radiates only about 4% of the light, PMTs are used to pick up the signal. It is impor-
tant to note that optical fibers are sensitive to gamma rays, which requires additional 
electronics to isolate neutron events.

To increase the efficiency of neutron detection, several layers of light guide 
plates and scintillation screens can be used. The efficiency of neutron detection by 
a detector with layered phosphorus can reach 30–50%. But this leads to an increase 
in the thickness of the detector and the need to use light concentrators, which leads 
to an increase in the dimensions of the detector. The efficiency of the detectors can 
also be improved by using the configuration shown in Fig. 3.7b. The scintillator is 
scanned by a single photomultiplier tube [9] with a photocathode diameter of 15 cm. 
To improve light collection, a light-reflecting cone with a diffuse surface is used, 
made of 5 mm thick foil-wrapped polyethylene foam [9].

The use of optical wavelength shifting (WLS) fibers for signal pickup, on the one 
hand, complicates the process of manufacturing sensors, and, on the other hand, 
makes it possible to manufacture position-sensitive neutron detectors. The most 
efficient way to make a linear one-dimensional position sensitive neutron detector 
has been described in [49]. The detector consists of a planar scintillator, WLS fibers, 

Fig. 3.9 (a) Photographs of the detector, showing the phototube housings (PMT), the wave length 
shifting fiber light (WLSF) transport. An array of wave length shifting fibers, WLSFs, glued into 
an ultra-violet transmitting acrylic plate. Alternate fibers were directed into one of two photomul-
tiplier tubes (PMTs). (Reprinted with permission from Ref. [46]. Copyright 2017: AIP Publishing); 
(b) Prototype ZnS:Ag/6LiF scintillation detector for Imaging and Materials Instrument (IMAT, 
ISIS Facility): 200 pixels, 100 × 4 mm, 64-channel flat panel PMT. (Reprinted from https://www.
isis.stfc.ac.uk)
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Fig. 3.10 (a) Schematics of the neutron-sensitive scintillator and the array of WLS fibers in one- 
dimensional position sensitive detector. The neutron-sensitive area of the prototype detector was 
32 × 70 mm. ZnS/6LiF scintillator was 0.4 mm thick and had a density of 96 mg/cm2, where the 
weight ratio of ZnS to 6LiF was 4:1. WLS fibers had diameter 0.5 mm. (Reprinted with permission 
from Ref. [49]. Copyright 2009: Elsevier). A schematic of the scintillator and fibers arrangement 
in a two-dimensional neutron detector. (Reprinted with permission from Ref. [15]. Copyright 
2004: Elsevier)

multi-anode PMTs, ISIS GEM type discriminators, and position decoding electron-
ics. Neutrons are detected by detecting light from a ZnS/6LiF scintillator sent to the 
PMT via WLS fibers. Figure 3.10 shows schematics of a neutron-sensitive scintilla-
tor and WLS fibers array. When irradiated with neutrons, the ZnS:Ag scintillator 
emits blue light after being excited by secondary particles. The fibers can collect 
blue scintillation light efficiently because the scintillator is located close to the WLS 
fibers array. WLS fibers with 300 ppm dye concentration change the wavelength of 
the incoming light from blue to green, and the green light propagates to the PMT 
through the fibers. This wave length shift avoids self-absorption of re-emitted light 
in the fiber. The fiber pitch is about 0.55 mm. In order to achieve a high spatial reso-
lution, both the diameter of WLSF and the fiber pitch should be kept low. However, 
a smaller diameter fiber can, in general, receive less light from the scintillator result-
ing in a lower light collection. Thin optical dividers can be placed in between the 
fibers to prevent absorption of light by adjacent fibers. However, it should be kept in 
mind that small pixels due to fiber diameter and fiber pitch can significantly increase 
the cost of detectors, especially in the case of detectors with a large sensitive area.

WLS fibers are encoded in such a way as to reduce the number of PMTs and 
associated electronic circuits. Figure 3.11a shows the fiber coding scheme used in a 
detector containing 64 fibers. The specialized electronics of the decoder makes it 
possible to determine the position of the incident neutron on the basis of the received 
information (Fig. 3.11b). To do this, the decoder analyzes the propagation of light 
along several fibers using a special lookup table. Compared to the individual fiber 
readings used in early positional detectors, the use of this fiber optic encoding 
greatly reduces the number of PMTs and related electronics required to read all 
detector channels. For example, 256 detector channels can be read by 32 PMTs 
instead of 256 PMTs, and 1024 detector channels can be read by 64 PMTs. Such 
fiber coding is very advantageous when creating a large detector with small pixels. 
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Fig. 3.11 (a) The fiber-coding scheme in the prototype linear WLS fiber detector. The fibers were 
coded into groups of eight fibers; (b) Block diagram of the prototype detector system. (Reprinted 
with permission from Ref. [49]. Copyright 2009: Elsevier)

However, in this case, a trade-off between the count rate and the number of PMTs is 
necessary. Reducing the number of PMTs reduces the speed of signal processing.

It was shown that a developed detector in which the fiber array was sandwiched 
between two ZnS/6LiF scintillators (see Fig. 3.7d) exhibited a spatial resolution of 
0.5 mm, a detection efficiency of 35% for 1 Å neutrons, and a gamma sensitivity of 
less than 10−7. According to Nakamura et al. [49], this type of detector would be 
useful where a sub-millimeter spatial resolution is required with large detector cov-
erage such as in neutron reflectometers. It is important to note that the technology 
of coded fiber optic connections was proposed in 1997 by Rhodes et al. [64]. They, 
using coded fiber optic connections between the scintillator and photomultiplier 
tubes, have developed a pixel scintillation detector (6Li/ZnS) that can distinguish a 
total of 348 pixels using only 12 PMTs. Subsequently, X-Y neutron detectors were 
developed using this technology [15, 39, 52]. To do this, a second layer of WLS 
fibers was added to the detector design, located perpendicular to the first one (see 
Fig. 3.10b), and two additional decoders.

Another important breakthrough in the development of position-sensitive neu-
tron detectors for large scientific projects was the development of multi-anode 
PMTs (Fig. 3.12a) and flat-panel multi-anode PMTs (FP-PMTs) (Fig. 3.12b). These 
technologies have allowed the development of new cost-effective approaches to the 
development of multipixel detectors. By combining WLSF with fiber coding tech-
nology, the requirements for the number of PMTs, high voltage sources, electronics, 
and cables are greatly reduced.

It was the advent of multi-anode PMTs that allowed Nakamura et  al. [53] to 
develop a two-dimensional neutron scintillation detector that operates with an 
extremely simple detection scheme without any fiber coding. Figure 3.13 shows the 
block diagram of the scintillator and the structure of the detector with WLS fibers. 
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Fig. 3.12 (a) Multi-anode PMTs assembly H12445 series: Affective area –23 × 23 mm; 4 × 4 
multi-anode; λmax  – 400  nm. The multiple-anode PMT is equivalent to incorporating multiple 
PMTs in a single housing. An output pin protrudes from the base of the housing for each of the 32 
anodes, which means that each anode is externally accessible. The uniqueness of the multiple- 
anode PMT is in the electron-multiplication section—it is distributed throughout the housing; (b) 
Flat panel type multi-anode PMT assembly H12700 and H14220 series: Affective 
area–48.5 × 48.5 mm; Pixel size: 6 × 6 mm/anode; λmax – 380 nm (H12700) and 420 nm (H14220). 
(Reprinted from https://www.hamamatsu.com)

Fig. 3.13 Schematic diagram of the scintillator and wavelength-shifting (WLS) fiber detector 
(only the WLS-fibers array in the x direction is presented for simplicity). (Reprinted with permis-
sion from Ref. [53]. Copyright 2015: Elsevier)
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The detector consists of 256 fibers (128 in each of 2 layers) and electronics chan-
nels. The detector has a 320 × 320 mm neutron sensitive scintillator. This detector 
used four 64-channel multi-anode PMTs (H8804 from Hamamatsu). A simple cal-
culation algorithm allows to speed up the processing of information and make the 
detector faster than previously described. ZnS/10B2O3 scintillation screens 0.2 and 
0.4 mm thick are located above and below the array of WLS fibers, respectively. The 
thickness of the scintillation screens was chosen to maximize the detection effi-
ciency of the thermal neutron detector [51].

Using multi-anode PMTs, one can also implement an even simpler detector con-
figuration, where each fiber forms a separate pixel. Such a detector is shown in 
Fig. 3.14. It was developed for the single crystal diffractometer installed at ISIS 
Neutron and Muon source (http://www.isis.rl.ac.uk). In its manufacture, fibers with 
a diameter of 1 mm were used. The signal was recorded using 64 × 64 fiber array 
and two 64-channel FP-PMTs.

It should be noted that the detector based on ZnS(Ag) is sensitive not only to 
thermal neutrons, but also to gamma rays, which is mainly due to the sensitivity of 
thin plastic fibers to gamma radiation. However, this problem of the sensitivity of 
neutron detectors to gamma radiation can be solved using pulse shape processing 
techniques. Differences in the excitation processes associated with neutron and 

Fig. 3.14 Neutron detector for single crystal diffractometer: Active area −192 × 192 mm2; 64 × 64 
fibers; Pixel size −1.5  ×  1.5  mm2; Efficiency 67% at 1.8  Å. (Reprinted from http://www.isis.
rl.ac.uk)
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Fig. 3.15 Averaged, gated pulses recorded with BC-704 scintillation screen irradiated with 
gamma- rays and neutrons. (Reprinted from http://www.crystals.saint gobain.com)

gamma rays interactions make it possible to separate these particles using the pulse 
shape recognition (PSD) method [25]. Light pulses from γ-rays and neutrons are 
shown in Fig. 3.15. The differences in decay time constants are extremely large – 
for γ-rays it is at the level of nanoseconds, while for neutrons a light pulse has a 
decay time of microseconds or fractions of a microsecond [7].

3.6  Filters for Neutron Detectors

If we need to measure the flux of only thermal neutrons in radiation containing fast 
neutrons and γ-rays, then in this case various filters can be used (see Fig. 3.16). 
Table 3.5 gives the cut-off wavelengths (λb) and corresponding cut-off neutron ener-
gies (Eb) for some filters used in practice.

The great advantage of polycrystalline filters is that they have the highest light- 
gathering power compared to monochromators. However, on the other hand, they 
have a significant drawback: a large blurring of the spectral line from the side of 
long wavelengths (ΔE/E ~ 40–50%)

Along with polycrystalline filters, single-crystal filters are also used, which have 
small absorption and incoherent elastic scattering cross sections. These filters atten-
uate the thermal neutron flux to a small extent, but at the same time significantly 
attenuate unwanted accompanying radiations, such as fast neutrons and γ-rays. For 
example, a quartz single-crystal filter 27.5 cm long, cooled with liquid nitrogen, 
attenuates the flux of fast neutrons by 25 times, resonant neutrons by 2000 times, 
γ-rays with an energy of 2 MeV by 30 times, and thermal neutrons by only 2.5 
times. It is important to note that filters that cut-off fast neutrons and γ-rays also 
help to reduce radiation damage in the scintillator, and thus improve the stability of 
the detector parameters.
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Table 3.5 The cut-off wavelengths and corresponding cut-off neutron energies for some filter

Filter material λb, nm Eb, eV

Beryllium 0.395 0.0052
Beryllium oxide 0.44 0.0042
Lead 0.57 0.0025
Graphite 0.669 0.00183
Bismuth 0.80 0.00128

Fig. 3.16 Energy spectrum of filtered neutrons (shaded area). Eb is the boundary energy of neu-
trons corresponding to the cut-off wavelength λb. The dotted line shows the spectrum of neutrons 
incident on the filter

3.7  Market of Neutron Detectors

Currently, ZnS-based scintillators are manufactured by several companies. For 
example, Saint-Gobain Crystals offers several variants of such scintillators. The 
BC-702 plastic scintillator is an efficient thermal neutron detector with excellent 
ability to separate neutrons from gamma background radiation. The BC-702 scintil-
lator (Fig. 3.17a) is made on the basis of a lithium compound (up to 95% enriched 
in lithium 6Li) mixed with phosphorus powder based on ZnS(Ag). The BC-702 scin-
tillator is available as a 6.35 mm thick disc and 38 mm, 50 mm, 76 mm, and 127 mm 
diameters. The disc can be mounted directly on a photomultiplier tube or light guide.

The plastic scintillator BC-720 (Fig. 3.17b) is specially designed to detect fast 
neutrons (energy above 1 MeV) due to its insensitivity to gamma radiation. The 
BC-720 scintillator is made in the form of a disc 15.9 mm thick and 38 mm, 50 mm, 
76 mm, and 127 mm in diameter. As in other detectors, the maximum emission is at 
a wavelength of 450 nm. The disc can be mounted directly on a PMT or light guide.

Plastic scintillators BC-704 and BC-705 are designed for neutron radiography. 
The detectors consist of successive layers of a 6LiF/ZnS scintillation screen and an 
array of optical fibers. The scintillation light in the BC-704 is produced in ZnS(Ag), 
absorbed and re-emitted in the WLS fibers, through which it is transported to the 
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Table 3.6 Performances of ZnS-based scintillators of BC-700 type

Type
Decay 
time, ns

Sensitivity to 
γ-rays Isotope Application Integrated design

BC- 
702

250 Very low 6Li Thermal neutron 
detectors

Integrated with a 
photomultiplier tube 
(PMT)BC- 

704
Thermal neutron 
detectors, neutron 
radiographyBC- 

705
BC- 
720

H Detectors of fast 
neutrons

Integrated with PMT or 
light guide

Source: Data extracted from https://www.crystals.saint- gobain.com/

Fig. 3.17 Photos of ZnS-based scintillators of BC-700 type manufactured by Saint-Gobain 
Crystals: (a) BC-702 (Diameter: 2 inches; Length: 2.5 inches); (b) BC-720; (c) BC-704. (Reprinted 
from http://www.crystals.saint gobain.com)

photomultiplier tube. The wavelength at the emission maximum is 450 nm (blue 
light). The BC-704 scintillator (Fig. 3.17c) is a flat, usually rectangular, nonhygro-
scopic screen (no more than 300 × 300 mm in size) placed on an aluminum plate 
1 mm thick. The composition and properties of the BC-705 scintillator are the same 
as those of the BC-704 scintillator, except that the zinc sulfide is doped with copper, 
i.e., ZnS(Cu), which allows the BC-705 to have emission maximum at 525  nm 
(green light), which is most suitable for use with certain types of electron-optical 
converters. Table 3.6 below shows the characteristics of these plastic scintillators.

It is important to note that the neutron detectors developed by some groups out-
perform those offered by Saint-Gobain Crystals (Bicron) (http://www.crystals.saint 
gobain.com). For example, parameters of detectors developed by the team of 
Katagiri [27] compared to commercial products (Bicron, BC-704) are shown in 
Table 3.7. It is seen that the developed ZnS/6LiF scintillator (indicated as “stan-
dard”) exhibited a detection efficiency of 40.7% for thermal neutrons, which was 
about 1.5 times higher than that of BC-704. According to Katagiri [27] estimations, 
the main reason of such difference is the transparency of the scintillators. This 
means that although the configuration of the detector affects its performance, the 
main way to increase the performance of the neutron detector is still to use a scintil-
lator with higher transparency and luminescence efficiency.
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Table 3.7 Neutron detection efficiencies for the phosphor/neutron converter scintillators for 
thermal neutrons

Scintillator
ZnS/6LiF, 
standard

ZnS/6LiF, 2 
times 6LiF

ZnS/10B2O3 
heated up to 
500 °C Y2SiO5:Ce3+/6LiF

Bicron, 
BC-704 
ZnS/6LiF,

Neutron 
detection 
efficiency, %

40.7 43.5 29.0 37.1 26.4

Source: Reprinted with permission from Ref. [27]. Copyright 2004: Elsevier

Table 3.8 Parameters of ZnS-based neutron detection screens

Screen type ND NDg

Formulation 6LiF/ZnS:Ag 6LiF/ZnS:Cu, Al
Phosphor type Particulate blend Particulate blend
Emission color Blue Green
Peak emission 450 nm 530 nm
Decay to 10% 80 μm 85 μm
Afterglow Low level Low level
X-ray absorption Very low Low
UV absorption Broad band >220 nm into visible

Source: Data extracted from www.Scintacor.com

Several companies offer ZnS-based neutron detection screens. In particular, 
Tables 3.8 and 3.9 list the parameters of neutron detection screens developed in 
company Applied Scintillation Technologies “Scintacor” (www.Scintacor.com) for 
detection and imaging of thermal neutrons. According to Scintacor, the standard 
ND screen is a blue emitting screen with unique low sensitivity to background 
gamma, and the green emitting NDg screen is ideal for CCD imaging

Market analysis of ZnS-based neutron detection screens shows that the nominal 
neutron detection efficiency of most designed ZnS/6Li-based screens is in the range 
of 23–36% [71, 72, 76, 85]. However, as indicated in Table 3.7, there are reports of 
screen development with detection efficiency up to 43.5% [27, 30]. The perfor-
mance achieved is the result of many years of research to optimize screen composi-
tion and thickness [15, 31]. Many believe that the achieved neutron detection 
efficiency for ZnS/6Li screens is close to the theoretical limit, and improving the 
light output of the screens will not increase the probability of detecting neutrons, 
since this improvement does not increase the number of neutrons captured by 
6Li. [2]

The theoretical capture efficiency for 6LiF/ZnS(Ag) screens depends on their 
thickness and the ratio of 6LiF to ZnS. A typical layer with a molecular ratio of 1:2 
and a thickness of 250 μm has a capture probability of about 26% per neutron cross-
ing according to the manufacturer’s data. Therefore, a significant improvement can 
come only by increasing the probability of neutron capture. Previous studies aimed 
at increasing the probability of neutron capture by increasing the thickness or 
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Table 3.9 Features of ZnS-based neutron detection screens developed by Scintacor

Parameter Description

Shapes The screens can be manufactured in a range of shapes from flat sheets to more 
complex designs such as ridge/ grooved tiles and conformed cylindrical 
surfaces. Most types of screens are heat formable.

ZnS:6LiF mass 
ratio

The following mass ratios are available: 4:1 for maximum light output; 2:1 for 
maximum 6Li density and detection efficiency.

Dimensions The neutron detection screens are readily available up to 500 × 500 mm but 
larger sizes can be manufactured to special order.

Substrates Scintacor neutron detection screens are available either on a 250 μm white 
polyester substrate or free standing (i.e., without any substrate). Additional 
substrates are available on demand.

Construction A wide range of mountings and support materials are available, such as 
aluminium plates. Wall thickness, tolerances can be agreed on demand.

Source: Data extracted from www.Scintacor.com

Table 3.10 Performances of ZnS/6LiF and ZnS/10B2O3 ceramic scintillators

Parameter ZnS/6LiF ZnS/10B2O3

Detector efficiency for 1 Å 
(%)

50 60

Multicount ratio (%) 0.6 ± 0.3 0.3 ± 0.3
Gamma sensitivity (× 10−7) 2 ± 1 1.5 ± 1
Quiet count rate (/s/cm2) 2.1 ± 0.3 6.9 ± 0.3

Source: Reprinted with permission from Ref. [50]. Copyright 2009: Elsevier

content of 6Li in the screen have shown that these changes have a negative effect on 
light output: neutron detection efficiency is reduced, as a greater percentage of cap-
tured neutrons go undetected [71, 85]. Therefore, in recent years, research has been 
carried out aimed at finding solutions that will overcome the difficulties that have 
arisen. In particular, efforts continue to improve the efficiency of ZnS-based neutron 
detectors by using 10B, which has a higher probability of neutron capture [10, 22, 
24, 27, 53]. For example, Nakamura et al. [50] based on a comparison of the param-
eters of a fiber-coded linear position-sensitive neutron detector equipped with a 
ZnS/6LiF and ZnS/10B2O3 ceramic scintillators concluded that the neutron detection 
efficiency of ZnS/10B2O3-based detector at 1 Å was 1.2-fold higher than that of a 
similar detector based on a ZnS/6LiF scintillator (Table 3.10). At that both detectors 
exhibited similar gamma sensitivities. Nakamura et al. [50] believe that the detector 
efficiency could be further improved by increasing the light yield of the ZnS/10B2O3 
scintillator or optimizing the thickness or 10B content in the screen. An additional 
benefit to use screens based on boron and ZnS(Ag) is the potential cost-savings due 
to the difference in price between 10B and 6Li. In addition, the optimal ratio of con-
verter (10B) and scintillator (ZnS) in neutron screen is likely to require significantly 
less boron by weight
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3.8  Fast Neutron Detectors

As mentioned earlier, the higher the energy of the neutrons, the less likely it is that 
the neutron will be absorbed. Therefore, when the purpose of the measurement is 
simply to count fast neutrons without measuring their energy, then it is sufficient to 
use a material that will slow down (or “moderate”) fast neutrons to the energy of 
thermal neutrons. To slow down fast neutrons, hydrogen or compounds containing 
hydrogen are often used, on which fast neutrons experience elastic scattering during 
deceleration. As a result, a fast neutron loses part of its initial kinetic energy in the 
moderator and reaches the detector in the form of a low-energy thermal neutron, the 
detection efficiency of which is much higher by the previously presented detectors. 
Moderators based on compounds containing hydrogen perform their function well 
at neutron energies below 10 MeV. If the neutron energy is greater than 10 MeV, 
then neutron registration is usually carried out in two stages. At the first stage, as a 
result of the interaction of fast neutrons, for example, with lead nuclei, several tens 
of neutrons with many times lower energies are formed. And already at the second 
stage, these neutrons are slowed down in hydrogen-containing media to thermal 
energies sufficient for their registration using the slow neutron detectors considered 
earlier. The disadvantage of detectors of this type is the dependence of the efficiency 
on the neutron energy. In addition, they do not provide information about the energy 
of neutrons, although the solution of many scientific and technical problems requires 
knowledge of the energy of the incident neutron, since the energy of the reaction 
products depends significantly on the energy of the incident neutrons.

The simplest solution to this problem is to use the Bonner Sphere Spectrometer 
(BSS). It consists of a thermal neutron detector located in the center of a set of 
spherical polyethylene moderators of different diameters. Spherical geometry 
results in an isotropic response. In order to measure the neutron energy spectrum at 
a specific location, measurements must be made with each individual sphere, which 
acts as an “integral” device. Because of their different diameters, the spheres have 
different response functions and thus can give different energy-integrated responses 
in the same neutron field. The inclusion of lead or another highly atomic element in 
the sphere increases the response to high-energy neutrons (up to GeV) due to the 
spallation reaction, in which the response of ordinary polyethylene spheres tends to 
decrease: the elastic scattering cross section decreases at energies above 20 MeV. In 
addition, a cadmium shell insert is used to reduce the sensitivity of detector in the 
thermal energy region in order to have independent response functions. The choice 
of thermal detector and the number of spheres depends on the application. For 
example, CERN BSS consists of seven spheres: five polyethylene spheres with 
external diameters of 81, 108, 133, 178, and 233 mm, complemented by two other 
spheres, nicknamed Ollio and Stanlio, where cadmium and lead inserts have been 
introduced. The configuration and appearance of a standard BSS is shown in 
Fig. 3.18.

It should be noted that detectors based on other converters have also been devel-
oped to detect fast neutrons. In particular, Yamane et al. [87] and Mori et al. [45] 
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Fig. 3.18 (a) Bonner sphere system for a 6LiI(Eu) neutron radiation detector. (Reprinted from Ref. 
[56]. Published by InTech as open access. Fig. 10); (b) Eight Bonner Spheres with diameters from 
5″ (12.7 cm) to 12″ (30.48 cm), and four 1-cm-thick lead half shells (bottom left). The lead half 
shells can be combined to form either a 1-cm or a 2-cm-thick lead shell surrounding the 6″ Bonner 
Sphere. (Reprinted with permission from Ref. [14]. Copyright 2016: IOP)

demonstrated the measurement of 14.1 MeV neutrons using a 232Th converter and a 
ZnS(Ag) scintillator placed at the tip of a single optical fiber. This converter uses a 
fast fission reaction and a neutron energy threshold of 1.1 MeV.

3.9  Devices Based on ZnS/6LiF Scintillators

Based on neutron detectors, in addition to portable devices for radiation monitoring 
(Fig.  3.17c) and stationary devices for monitoring the movement of radioactive 
materials (see Fig.  3.19) [33], a variety of instruments have been developed for 
major international and national scientific projects carried out in various scientific 
centers.

High-intensity pulsed-neutron facilities that have been under construction in the 
USA (Spallation Neutron Source (SNS), http://neutrons.ornl.gov, NIST Neutron 
Imaging Facility (NIF), https://www.nist.gov), Japan (Japan Proton Accelerator 
Research Complex (J-PARC), http://j- parc.jp), Europe (The European Organization 
for Nuclear Research (CERN), https://cerncourier.com, the European Spallation 
Source (ESS), https://europeanspallationsource.se), the UK (Rutherford Appleton 
Laboratory (RAL) (http://www.isis.rl.ac.uk), and Russia (Frank Laboratory of 
Neutron Physics (http://flnph.jinr.ru/en/facilities/ibr- 2), Institute for Nuclear 
Research, https://www.inr.ru/) have started producing neutrons. Such facilities 
require a large variety of neutron detectors, including position-sensitive neutron 
detectors [24, 54, 75]. In particular, the Japan Atomic Energy Research Institute 
(JAERI) is developing a range of ZnS/6LiF and ZnS/10B2O3-based instruments for 
J-PARC aimed at creating two-dimensional pixel detectors for single crystal and 
biological sample diffraction in the J-PARC beamline. These systems give position 
resolutions from a few mm2 to 0.5 mm2 [27, 28]. At the IBR-2 reactor in Russia, a 
detector of this type has been developed for the Fourier strain diffractometer. Here, 
the flexibility of the fibers has been used to develop a detector geometry that closely 
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Fig. 3.19 Neuport and NeuTruck portal detection systems разработанные на основе ZnS/6LiF 
BC-704 detector. (Reprinted from http://www.crystals.saint gobain.com)

mimics the instrument’s focusing surface [6]. Crow et  al. [15] have developed a 
prototype WLS fiber detector based on ZnS:Ag/6LiF scintillator for the SNS. This 
detector has an active area of 480 × 200 mm2 with a position resolution of 6 × 40 mm. 
WLS crossed fiber detectors are planned as the detectors for the powder diffractom-
eter POWGEN3 and the engineering diffractometer VULCAN on the SNS. At the 
present time, approximately half of the neutron instruments at the neutron and muon 
scattering ISIS facility in the United Kingdom employ ZnS:Ag/6LiF-based neutron 
detectors [65]. The ISIS neutron scattering instruments comprise of diffractometers, 
such as GEM, HRPD, LAD, SXD, OSIRIS, POLARIS, HiPr, LOQ, ENGIN-X, and 
SANDALS, and spectrometers such as MARI, eVS, HET, TFXA, IRIS, and 
PRISMA, together with the neutron reflectometers CRISP and SURF [62, 63, 65]. 
Linear position sensitive ZnS:Ag/6LiF-based detectors have been used on many of 
indicated powder and single crystal diffractometers. These detectors allow large 
solid angle coverage, provide 3–5 mm position resolution and 50% neutron detec-
tion efficiency at 1 Å. Also, ZnS/6LiF-based neutron detectors are currently being 
developed for DREAM and HEIMDAL powder diffractometers intended for instal-
lation in the ESS [73]. To give you an idea of the dimensions of these instruments, 
Fig.  3.20a shows a photograph of the single crystal diffractometer, SXD, and 
Fig. 3.20b shows the ENGIN-X detector array that has been constructed using simi-
lar linear position sensitive fiber-coded ZnS/6Li scintillation detectors. This linear 
position sensitive detector array was designed for General Materials Diffractometer 
(GEM). The entire ENGIN-X detector array comprises of 2400 detector elements 
and covers an area of 1.4 m2.
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Fig. 3.20 (a) The single crystal detector array at ISIS. The sample sits in the center of the octago-
nal frame and is viewed by eleven detector modules. Each of these modules has 4096 3 × 3 mm2 
pixels. Quad coincident fiber optic coding allows each module to be readout by just 32 PMTs. 
(Reprinted from https://www.isis.stfc.ac.uk/); (b) The south bank of the ENGIN-X detector array. 
(Reprinted with permission from Ref. [65]. Copyright 2004: Elsevier)

3.10  Phoswich Detector

For radiation monitoring during accidents at nuclear power plants such as Fukushima 
Daiichi, radiation detectors are needed not only for gamma photons, but also for 
alpha and beta particles, since nuclear fission products emit beta and gamma pho-
tons, and mixed oxide fuel containing plutonium emits alpha particles [86]. In envi-
ronments with nuclear contamination, in addition to gamma photons, it is also 
necessary to control alpha and beta particles. Monitoring of gamma photons is rela-
tively simple and is usually done with scintillation detectors. However, alpha and 
beta particles are difficult to control due to their short range, and most of these 
particles are absorbed in the entrance window of radiation detectors. Currently, 
there are radiation detectors for individual measurement of alpha and beta particles 
and gamma photons. Thin scintillation detectors based on ZnS (Ag), such as 
TCS-232 B, Hitachi-Aloka Medical Co., Japan, are the most common instruments 
for detecting alpha particles. Plastic scintillation detectors such as TCS-316 H, 
Hitachi Aloka Medical Co., Japan, are used to detect beta particles. To detect gamma 
photons, the NaI(Tl) scintillation detector is most often used, for example, TCS-171 
B, Hitachi-Aloka Medical Co., Japan.

However, the use of three types of scintillation detectors for monitoring is uneco-
nomical and can lead to increased radiation doses in heavily contaminated areas, 
since measurements with three detectors are time-consuming. To solve this prob-
lem, phoswich technology was proposed, on the basis of which detectors were 
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developed for the simultaneous monitoring of alpha and beta particles. ZnS(Ag) and 
plastic scintillators were used for their manufacture [78, 90]. A similar phoswich 
detector is commercially available (TCS-362, Hitachi-Aloka Medical Co., Japan). It 
contains two photomultipliers (PMT) for simultaneous measurement of alpha and 
beta particles. There is a problem with such a detector: a plastic scintillator for 
detecting beta particles also registers gamma photons. Therefore, the phoswich 
method was later extended to a three-layer configuration, which allowed measure-
ments of three different types of radiation. One phoswich detector used a ZnS(Ag) 
scintillator for alpha particles, a plastic scintillator for beta particles, and NaI(Tl) or 
Bi4Ge3O12 (BGO) for gamma photons [79]. Another phoswich detector used 
ZnS(Ag) for alpha particles, CaF2 for beta particles, and NaI(Tl) for gamma detec-
tors [13, 83]. However, due to the high light output of ZnS(Ag) scintillator and the 
high energy of most alpha particles (5–8 MeV), differences in the pulse amplitude 
were found between the scintillators, which complicates signal processing. The 
detection of gamma photons in beta particle scintillators also requires a solution.

Usuda et  al. [80] demonstrated that a phoswich detector comprised ZnS(Ag) 
anthracene, and 6Li-glass scintillators are capable of separately identifying the inter-
actions of beta radiation (electrons), alpha particles, fast neutrons, and thermal neu-
trons (Fig. 3.21). Discrimination is achieved as follows:

• Alpha radiation interacts only within the ZnS(Ag).
• Electrons interact in both the ZnS(Ag) and the anthracene due to their lon-

ger range.
• Fast neutrons interact via proton recoil only in the anthracene.
• Thermal neutrons interact via neutron capture only in the 6Li-glass.

As materials used in the development of such phoswich detectors, scintillators 
such as EJ-440, EJ-442, and EJ-444 offered by Eljen Technology (https://eljentech-
nology.com) can be used. These materials are based on silver-activated zinc sulfide 
(ZnS:Ag) and are designed to detect alpha particles. EJ-440 consists of highly uni-
form ZnS:Ag deposited on one side of a 0.25 mm thick pure polyester sheet. The 
density of the fluorescent layer is sufficient to completely absorb ordinary alpha 
particles, such as those from Americium-241. The uniformity of alpha sensitivity 

Fig. 3.21 Arrangement of a ZnS(Ag)/anthracene/NS8 phoswich for simultaneous counting of α-, 
β(γ)-rays and neutrons. (Reprinted with permission from Ref. [80]. Copyright 1997: Elsevier)

3 ZnS-Based Neutron and Alpha Radiation Detectors

https://eljentechnology.com
https://eljentechnology.com


104

from batch to batch is constant and has a spread within 1.5%. Like EJ-440, EJ-442 
consists of highly uniform ZnS:Ag deposited on one side of a thick, inflexible base 
material. Most often, acrylic plastic plates are used as a basis, having a thickness of 
1.5–5 mm with a maximum size of up to 300 × 300 mm. The EJ-444 consists of an 
EJ-212 thin plastic scintillator with a ZnS:Ag layer on one side. The main area of   
application of the EJ-444 is the registration of alpha and beta particles in environ-
mental monitoring devices. In EJ-444, the ZnS:Ag layer is, on the one hand, thick 
enough to completely trap all known alpha particles; on the other hand, it allows 
most of the beta particles to pass into the plastic scintillator to be registered in it.
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Chapter 4
ZnSe- and CdSe-Based Radiation 
Detectors

Shweta Jagtap, Madhushree Bute, Sapana Rane, and Suresh Gosavi

4.1  Introduction

Radiation is energy or particles that originate from source and can travel through 
space [1]. Radiations are of two types, namely ionizing or non-ionizing, depending 
upon its energy to knock out the electron from an atom or has capability to break the 
covalent bond. The studies proved that non-ionizing radiation, namely, radio and 
microwave energy are harmful, if used at very high doses. UV radiations are also 
non-ionizing type and can cause damage to DNA molecules causing cancer. The 
radiation that unstable atoms emit while releasing energy, to attain a more stable 
state, is known as ionization radiation and is more of a health threat to human beings 
as it causes the change in structure of the atoms in cells, and more specifically the 
DNA molecules inside the cells [1]. Besides these harmful side effects of radiation, 
it is used in several fields such as medicine, academics, and industry for the benefit 
humankind. Also, radiation has useful applications in various areas such as archae-
ology, space exploration, agriculture, geology, and law enforcement [2–4].

Radiation detectors are devices which sense and measure radiation emissions 
and/or levels of radiation produced by a source. Radiation detectors are used for two 
purposes, namely, protection of human being and radiation measurement 
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applications. Radiation dosimeter is one of the examples of detection and measure-
ment of radiation. The badges are utilized to detect high-energy radiation. These 
badges aware about protection from the most harmful effects of radiation exposure 
through informing the amount of radiation they have been exposed to along with its 
health effects [5]. Radiation detectors can be categorized depending on the type of 
radiation or by their underlying operating principles. They can be categorized 
broadly as: Gas-filled radiation detectors, Solid-state radiation detectors, and 
Scintillation radiation detectors. Scintillation radiation detectors use the light energy 
produced when the material interacts with radiations and eventually find the level of 
radiation. The scintillator light pulses can be of small-time span that enables the 
device and detection of large particle number in short time duration. Scintillating 
materials can be liquids or solids. The incoming radiation strikes the scintillating 
material that results into emission of photons followed by amplification of the signal 
using photomultiplier tube. The resulting output pulse is proportional to the amount 
of light energy entering the tube and to be detected. The Scintillation radiation 
detectors usually provide information on a variety of data about the source, incident 
radiation, their charges, particles, energies, etc. [6].

Scintillators are very important type of radiation detector in various nuclear tech-
nologies and radiation applications such as medical imaging, well logging, home-
land security, marine and space exploration, and high-energy physics [7]. 
Scintillators are classified into two categories, namely, organic scintillators and 
inorganic scintillators. The selection of scintillator used for radiation detection is 
decided on the basis of radiation particles to be detected and their applications. 
Liquid organic scintillators have an outstanding ability to discriminate between 
gamma rays and neutrons or alpha particles based on detected pulse shape. Hence, 
it can be prominently used to detect neutrons or accelerated charged particles [6, 8]. 
The limitations of organic scintillators are their low density and detection efficiency, 
due to which inorganic scintillators are preferred for measuring X-rays or gamma 
rays. Inorganic scintillators can be operated at higher temperature than their organic 
counterparts [7, 9, 10]. Ionic solids composed of high-density crystals are used in 
inorganic scintillators that are mainly of two types, namely, single-crystal and poly-
crystalline ceramics. Single crystals exhibit efficient optical properties at low fabri-
cation costs and hence are ideal in fields with extreme conditions of detection and 
in measuring high-energy radiation under harsh conditions. Polycrystalline ceram-
ics has poor optical properties (transparency) and hence used for lower energy radi-
ation detection applications [7]. The process of scintillation occurs in three steps, 
where in first step, the energy of incident radiation is transformed to electron-hole 
pairs, and as the energy is higher, massive number of electron-hole pairs is gener-
ated. The second step involves the energy gain of luminescent ions from these elec-
tron-hole pairs and lastly, in third step this energy is released in the form of photons 
when the ions undergo a transition from excited state to ground state. The conver-
sion in first step is due to Compton scattering and photoelectric effect and the elec-
tron-hole formation is due to radiative decay, Auger process, and inelastic electron/
electron scattering. The thermalization process helps to produce phonons resulting 
in the formation of low-energy electrons at the lower edge of conduction band and 
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holes at the upper edge of valence band. The entire process takes less than 1 psec 
and an energy loss is expected on the account of non-radiative transitions followed 
by luminescence due to electron and hole recombination at the luminescence centre.

The efficiency of luminescence can be studied by following Eq. (4.1):

 � � �SQ  (4.1)

Where, η is the luminescence efficiency, ϒ is the conversion process efficiency, S is 
transfer process efficiency, and Q is quantum efficiency of luminescence centre [8].

G. Bizarre [9] has also discussed the scintillation process using the following 
equation, wherein Nph is the number of scintillation photons,

 N
E

E
SQph

gap

�
�

 (4.2)

Here, E  =  Energy absorbed by the scintillator, Egap  =  Band gap energy, and 
β = Average energy required to produce one thermalized electron-hole pair.

4.1.1  Parameters Characterizing Scintillation 
Radiation Detectors

The efficiency ‘η’ is an important factor for the selection of good scintillators. The 
other affecting factors are decay time, afterglow of the luminescent signal, and 
radioluminescence after the excitation of ions.

The important terms associated with scintillators are as follows [11]:

 (i) Light yield: light yield can be defined as the ratio of number of scintillation 
photons to the energy deposited. Light yield can also be termed as light output 
and scintillation response.

 (ii) Decay time: The decay time of a scintillator is defined as the period it requires 
for the intensity of the light pulse to revert to 1/e of its greatest value. Most 
scintillators have multiple decay times, and the effective average decay time is 
generally specified. The decay time is essential for quick counting and/or tim-
ing applications.

 (iii) Afterglow: Afterglow is the amount of scintillation light that remains after the 
X-ray excitation has stopped for a given amount of time. Afterglow can con-
tinue for hours in lengthy decay time components and can start within a 
millisecond.

 (iv) Radioluminescence: The wavelength distribution of scintillation light when 
triggered by ionizing radiations is referred to as radioluminescence. Generally, 
ionizing radiation interacts with materials to produce radioluminescence. The 
examples of this radiations are α or β particles, and cosmic rays or photons 
such as γ-rays or X-rays. Also, the materials that show radioluminescence are 
designated as scintillations.
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The decay time should be small for attaining fast response time. A linear response 
of the light yield is expected so as to maintain the proportionality with the irradia-
tion. Inorganic scintillators proved to be of better use, taking into consideration their 
high efficiency and greater light yield compared to the conventional scintillators.

The high light yield of these detectors enables to detect radiations of low energy 
(or intensity) with a high signal-to-noise ratio (S/N). Taking in account the excita-
tion energy, number of emitted photons per unit energy differs and this relation is 
nonproportional to the scintillation performance. This is important factor of consid-
eration for practical applications and most suitable scintillator should be selected 
for the target energy. The scintillation decay time is directly related to the timing 
resolution of radiation detectors. The decay time is mainly affected by the speed of 
transfer of free electrons and holes from an ionization track to the emission centre 
and the lifetime of the luminescence state of the activator. The timing resolution 
parameter is of utmost importance for high counting-rate applications, such as 
PET. Further to detect high-energy photons, dense materials possessing high effec-
tive atomic numbers are preferred [11].

4.1.2  Materials Used in the Manufacture of Scintillation 
Radiation Detectors

Till date, several studies have been carried out using inorganic alkali-halide crystals 
such as sodium iodide (NaI: Tl) and caesium iodide (CsI: Tl) activated with thal-
lium, NaI: Tl, CsI: Tl. These materials, however, suffer large decay times and low 
radiation stability. Bismuth germanium oxide, Bi4Ge3O12 (BGO), and gadolinium 
orthosilicate, Gd2SiO5: Ce (GSO:Ce) make oxide-based scintillators that provide 
good mechanical strength and immunity to humidity [12]. Further, it also exhibits 
high stopping power, good density, and increased radiation absorption efficiency 
compared to alkali- halide [13, 14]. However, these two oxide-based scintillators 
exhibited very low light yield as compared to the two alkali-halides [14, 15]. In 
order to overcome these limitations, compounds belonging to the II–VI semicon-
ductor group are being anticipated and investigated. In this article, the attempt is 
made to review and discuss the research development/advancement in the field of 
radiation detectors employing compounds belonging to the II–VI semiconductor 
group, particularly ZnSe and CdSe. These compounds are endorsed with a series of 
excellent properties such as good light output, better thermal and radiation stability, 
mechanical strength, rapid decay times, and non-hygroscopicity [16] that make 
them suitable in various applications [17, 18].
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4.2  Crystal-Based Solid Scintillation Detectors

These scintillation detectors are simply crystals with refractive index between 1.4 
and 2.5. Crystal-based solid scintillation detectors offer a variety of properties and 
wide range of characteristic parameters in a density scale of 2.5–7.9  g/cm3. 
Moreover, diverse array of decay time is availed in this crystal family providing 
both slow and fast decay. Extensive stretch is observed in the light yield of these 
crystals from 1.1 × 104 to 7.5 × 104 photons/MeV. NaI crystal, possessing moderate 
values of majority of characteristic parameters among this family, is commonly 
chosen for employment [19]. The whole crystal surface, other than the part in con-
tact with analyser photomultiplier tube, is coated with aluminium to protect the 
crystal from atmospheric moisture and obstruct the external light. When a crystal is 
used for high-energy radiations, the aluminium layer also blocks alpha and low-
energy beta radiations. In order to enhance the reflection of visible light, this alu-
minium is whitened or layered with reflector materials such as MgO. These multiple 
reflections help reach the visible light to the analyser photomultiplier tube effi-
ciently. On the ground of this efficiency, three types of crystal-based scintillation 
detectors are considered, namely, (1) planar, (2) well-type, and (3) through-hole 
detectors. Design change in the cylindrical structure of NaI crystal changes the radi-
ation exposure of detector affecting counting geometry.

4.2.1  Planar Detector

One of the two flat surfaces in cylindrical NaI crystal is exposed to the radiations 
and remaining one is connected to the analyser through a light pipe relieved with 
light-transmittance grease. Nonetheless, this type can only deal with around half of 
the total possible radiation emission that it can perceive only 180° exposure out of 
all 360° radiation emission. This geometry of crystal is cited as 2π counting geom-
etry which proved not to be enough for the further analysis. The aluminium coating 
depleted is around 0.5  mm thick in this type of crystal detectors. When experi-
mented with the design of crystal and set the results side by side, planar designs 
proved to be barely advantageous due to lower detection efficiencies. This experi-
mentation gave birth to the next type of detectors.

4.2.2  Well-Type Detector

As the name suggests, a well-type crater is drilled at the centre of cylindrical crystal 
and aluminium is coated inside of the crater. The aluminium coating on this crystal 
is 0.25–0.5 mm thick in order to achieve maximum counting geometry. This modi-
fication helps in increasing the exposure to the radiation emission, further 
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enhancing the counting efficiency. The crater is called detector well, in which the 
counting sample is encompassed within a plastic or glass tube. This arrangement 
makes it feasible to receive more radiations. The encircling detector crystal possibly 
receives more radiation emissions from its 360 ̊ neighbourhood, objecting a 4π 
counting geometry. However, if the sample tube slips in the well, it can result in a 
blemished or damaged detector. Additional concern related to well-type detectors is 
the position of sample so as to receive the objected maximum radiation. This sample 
should be placed at the exact centre of detector to attain optimal counting geometry. 
However, it is proven that this crystal design can approach to 4π geometry closely 
but is incapable of achieving it efficiently and thus, the experimentation progressed 
towards next type of detectors.

4.2.3  Through-Hole Detector

To hold the sample volume at the centre of detector, the crater is elongated and 
turned into a through-hole design by boring past the well depth and keeping the 
aluminium coat similar to that of well-type. This design becomes an encircling hol-
low cylinder allowing the sample tube to be shifted up or down from the bottom of 
the detector. In this type, it is possible to put an integral number of detectors without 
disturbing one’s performance. Evidently, this design achieves 4π geometry and 
proves accommodative to a practical set up with different sample volumes [19].

4.3  Single and Polycrystalline ZnSe- 
and CdSe-Based Scintillators

Wide-bandgap II–VI materials are expected to yield high performance when its 
application towards radiation detectors is considered. In modern technology, vari-
ous methods are reinvented and/or modified in order to tailor and fine tune the 
growth mechanism and therefore the desired properties of crystals of wide-bandgap 
II–VI compounds can be achieved while growing. For example, ZnSe has a wide 
bandgap of 2.7 eV and CdSe has 1.74 eV. As per the specific need, these semicon-
ductor crystals can be grown in the form of thin films and bulk crystals. Recently, 
use of quantum dots has also shown the potential for the scintillator application. In 
case of crystal grown method, various techniques are modified for growth control 
according to need of required layer structure, uniformity, and dopant level. Impurities 
and native defects, purity, and quality of the grown semiconductor compound play 
vital role in deciding the fundamental characteristics of the material and therefore 
considered as very important in deciding the key features. Crystals of II–VI com-
pounds can be grown from all three phases of the desired materials compositions 
and dopants. Among them, chemical vapour transport (CVT) and physical vapour 
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transport (PVT) methods use vapour phase of the material as suggested by their 
names. But liquid phase is used in melt growth technique. However, melt grown 
technique is extensively known to produce bulk crystals in relatively short growth 
time. Also, molecular beam epitaxial growth and surfactant soft template are some 
of the popularly used methods for controlled synthesis of nanostructures for scintil-
lation application. In this chapter, the details of melt growth technique and quantum 
dots for ZnSe and CdSe scintillators are discussed in brief.

4.3.1  Melt Growth Technique-Based Scintillators

The brief history of crystal growth revealed that crystal growth of the group II and 
VI semiconductor compounds deals with several challenges. Resolving stagnation 
in this field is very critical due to the various properties of materials, such as congru-
ent melting points, considerable partial pressure in the compounds and volatility, 
high melting point of the constituent ingredients, low thermal conductivity and 
stacking fault energy, high tendency for twinning, and solid-solid phase transition. 
Today’s modern radiation detector technology completely relies on very high-qual-
ity semiconductor materials. More prominently, every application demands very 
specific characteristics properties to be possessed by semiconductor material in use. 
To serve this purpose, doping of these semiconductor materials came in to exis-
tence. Unfortunately, the vapour transport technique can serve in this situation in a 
very limited manner because incorporation mode of dopant and compensation effect 
are strongly influenced by transport agents. Therefore, growth from near stoichiom-
etry melts can be generously useful to solve the purpose. After realization of these 
facts, at the beginning, few attempts were demonstrated to achieve crystal growth 
from solution growth techniques, in which use of vertical travelling heater method 
(THM) [20], selenium rich melt-solution growth technique [21], and controlled 
vapour pressure technique [22] are being tested for its application in crystal growth. 
These methods are found to be reasonably handicapped showing unacceptable slow 
rate of deposition with impurities’ inclusion. On the basis of empirical data and 
theoretical knowledge, few modifications in the melt growth method are put for-
ward to avoid these practical implications. At the beginning, two variations in 
Bridgman (BR) method are suggested as high pressure and close space. In case of 
high-pressure technique, inevitable stoichiometry deviation and material deposition 
outside crucible are observed [23–25]. In another variation in Bridgman technique, 
prime requisite is a close system [26]. Having close system avoids mass transporta-
tion and deposition of dopant and semiconductor to the cooler regions [27, 28]; this 
also maintains stoichiometry [29]. Appropriate choice of container is crucial since 
it should sustain at high temperature and pressure. Usually, a quartz ampoule encap-
sulated in graphite crucible [26, 30, 31] is very suitable for this technique. In BR 
technique, shape of solid-liquid interface is determined by ratio of G/R [(Temperature) 
Gradient/(growth) Rate]. Experimental data [32, 33] suggested that G/R ratio in the 
range of 57–175 K/cm2 gives fairly good quality ZnSe crystal growth, while 83 K/
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cm2 is considered to give optimum results. Moreover, it is also demonstrated that the 
growth conditions as 76 K overheating above 1797 K of melting temperature, i.e. 
temperature gradient of 30 K/cm and growth rate of 3.6 mm/hr., are capable of pro-
ducing high quality twin-free ZnSe [28, 29]. Further the development of low-pres-
sure Bridgman method is also established, which is configurable as vertical or 
horizontal forms, affecting the crystal properties. In order to grow radiation detector 
grade semiconductor crystals, various modifications in BR method are ascertained 
to achieve specific condition suitable for tuning crystal properties during its growth 
from the melt. Depending on slow or rapid cooling during solidification, most of the 
electric properties are determined. If solidification is followed by slow cooling, then 
the electrical properties are driven by impurity concentration and vapour overpres-
sure, whereas in case of rapid cooling of ingot electric properties are driven by 
overpressure or quench temperature. If ultrahigh purity starting materials are used, 
High Pressure Bridgman (HPB) method has proven its capability to grow crystals 
with best spectroscopic grade properties, specifically when design is for large vol-
ume detectors.

From the material perspective, group II–VI crystal properties are enhanced and 
tuned specifically for various radiation detectors. ZnSe and CdS doped with isoelec-
tronic Te are grown using BR technique nearly with 50 mm diameter and height 
[34]. Comparative studies of those crystals revealed that CdSTe could be used for 
gamma-ray spectroscopy, the emission shows peak at 640 nm attributed to decay of 
exciton trapped at Cd interstitial and S vacancies, while incorporation of Te 
enhanced defects. Further, by considering the different shaping time for the detector 
amplifier, an accountability for the presence of slow component is made and the 
comparative analysis of CdSTe, CsI (TI), and CdWO4 crystals for absolute light 
yield is presented. The red intense light yield of CdSTe crystal is approximately 
1.7 × 104 photons per MeV of absorbed gamma-ray energy and the decay time is 
described with a sum of two exponential decay components of 18  ±  6  ns and 
270 ± 40 ns. However, the light yield for CdWO4 and CsI (TI) crystals is noted as 
1.1 × 104 and 5.7 × 104 photons per MeV, respectively. However, for ZnSeTe, the 
measured decay time is large which is roughly 50 μS, but shows comparable light 
yield (55,000 ph/MeV) to that of well-known red light emitting CsI (TI). The obser-
vations are made that, due to low Z of the ZnSeTe, it is not suitable for gamma-ray 
spectroscopy but shows significant application in low-energy X-ray detection, its 
scintillation intensity in the μS time scale is comparable to the CdWO4 crystal [34]. 
It is learned eventually that the scintillation properties very much depend on stoichi-
ometry of the crystals, which can be tailored using various growth mechanisms and 
annealing methods. Further experimentation shows that when ZnSe crystal is grown 
using HPB technique, it can possibly be used for high temperature 
(25 °C ≤ T ≤ 160 °C) solid state X-ray or gamma-ray detector [35]. However, in this 
studies, ZnSe crystal with heavy dislocation densities is observed due to ZnSe phase 
transformation just below the melting point from a hexagonal to cubic structure. A 
Comparative study between HPB and high-pressure vertical zone melting (HPVZM) 
growth processes is carried out to assess its feasibility for the growth of CdZnTe, 
CdSe, and ZnSe crystals for its respective application in large-volume ionizing 
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radiation detectors, large diameter polarizers, and multispectral optics (from visible 
to middle IR region) [36]. HPVZM process is offering distinct advantages com-
pared to HPVB, by allowing controlled deviation from the stoichiometric composi-
tion or pre-set deviation from stoichiometry and thus also encompassing its scope in 
further extension of the method in development of more zinc and cadmium chalco-
genides crystal preparation.

ZnSe:Te,O crystals are grown using modified BR–Stockbarger technique in a 
vertical compression furnace. Change in the optical band gap energy of ZnSe 
(2.608 eV) and ZnSe:Te,O (2.555 eV) crystals is observed owing to the impurities 
in defect level in ZnSe:Te,O crystals with maximum wavelength of the emission 
spectrum at 630 nm [37]. Exposure of ZnSe:Te,O scintillator to 137Cγ-ray gives the 
11.9% energy resolution and produces 2.167 times higher light output than CsI (TI) 
with afterglow as 0.023% after 5 ms [38]. The ZnSe:Te,O scintillator decay curves 
consist of two components, 27 μs and 83 μs [39, 40]. In X-ray inspection scanners, 
scintillators with different atomic number and densities can be used to work in the 
energy range 20 keV–10 MeV for non-destructive testing. Similarly, low afterglow 
and short decay time of detectors allow rapid counting from large number of detec-
tors. Initially the material like CsI (TI) with light yield 5.5 × 104 photons/MeV and 
afterglow about 0.3–2% after 20 ms is considered, but the later development pre-
ferred afterglow up to 0.01–0.001% after 10 ms. CdWO4 meet this expectation but 
light output is very less. Therefore, the problem persists to tailor the material char-
acteristics appropriately to meet the requirement in case of scintillators. Assessment 
of CdS(Te) crystal unequivocally indicated that the CdI (600 nm) and Vs (730 nm) 
participate in radiation emission and light output and afterglow properties are not 
meeting up to requirements. Soon, the development in the X-ray digital radiography 
offered the solution of incorporation of duel-energy detection systems and this is 
based on the effective differentiation between the materials with similar density but 
with varied effective atomic numbers. To address this issue, doping of ZnSe crystal 
is considered. However, previously, for this application, ZnSe(Te) crystal-based 
scintillator is not usable due to intrinsic properties of the crystal like long decay 
time, low density, and Zeff along with poor transparency to own emission. 
Nevertheless, due to the development in the dual energy inspection scanners, 
ZnSe(Te) crystals turned out to be best suitable for low-energy array detectors, pro-
viding the ace of simultaneous identification and imaging of dangerous objects or 
substances and thus development of detectors for non-destructive testing of organic 
inclusions and cargo inspection proceeded. The Bridgman method is used for the 
ZnSe(Te) crystals growth [41]. Defect engineering in this case is very crucial. It is 
postulated that the tailoring of emission spectra range is possible by adding isova-
lent defects in such a way that the ionic radius and electronegativeness of these 
defects species differ substantially from the atom to be replaced with defects. 
Further, the analytical and experimental data suggested that inclusion of Te isova-
lent defects enhances defect formation in Zn sublattice, and the augmentation of Zn 
vacancies (VZn) concentration is favoured. Thus, it is also observed that principle 
working band in case of ZnSeTe scintillator produces the luminescence around 
630–640 nm. The addition of Te stimulates two processes, one is formation of stable 
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association of Vzn and TeSe (concentration of isovalent Te defects used to replace Se) 
and second is formation of mobile interstitial Zn. These processes make main ele-
ments of radiative recombination centre. The light yield of ZnSeTe is better than CsI 
(TI), light yield is approximately 7.5 × 104 photons/MeV, after glow is 0.05% after 
20 ms, and decay time is 50–150 μs.

The formation of luminescence centres for formation of radiation band in the 
range 630–640 nm is achieved according to the difference in the electronegativeness 
of Zn metal and chalcogenides (Se, Te, O). Also, to alter the luminescence centre 
domination type, the introduction of oxygen in its active forms (O0, O−) and metals 
of group III (Al, In, Ga) in the quantity about 1/5 of Te concentration, in ZnSe is 
proposed. This makes alteration possible in the luminescence maxima in the range 
590–610 nm, light yield about 5 × 104 photons/MeV, after glow is 0.005% after 
20 ms. The material with these properties shows potential of application in multi-
energy X-ray introscopy and tomography. Consequently, combined use of ZnSe(Te) 
and CsI(Tl) in two energy detector array shows significant improvement in non-
destructive testing of organic inclusions.

Along with the other scintillation properties, low reflection coefficient of ZnSe 
for electrons makes it suitable for the application in medium energy gamma radia-
tion and beta particles detection. ZnSe shows that the presence of deep levels and 
optical transitions aroused from this results in luminescence band peaked at 
600–630 nm. An intentional stability in the defect level can be tuned in to the iso 
electronically Te doped ZnSe crystal using Bridgman–Stockbarger method in a ver-
tical compression furnace under argon gas [40]. The luminescence range 1.9–2.1 eV 
is achieved for ZnSeTe single crystals, which is advantageous for its application as 
scintillator. Further improvement in as-formed ZnSeTe single crystals can be 
brought in by thermal annealing in different environments, for example vacuum, 
zinc, tellurium, and selenium; the treatment is used to develop luminescence com-
prised of two strong overlapping bands at 2.15 and 1.95 eV, which are resulted out 
of stable defect complexes and hence capable of acting as efficient emission centres 
useful in scintillation detectors for medium energy gamma radiation and beta par-
ticles [40].

Bridgman–Stockbarger method is also adopted for the development of ZnSe(1–

x)Sx mixed crystals [41]. On varying the x concentration, the energy levels of radia-
tive recombination centres in the band gap of ZnSe(1–x)Sx crystals change easily. The 
crystal shows formation of sphalerite lattices, for which luminescence spectral band 
maximizes in the range 590–595 nm at room temperature. Light output usually in 
case of ZnSe(Te) is produced only after the crystal annealing in Zn environment and 
reported to yield increase up to value 1. While in case of ZnSe(1–x)Sx mixed crystals 
when sulphur content in the crystal increases up to x = 0.3 due to the optimum con-
tent of ternary complexes OSeVZnZni, it produces light yield up to 0.65 which further 
increases up to 1.05–1.09 after the crystal annealing in Zn environment. Similarly, 
short decay time of 0.001 ms offers better energy resolution and speed of the detec-
tor. Short afterglow as 0.002% after 20 ms offers effective range of the amplitudes 
of recorded signals in a detector. As-formed ZnSe(1–x)Sx mixed crystals exhibit light 
output comparable to ZnSe(Te) ‘classic scintillator’ with better transparency to their 
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own radiation and better thermal stability (for energy of emitted photons hν ~ 2 eV), 
indicating the possibility of futuristic development of ZnSe(1–x)Sx -based X-ray and 
γ-ray detectors even at higher intensity of radiations.

ZnSe with its relatively wide direct bandgap (2.70 eV) and broad transmission 
window has proven its scintillator application in X-ray and gamma-ray detection 
and often the isoelectronic elements like Te, S, O, or Al are doped to enhance scintil-
lation performance. However, use of ZnSe in Large mass bolometer is also proposed 
to search for rare event, which includes neutrinoless double beta decay (0ν-DBD) 
and Dark Matter interactions. This is because ZnSe contains 82Se, which is one of 
the most perspective materials in this field. For this, appropriate characteristics of 
ZnSe crystal are achieved using melt growth technique and further setting optimal 
annealing conditions [42, 43], due to which it is possible to achieve intentional 
enhancement in deep-level-related emissions specifically capable of detecting 
medium energy β and γ radiation and also for X-ray introscopy and tomography. 
ZnSe shows different scintillation properties for α particles, and β and γ, which 
generate considerably different light/heat signatures and further imply discriminat-
ing emissions due to α particles as background.

Also, use of ZnSe crystal for Dark matter detector (DMD) is exploited by study-
ing the light emitted by nuclear recoils and β and γ interactions at 100 keV. In case 
of bolometers, ‘The Light Yield of β/γ events (LYβ/γ), defined as the amount of 
detected light per particle energy, does not depend on the energy’. The experimental 
data show that the Light Yield of α particles (LYα) is 26.62 ± 0.86 keV/MeV which 
is higher than LYβ/γ = 6.416 ± 0.008 keV/MeV unlike in other known scintillating 
crystals [44]. This behaviour is not yet fully understood. However, this difference in 
light yield of α and β/γ is further exploited and within the region of interest back-
ground due to α particles is rejected.

LUCIFER (Low-background Underground Cryogenic Installation for Elusive 
Rates) is the experiment which is used to search for 0ν-DBD for which the feasibil-
ity of the cryogenic scintillating bolometers is demonstrated wherein Zn82Se crystal 
highly enriched with the 82Se (95.5%) isotope is used. The performances of a ZnSe 
crystal functioned within the LUCIFER R&D is tested on the ground of energy 
resolution and discrimination capability of α particles to avoid background noise. 
Further development in 0ν-DBD and DMD involved use of 100Mo embedded in 
ZnMoO4 crystal and 82Se embedded ZnSe crystal and the radiopurity of these crys-
tals gives better energy resolution [45]. From few preliminary cryogenic tests, it is 
clear that the ZnSe crystals grown from the melt exhibit excellent bolometric per-
formance; however, the precise designing of growth conditions plays very crucial 
role which is well established and described in the past [45]. For the construction of 
a bolometer/scintillation detector designed to study 0ν-DBD, large quantity of high-
perfection large volume ZnSe is needed. Also, this demands particular information 
of point defects presented in the crystals in use. To achieve this, use of Bridgman 
technique to grow 82Se isotope is reported to give better results when high-purity 
starting materials are used [46]. For the production of enriched Zn82Se crystal, spe-
cific growth conditions are practiced to control and manipulate defect formation 
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during crystal growth. It is worth mentioning here that the enriched Zn82Se crystals 
grown using chemical vapour (CVD) and physical vapour (PVD) do not exhibit 
scintillation in as grown form. However, in this case at low temperature, enriched 
Zn82Se crystals (grown using BR method) exhibit two intense luminescence bands 
positioned at 540 nm and 620 nm. The analysis of this could not identify the defect 
source responsible for first band (540 nm), but the second band is assigned to ‘A 
centre luminescence associated with close VZn – DZn pairs’. Further thermal anneal-
ing treatment of as-formed ZnSe crystal (BR method) increases crystal homogene-
ity and reduces microcracks, but despite of this, ZnSe without thermal treatment 
evidently produces better scintillation efficiency owing to the larger (order of ppm) 
existence of Zn vacancies and A1 shallow donors pairs in the as-formed material, 
and which are the very cause of strong luminescence/scintillation in the red spectral 
region (~620  nm). Thus, the Bridgman technique provides a controlled way of 
defect engineering of closed donor-acceptor pairs (DAPs) of the order of a few ppm; 
therefore, grown enriched Zn82Se material shows excellent material properties with 
high electron mobility at low temperatures and makes it a suitable candidate for 
bolometer/scintillation detector.

Similarly, for ionizing radiations, cryogenic scintillation detectors use ZnSe 
doped with Al or Te and is reported to give a fast response and higher light yield 
[47]. These results are presented in Fig. 4.1. The crystal grown using BR technique 
is reported to exhibit an emission band at 600 (ZnSe–Al) and 640 nm (ZnSe–Te). 
The red-light emission is subjected to radiative recombination of electrons which 
are originated from shallow donor centres and also due to the variety of impurity 
complexes and defects formed in the crystal [39]. Theoretical and empirical data 
come up with interesting fact that formation of those oxygen impurities and defects 
around ubiquitous Zn vacancies are generically featured in crystals during their 
growth, when BR technique is employed, thus the method is known to impact lumi-
nescent property of the crystal and therefore provides ace of engineering the mate-
rial electronic properties to make it suitable for planned application [48]. The X-ray 
luminescence spectra and decay curves of ZnSe–Te and ZnSe–Al are analysed in 

Fig. 4.1 Decay performance of (a) ZnSe-Te and (b) ZnSe-Al scintillators. (Reprinted with per-
mission from Ref. [47]. Copyright 2021: Elsevier)
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the temperature range 77–295 K. An order of magnitude decrease in the effective 
decay time constant is observed, i.e. in ZnSe–Al, from 1.9 to 0.32 μs and in ZnSe–
Te from 4.5 to 0.46  μs. The scintillation performances of Te-doped ZnSe and 
Al-doped ZnSe are analysed in the temperature range 9–295 K, when excited by 
α-particles. The empirical data show that the light output of this scintillator at 75 K 
increases by 80 ± 5% in case of Al-doped ZnSe and 95 ± 5% in case of ZnSe–Te 
than room temperature. However, cooling to 9 K almost doubles the response of 
both scintillators. Importantly, the response time is also observed to be improving. 
This journey of continuous efforts towards good quality crystal growth is still an 
ongoing. Based on all empirical data and theoretical understandings, continuous 
efforts are put forward by research community to refine device development proto-
cols, in order to tune growth dynamics and achieve desired qualities in semiconduc-
tor crystals.

4.3.2  Quantum Dot-Based Scintillators

With progressive research on radiation detectors using scintillation, it is proven that 
quantum dot-based nanostructured materials have shown efficient scintillation 
properties compared to conventional scintillating materials. These efficient proper-
ties are the result of high photon count, higher quantum efficiency, adjustable band 
gap, emission in visible region, high photon output, and superior work performance 
at room temperature. There had been some conventional radiation detectors such as 
cadmium-zinc-telluride performing efficiently at room temperature, although their 
crystal size was measured to be in centimetres in each direction. Quantum confine-
ment provided a solution for this particular drawback. Quantum confinement regime 
shows difference in electronic and optical properties of materials due to radically 
small scale structure of energy bands. The distinctive length-scale for II–VI group 
semiconductor is 1–25 nm. This results in quantum-size effect and decreasing con-
finement width with decreasing particle size. The mentioned change in confinement 
width explains emission wavelength shifting towards blue region. Taking this shift 
direction in account, structures are grouped into 1D (quantum well), 2D (quantum 
wire), and 3D (quantum dot confinements). These quantum dots are zero-dimen-
sional semiconductor crystals, in which decreasing size increases the energy band 
gap. This fine-tuning of band gap energy in visible region results in improved cou-
pling with photomultipliers and gives efficient photon count. This improved photon 
output efficiency at room temperature is not seen in conventional scintillators. 
Moreover, unlike conventional scintillators, quantum dot scintillators show high-
energy resolution and have a wide choice of photon transducers and photomultipli-
ers. The photomultiplier tube used with conventional scintillators have quantum 
efficiency less than 25% as their output wavelengths are in UV and blue regions. 
Nevertheless, the property of quantum dots to adjust output wavelengths in visible 
region provides an advantage of increased scintillation efficiency up to 70% [49]. It 
is difficult to explain the multicolour photon visuals in scintillation with 
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conventional scintillators as they show indefinite resolution in emission peaks in the 
photoluminescence plot. The properties of quantum dots are hence proved to be 
efficient for scintillation over the conventional scintillation; however, their proper-
ties change depending upon the materials and their structures which vary with their 
synthesis.

Quantum dots differ in scintillation properties relative to their synthesis process. 
The synthesis processes were studied on different levels where a combination of 
skills and considerable amount of research was required for higher quantum yield. 
Along with quantum yield, high optical quality and well-defined size and shape 
were principle parameters to attain higher scintillation efficiency. From continuous 
experimentation and timely evolutions, it is proven that these parameters can be 
optimized using particular synthesis processes. Further, Létant and Wanga [50] 
reported in their study of semiconductor quantum dot scintillators under alpha and 
gamma radiation that optical parameters such as quantum efficiency and emission 
wavelength play key role to decide scintillation ability of the nanomaterials. These 
parameters can be controlled on molecular level with appropriate choice of synthe-
sis methods. The luminescence that advances the scintillation property of materials 
is tuned with the help of modern synthesis methods. This kept researcher going with 
their experiments of new synthesis techniques and use of quantum dots in both 
industrial and academic fields. In the early days, the research for synthesis methods 
with higher quantum yield and the products having higher quantum efficiency was 
accelerated. Initially, synthesis of quantum dots was reported with cadmium series 
by aqueous and organometallic methods. These two methods were known to give 
highest possible yield with high-quantum-efficiency and emissions in visible or 
near-infrared regions advantageous for scintillation. Furthermore, Hines et al. [51] 
recorded ~20–50% quantum yield of luminescent ZnSe quantum dot scintillators 
with improved luminescent properties and better crystallinity. Reports by Suemune 
et al. [52] state that, owing to the scintillation efficiency of CdSe with ~20–30% of 
PL quantum productivity and broad emission spectra, this improved synthesis of 
ZnSe quantum dots was carried out for better results. As comparatively narrower 
band gap of CdSe gave better luminescence in red to green emission region, wider 
band gap ZnSe quantum dots provided expected blue emission on the grounds of 
quantum size effect. In many quantum dot synthesis methods, two processes are 
involved, namely, nucleation and growth of quantum nuclei. For example, in organo-
metallic synthesis method, the organometallic precursors are nucleated and slowly 
processed to grow in a hot alkylamine coordinating solvents such as trioctylphos-
phine oxide (TOPO)-hexadecylamine (HDA) mixture. Time involved for these indi-
vidual processes changes the size dispersion and optical properties of resulting 
quantum dots. Thus, the size of quantum dots can be varied by changing the growth 
time and thus, changes in optical properties are observed. After much evolution of 
ZnSe quantum dot synthesis processes via aqueous, organometallic, microwave 
synthesis, hot-injection method, sol-gel routes the highest quality quantum dots for 
scintillation with better luminescence were resulted through green synthesis route, 
as developed by Chen [53]. The method is proven to be cheaper and environment-
friendly as it avoids the use of expensive, toxic, and air-sensitive chemicals like 
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phosphine and oleic acid that are commonly used in organometallic synthesis. In 
addition to it, properties and morphology of resulted quantum dots were desirable 
for enhanced scintillation efficiency. The resultant quantum dots also preserved 
their own crystallinity and tuneable range of wavelengths. Prior to the green synthe-
sis techniques, the poor luminescence properties of quantum dots were treated with 
shelling them up or creating an alloy from the same.

Marie-Eve Delage et al. [49] studied the characteristics of quantum dot concen-
tration for scintillation purpose and scintillation efficiency was plotted as a function 
of quantum dot concentration. It was seen that the scintillation output was linear 
function of quantum dot concentration when measured with different energy irra-
diation and different integration times. In this study, the photoluminescence proper-
ties of ZnSe quantum dots were in fine agreement with the estimated quantum size 
measurements obtained by AFM. These quantum dots were in the range of 11 nm of 
diameter with zinc-blend crystalline structure. The same study agreed to the reports 
of changing the size of quantum dots with changing growth time, thus showing the 
favourable wavelength shift in emission spectra due to quantum confinement. 
Ryzhikov et al. [54] studied the scintillation characteristics of ZnSe quantum dots to 
find out the parameters with practically efficient values. The studied ZnSe quantum 
dots with effective atomic number 33 were recorded to have density as 5.4 g/cm3. 
For same sample, the conversion efficiency was reported to be 19.4 with decay time 
of 5–7 microseconds. After 10 miliseconds of radiation removal, the glow seemed 
to be 0.05%. On irradiating with X-rays with λm, the attenuation coefficient was 
0.1–0.3 cm−1. Refractive index for this wavelength was recorded to be 2.4 and the 
emission wavelength changed to maximum 610 nm at 300 K. Other irradiation such 
as gamma rays showed the radiation stability limit of ZnSe to be 108 rad. All these 
observations were in a good agreement to the expected values with good quantum 
efficiency of 19.4%, thus making ZnSe the best choice for scintillation applications 
highly effective in energy ranges 20–80 KeV.

4.4  Performance of Doped ZnSe- and CdSe-Based 
Radiation Detectors

Scintillation is the process of absorption of incident ionizing radiation followed by 
emission of characteristic spectrum where the wavelength of the emitted radiation 
is generally longer than that of absorbed radiation. Scintillating materials or lumi-
nescent materials utilize this phenomenon to emit light in the visible region after 
absorption of high-energy radiation like alpha particles, beta particles, gamma rays, 
neutron rays, or X-rays. Several organic compounds exhibit inherent fluorescence 
on absorption of photon by virtue of their conjugated nature and electronic transi-
tions occurring between energy levels of a lone molecule. Moreover, organic scintil-
lators can exist in the form of pure organic crystals, organic solutions (solvent 
containing organic scintillator), or plastic scintillators. It is well understood that, in 
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pure crystals, the bandgap represents a band of energies that an electron can never 
occupy. However, when electrons gain sufficient energy by absorption of incident 
radiation, it undergoes a transition from valence band to conduction band by over-
coming the bandgap and leave a hole in the valence band. This excited electron 
eventually de-excites back to the valence band by emission of photon. The process 
of photon emission in this case is, however, an inefficient one. The loss of energy is 
governed by other mechanisms such as non-radiative emissions and inelastic elec-
tron-electron scattering. Moreover, for pure crystals, the energy emitted during de-
excitation does not lie within the visible range on account of wider bandgaps.

Doping of ZnSe and CdSe with suitable materials known as activators is an 
effective way of overcoming these problems. Dopants are so chosen that the process 
introduces additional energy levels within the forbidden bandgap of the pure crystal. 
Thus, the emitted photons are of lower energy (in the visible region of the electro-
magnetic spectrum) as the electrons de-excite to the valence band through these 
metastable energy states. In addition, doping also causes crystal lattice point defects, 
which dictates the radiation characteristics of doped radiation detectors or scintilla-
tors [55, 56]. Improved conversion efficiency and better radiation stability have also 
been reported for doped II–VI semiconductor compounds [55, 57]. Therefore, the 
creation of defects in the surrounding sublattice of pure crystal is stimulated by an 
isovalent dopant (IVD) atom as it differs from the substituted atom in terms of its 
ionic radius and electronegativity. Further, these isovalent dopants for II–VI semi-
conductor compounds can be characterized into two types. The first category con-
sists of IVD that introduces localized energy states into the band—isolated energy 
levels or exciton levels on an isoelectronic dopant centre. The isoelectronic doping 
alters the recombination properties of the material by introducing new recombina-
tion channels which act as electron traps and provide high scintillation efficiency. 
The second type of IVD creates energy levels in the form of non-forbidden (allowed) 
energy bands.

Despite the fact that the IVD has the same valency as that of the replaced atom 
in the parent lattice, critical properties such as ionic radii, covalent radii, ionization 
energy, ionizing property with surrounding atoms of the lattice, and electronegativ-
ity might differ significantly. The bond energy of donor (D) or acceptor (A) dopants 
is of higher order than that of IVD charge carriers. However, the charge localization 
on the IVD is comparatively higher. This combination causes the development of 
isolated local states inside the band gap (after the first kind of IVD is introduced), 
with energy levels functioning as foci of quenching or emission, or changes in the 
zone spectrum of permissible bands (IVD of the second type). When the first and 
second type IVDs are introduced together, the band gap may be varied; at about the 
same rate, local levels are formed, generating emission centres. Ryzhikov et al. [58, 
59] reported that tellurium (Te)-doped ZnSe improved the defect formation in ZnSe 
lattice structure. It was observed that the addition of Te as a dopant prompts the 
formation of recombination centres responsible for efficient emission. Lee et  al. 
[60] investigated the radiation properties of oxygen-doped ZnSe photodiode for 
alpha-, beta-, and gamma- ray detection. The resolution for gamma quanta was 
observed to be 6.3% and hence study concluded that α/γ nearly equal to one along 
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with sufficiently high resolution, good light output makes this photodiode a good 
candidate for alpha-, beta-, and gamma-ray detection. Cho et al. [56] also compared 
the performance of conventionally utilized CsI(Tl) scintillator with oxygen and 
tellurium-doped ZnSe (ZnSe(O) and ZnSe(Te) respectively). The results showed 
that O and Te-doped ZnSe scintillators exhibit exceptional properties such as excel-
lent light yield, low afterglow, and high conversion efficiency. Also, ZnSe(O) 
showed promising radiation detection properties in the range of 
20–200 KeV. Pranciškus et al. [61] studied the photoluminescence spectra of Te, O, 
and O-Al co-doped ZnSe. Te and O-doped ZnSe exhibited higher luminous inten-
sity (by a factor of ≈40) than undoped ZnSe which was further found to be increased 
after O and Al co-doping. The authors concluded that, despite the fact that alumin-
ium cannot function as an activator, it appears that adding this impurity to the ZnSe 
crystal tends to increase oxygen incorporation and, as a result, the formation of 
higher densities of defect centres responsible for efficient emission. With such a 
significant rise in photoluminescence intensity, there is a good chance of a signifi-
cant increase in radiative recombination via the impurity energy levels developed 
because of suitable doping. More recently, colloidal quantum dots (cQDs) have 
gained a lot of interest in the scientific community as potential radiation detectors 
primarily because they exist in the nanometer scale leading to the phenomenon of 
3D quantum confinement effect of cQDs that can be tuned as a function of size 
which results in greater light output than their bulk counterparts [62]. Lecavalier 
et  al. [63] synthesized water dispersed multi-layered core–shell CdSe–CdS–
Cd0.5Zn0.5S–ZnS cQDs for radiation detection. The observation indicates a linear 
relationship between the luminescent intensity and dose of ionizing radiation, ren-
dering it as a promising candidate for scintillator application.

Groeneveld et al. [64] used ZnTe seed clusters for the synthesis of (Zn,Cd)Te/
CdSe colloidal hetero-nanowires. The growth of the nanowires is attributed to the 
inclusion of CdSe. The emission spectra for the synthesized hetero-nanowires were 
in the range of 530–760 nm with high quantum yield. Also, tuning the composition 
of (Zn,Cd)Te/CdSe could successfully control the optical properties of the hetero-
nanowires [64]. Hence, doping with suitable activators will enhance the scintillating 
properties of ZnSe/CdSe material to a great extent. The quality of scintillating mate-
rials has been demonstrated to be influenced by factors such as doping, annealing, 
and heavy ion irradiation. Kim et  al. [65] reported synthesis of zinc selenide 
(ZnSe:O) single crystals doped with 2 wt% oxygen and annealed using excess Zn 
conditions. The XRD investigation demonstrated that the lattice constant drops after 
annealing at 1290 K with increase in oxygen impurities. While the energy band gap 
of annealed ZnSe:O single crystals reduces from 2.60 to 2.58 eV with excessive Zn, 
it does not alter for ZnSe single crystal structure. The radioluminescence of the 
annealed ZnSe:O scintillator stimulated by X-rays has a highest emission wave-
length at 595 nm. The annealed ZnSe:O scintillator has a comparative light output 
of approximately 1.277 times that of the CsI:Tl scintillator. The annealed ZnSe:O 
scintillator also exhibited comparatively high relative light output of (1.28 times) 
than CsI:Tl and good afterglow level (0.012%) after 5  ms. Additionally, it was 
observed that, when exposed to Cs 662 KeV gamma rays, the energy precision of 
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the heated ZnSe:O scintillator was 7.4%. These findings showed that the annealed 
ZnSe:O scintillator not only have higher afterglow level and a higher relative light 
output than the CsI:Tl scintillator, but its timing characteristics make it ideal for 
detection in an introscopy device. As a result, the annealed ZnSe:O scintillator is 
predicted to be suitable for X-ray detectors in military surveillance systems.

It was observed in the previous decade that the optical transitions deliberately 
insert deep levels in the band gap of Te-doped ZnSe and result in at least two signifi-
cantly continuous luminescence bands. This deep level of emission is expected to be 
created by co-doping of iso-electronically doped ZnSe crystals, which could have a 
major impact on emission efficiency and other characteristics crucial for the crys-
tals’ employment in scintillation detectors. Based on this, Shevchenlo et al. [66] 
evaluated the luminescence characteristics of ZnSe scintillation crystals co-doped 
with oxygen (O) and aluminium (Al) to those of typical tellurium (Te)-doped ZnSe 
scintillators in continuous-wave and pulsed irradiation in the range of temperature 
of 8–300  K.  As the temperature reaches room temperature (RT), a significant 
increase in the low-energy element of the deep-level-related emission is detected. 
The higher density of recombination centres is important for the improved low-
energy emission component in the co-doped crystals, according to donor–acceptor 
pair (DAP) recombination. However, high-energy (HE) charged electrons are pri-
marily collected by the previous centres, contributing to the strengthening of the HE 
band. On the other hand, thermal ionization of the donors in the DAPs is responsible 
for the HE band and this leads in suppression of this band at extreme temperature 
(see Fig. 4.2a). A portion of the ionizing electrons reintegrate non-radiatively, while 
the remainder are grabbed by the LE band recognition centres and assist to its 
amplification. This improvement is stronger in ZnSe(O,Al):Zn crystals with a large 
density (see Fig. 4.2b). Similarly, Hizhiny et al. [67] studied scintillation effects of 
Al and Te-doped ZnSe. Their findings showed that doping ZnSe crystals with Te or 
Al reduces resistivity significantly (from 1012 to 109 and 1012 to 108 Ωcm, respec-
tively). Both TeSe and AlZn defects form hole traps, but AlZn generates a deep trap, 
whereas TeSe produces a shallow trap, which is unstable at RT. ZnSe, ZnSe(Te), 
and ZnSe(Al) showed a 5–8 order of magnitude drop in resistivity when exposed to 
annealed zinc vapours. The creation of deep hole traps on interstitial defects Zni, as 
well as the destruction of zinc vacancies, contributes to the enhancement in conduc-
tivity of the samples following annealing in zinc vapours. Also, the trapping charac-
teristics of doping-related point defects vary when VZn is destroyed and this action 
offers an innovative mechanism for annealing-induced conductivity gain.

On the other side, Ryzhikov et al. [54] revealed variations in scintillation and 
optical characteristics of ZnSe (Te,O) crystal-based scintillators when exposed to 
the gamma, electron, proton, and neutron ionizing radiations. The analysis indicates 
that when crystals are irradiated with neutrons, light output improves by 20–150%, 
with significant improvements in optical properties in the visible and infrared (IR) 
spectrum regions. Light output of gamma-irradiated scintillator crystals ZnSe 
(Te,O) decreases by less than 10–12% under dosages of 100 Mrad. Similar proper-
ties were observed in case of samples irradiated with electrons. It was observed that, 
the biggest dramatic loss of scintillation characteristics of ZnSe (Te,O) crystals was 
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Fig. 4.2 (a) The temperature dependence of PL intensity of free electron density and (b) 
Photoluminescence decay kinetics of LE band (at 1.95 eV) measured in ZnSe (O,Al):ZnSe and 
ZnSe(Te):Zn samples at 8  K. (Reprinted with permission from Ref. [66]. Copyright 2013: 
Elsevier); (c) Room-temperature photoluminescence spectra of undoped and Er doped (3 ways) 
ZnSe crystals. LO and 2LO are the first – and second-order of longitudinal optical phonon mode 
in ZnSe. Excitation wavelength is 458 nm and (d) X-ray luminescence spectra of undoped Er-ZnSe 
crystals at 80 K. (Reprinted with permission from Ref. [68]. Copyright 2014: Elsevier)

caused by proton irradiation, with selective absorption spectrum arising in the IR 
(4–7 μm) range. Owing to the role of light output and the minimum afterglow level, 
this model is excellent choice for tomographs and current X-ray introscopic tech-
nologies. Also, it can be used as dosimeters for detection of γ- and β-radiation at 
high dose rates [66].

According to literature, the scintillator ZnSe (Te) has efficiently filled the void in 
the ‘scintillator-photodiode’ detector family for advanced radiation introscopes. For 
example, in comparison to CsI crystals, scintillators fabricated by isovalently doped 
ZnSe crystals have 4–7% greater translation efficiency and a 103–104 times greater 
radiation stability (Tl) [69]. It is also well known that some complex molecules 
based on broad-band substances (for examples, p-ZnTe–n-CdSe heterostructures) 
exhibit good photosensitivity in the visual spectra [70]. Photoreceivers based on 
heterostructures created directly on the surface of this scintillator should be possible 
because of a unique combination of semiconductor and scintillation capabilities of 
crystals ZnSe(Te,O). Also, small dimensions, compactness, high operational 
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characteristics, and design simplicity are the advantages of solid state combined 
detectors (CD). These CD consist of a scintillator and a barrier layer photocell. In 
addition, such CD detector does not require power sources. Thus, Focsha et al. [70] 
developed a photosensitive heterostructure – semiconductor scintillator type CD – 
ZnSe(Te,O)/p-ZnTe–n-CdSe. The cumulative impact of ZnSe (Te)/ p-ZnTe–n-CdSe 
revealed strong radiation sensitivity owing to the close contact of the scintillator and 
the HP, which reduced reflected losses as well as exhibited high spectrum coherence 
factor (0.62–0.98). In addition, the short-circuit current in the output circuit of the 
combine detector (CD) is linearly proportional to the X-ray radiation dose rate in 
the interval of 360 R/min and the CD can work at temperatures in the range of  
RT–100 °C. The heterostructures–photoreceiver has a response time of 10−5 s that 
is the same as the scintillator flash duration. Doping of rare-earth in isovalent dopant 
results in the creation of an acceptor level, which offers an extra releasing channel 
for electron traps [71]. In particular, emissions in the visible area are detectable in 
ZnSe with a high Er content. In order to use ZnSe single crystals as efficient scintil-
lation radiation detectors, the research of defect structural alteration produced by 
Er-doping and processes of Er-stimulated radiative recombination are essential. 
Thus, Nasieka et al. [68] investigated the effects of Er-doping on the transparency, 
luminescence, and structural characteristics of ZnSe single crystals. Er was carried 
out in three different ways: (1) by inserting Er2O3 powder; (2) by chemically enhanc-
ing Er concentration; and (3) by injecting Al2O3 and Er2O3 oxide mixture. The reso-
nant Raman Scattering (RS) spectrum of undoped ZnSe crystals and crystals doped 
with Er atoms in diverse manners were also studied. According to RS spectra, Er 
dopant (10–3 wt.%) causes significant disordering of the initial crystal lattice due to 
the integration of rare-earth atoms with large radii, which causes significant lattice 
deformation. It results into broadening and decrease in intensity of vibrational spec-
tra. Also, additional absorbance band was observed in case of Er doping. At the 
same time, Er-doping enhances the effectiveness of laser-excited luminescence 
(>100 times) and X-ray luminescence (>10 times) (see Fig. 4.2c, d). The maximum 
photoluminescence intensity is attained by co-doping ZnSe with Er2O3 and alu-
minium particles in laser-driven luminescence. Though Al cannot operate as an 
accelerator, its presence appeared to increase oxygen integration into the ZnSe crys-
tal, resulting in the production of a larger density of defect centres necessary for 
efficient emission. The impact of Er-doping on luminescence effectiveness sug-
gested that rare earth metal doping in ZnSe crystals can be effectively used for 
scintillation purposes.

QDs have recently been integrated into liquid scintillators to control the emission 
spectrum. This procedure also presents a worthwhile enhancing performance of the 
battery. In this context, Xu et al. [72] reported CdSe/ZnS quantum dots (QDs) (made 
in various CdSe/ZnS ratios) as an Emulsifier-Safe liquid scintillator. As additional 
QDs were incorporated in Emulsifier-Safe liquid scintillator, the colour of the com-
bination changed from blue to blue-green followed by deep yellow-green seen from 
RL emission spectra. In addition, as the number of CdSe/ZnS QDs increased, the 
relative luminescence intensities at 520  nm raised exponentially with decreased 
relative intensities at 420 nm. In addition, as the fraction of QDs in the combined 
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solution increases, the transmittance reduces. Finally, it was determined that in the 
case of liquid scintillation, QD doping is utilized to adjust the emission spectrum, 
hence improving spectrum coupling and matching. This synergistic strengthen 
effect can be used in a variety of optical monitoring and detecting applications [73].

4.5  Comparison of ZnSe/CdSe with Traditional Scintillators

The II–VI semiconductor compounds, particularly ZnSe and CdSe, are the pre-
ferred material for low-energy detectors among identified scintillators. ZnSe and 
CdSe have outstanding scintillation properties since they have excellent mechanical 
strength, non-hygroscopicity, and no cleavages. Further, they show remarkable 
physical properties such as decay time, light output, and radiation stability. As a 
result, they were shown to be more appropriate for detecting low-energy gamma 
radiation, alpha- and beta-particles than traditional scintillators [74]. For example, 
Ryzhikov et al. [75] built linear-array detector modules based on traditional CdWO4 
(CWO) and new ZnSe (Te) scintillator modules for use in X-ray monitoring sys-
tems. In the low-energy X-ray system, ZnSe (Te) outperformed other materials in 
terms of photocurrent and detective quantum efficiency (DQE). Also, ZnSe (Te) 
performed better in the low-energy X-ray system and was comparable to CWO in 
the high-energy X-ray system in terms of photocurrent and detective quantum effi-
ciency (DQE) [76]. Similarly, Kwak et  al. [76] reported the comparative study 
between ZnSe(Te) and traditional CWO using linear-array detector modules. The 
results indicated that, photocurrents of ZnSe(Te) detectors per unit illumination rate 
were two to three times larger than those of CWO detectors (Fig. 4.3). Furthermore, 
it was observed that ZnSe(Te) exhibited better results when the depth of scintillator 
is optimized. In contrast, it was discovered that combining ZnSe (Te) and CsI(Tl) 

X-ray beams

CWO Calculation
CWO Measurement
ZnSe(Te) Calculation
ZnSe(Te) Measurement

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

IS060 IS080 IS0100 IS0120 IS0150 IS0200 IS0250 IS0300

C
ur

re
nt

 p
er

 u
ni

t e
xp

os
ur

e 
ra

te
 (n

A
/m

R
/s

ec
)

Fig. 4.3 Photocurrent comparison between CWO and ZnSe(Te). (Reprinted with permission from 
Ref. [76]. Copyright 2005: Elsevier)
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crystals in a two-energy detector array significantly enhanced the effectiveness of 
technology developed to detect organic inclusions [77, 78].

Scintillating films are utilized in image capturing to convert X-ray and gamma 
radiation to visible light. CsI(Tl) layers produced in a vacuum are commonly used 
in image formation technologies in medical instruments [79]. The primary charac-
teristics of the system are its high conversion capacity for high-energy radiation, the 
ease of thermal vacuum deposition, and the columnar shape of the developing layer, 
which increases its resolving power. Later, as a scintillating material, ZnSe (Te) was 
introduced, and its properties were found to be relevant. It has a conversion effi-
ciency that is closely similar or maybe better than CsI(Tl) and it has higher radiation 
hardness and less hygroscopicity than CsI(Tl). As a result, it appears acceptable to 
produce vacuum-condensed ZnSe(Te) layers and compare their properties to those 
of CsI(Tl). Fedorov et al. [79] have compared crystalline structure, morphology, and 
scintillation properties of these ZnSe(Te) and CsI(Tl) layers. They used physical 
vapour deposition in a vacuum to create both CsI(Tl) and ZnSe(Te) layers in this 
investigation since this technique results into an identical deposited layer of dopant 
and initial source. The morphological analysis revealed that CsI(Tl) layers produce 
a columnar-like morphology, which is considered to be important since the columns 
operate as a sort of light guide, ensuring improved resolving power in collected 
images. The layered cross sections of ZnSe(Te) were dependent on the layer deposi-
tion rate, whereas the layer cross sections of CsI(Tl) were independent on the layer 
deposition rate. As a result of this, higher deposition rate resulted in poor directed 
growth. However, 0.4 wt.% Te in vacuum-deposited ZnSe(Te) layers did not exhibit 
significant scintillation characteristics in their initial condition. However, annealing 
in Zn environment significantly increases scintillation capabilities by promoting the 
production of defect complexes around the Te dopant, which behave as light emit-
ting centres under radiation exposure.

Apart from ZnSe and CdSe nanomaterials, Yoneyama et  al. [80] presented a 
comprehensive investigation of inorganic scintillators including Gd3Al2Ga3O12: Ce 
(GAGG), Gd2O2S: Tb (GOS), CsI:Tl (CsI), Lu3Al5O12: Ce (LuAG), and Y3Al5O12: 
Ce (YAG). The results revealed that GOS showed maximum light yield, followed by 
CsI, GAGG, CWO, YAG, LuAG, and BGO. The best spatial resolution of micro 
X-ray radiography pictures was achieved with GAGG and LuAG, followed by CsI, 
CWO, and YAG. Except for GOS, the visual quality was nearly identical. These 
findings suggest that with a low X-ray flux source, CsI is acceptable for micro X-ray 
radiography and computerized tomography, while GAGG and LuAG are suitable 
with a high X-ray flux source.

4.6  Applications

Scintillators or radiation detectors have consistently been in demand over the past 
decades in various industries and areas of research. Some of the high temperature 
scintillators can also be utilized in extreme operating conditions of high temperature 
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and pressure. The well logging industry where digging of extremely deep oil wells 
is done to extract fuels generally has temperatures of around 175 °C and pressure of 
≈20,000  psi [81]. Therefore, robust scintillators that exhibit good mechanical 
strength and are able to sustain under extreme conditions are utilized in this indus-
try. ZnSe- and CdSe-based scintillators also find applications in diverse areas such 
as medical science, X-ray tomography, high-energy physics (HEP), and nuclear and 
space science. These materials have been proven to offer significant benefits over 
other conventionally used detectors for detecting alpha, beta, and low-energy 
gamma radiation. Moreover, they also demonstrate excellent performance at con-
siderably high temperature and high dose loads [43]. In comparison to photon beam 
radiotherapy, proton therapy is useful in treating malignancies as it can provide 
highly precise dosages to tumours while decreasing radiation exposure to normal 
organs. The tendency of a proton beam to concentrate on a specific spot necessitates 
accurate equipment and treatment dosage monitoring. Scintillators can be here uti-
lized for indirect dosage monitoring and equipment quality control along with direct 
primary proton beam tracking. Computer X-ray tomography is another useful tech-
nology for detecting diseases before they become serious, especially those that 
require surgery. Explosives are distinguished from organic materials using ZnSe 
crystals in security applications. Gamma-ray detectors used in gramma-ray spec-
troscopy are frequently employed in space exploration to study cosmic phenome-
non and composition of various celestial bodies and are subjected to high radiation 
conditions resulting from sources such as solar flares and cosmic rays. Thus, scintil-
lators with high detection efficiency, good energy resolution, and reliability are pre-
ferred in this field.

4.7  Conclusion

This book chapter focuses mainly on ZnSe- and CdSe-based scintillation detectors. 
The phenomenon of scintillation can be described as the emission of characteristic 
spectrum known as luminescence on absorption of incident radiation. This lumines-
cent property can be observed in various organic and inorganic materials. Several 
studies show that, although numerous organic materials inherently exhibit this inter-
esting property, inorganic scintillators are generally preferred for high-energy radia-
tion detection. This is due to the fact that inorganic materials exhibit properties such 
as high detection efficiency and satisfactory decay time and are able to sustain high 
operating temperature conditions rendering them suitable for efficient radiation 
detection. More particularly among the inorganic class of materials, ZnSe- and 
CdSe-based detectors are better suited for radiation detection application as com-
pared to conventionally used scintillating materials, for instance, PbWO4 and 
CdWO4 (CWO). Here, we also discuss the closed space vapour transport technique, 
R-CVY method, melt growth technique, molecular beam epitaxial growth, and sur-
factant soft template method used for single and polycrystalline ZnSe and CdSe 
synthesis. It was observed that the size, quality, and morphology of ZnSe and CdSe 

4 ZnSe- and CdSe-Based Radiation Detectors



132

nanostructures can be modified by controlling the various reaction parameters, 
namely, temperature, deposition rate, and substrate type.

Moreover, this chapter offers a comprehensive review on the effect of doping in 
ZnSe and CdSe with suitable activator materials such as O, Te, Al, and Zn. The 
process of doping helps to tune the bandgap of the parent material, thereby improv-
ing its scintillating performance to a great extent. Additionally, the application of 
radiation detectors in diverse areas, such as medicine and health care, space explo-
ration, and high-energy physics, is also discussed in detail.
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Chapter 5
Medical Applications of II-VI 
Semiconductor-Based Radiation Detectors

Ghenadii Korotcenkov and Sergiu Vatavu

5.1  Introduction

Currently, radiation detectors based on II-VI compounds, mainly cadmium- 
tellurium (CdTe) and cadmium-zinc-tellurium (CZT), are widely used in various 
fields. On their basis, various systems for visualization of X-ray and gamma radia-
tion are being developed, including medical computed tomography (CT) systems, 
modern systems of single-photon emission computed tomography (SPECT), and 
positron emission tomography (PET) [10, 33, 65, 66]. Radioactive waste monitor-
ing [37], as well as control of territories with radioactive contamination, including 
remote control using unmanned aircraft systems [62] can be carried using CdTe and 
CZT detectors. CdTe and CZT detectors are also used in devices for nondestructive 
quality control of various materials [22], for control of nonproliferation of nuclear 
weapons (IAEA), and border control devices for detecting cases of unauthorized 
traffic in radioactive materials. Gamma and X-ray spectrometry and the develop-
ment of X-ray and gamma telescopes are also important applications for CdTe and 
CZT detectors [20]. However, in this chapter, we will limit ourselves to considering 
only the medical field of application of radiation sensors based on II-VI compounds.

5.2  Nuclear Medicine

Nuclear medicine (NM) is a branch of clinical medicine that uses radionuclide phar-
maceuticals [69]. Nuclear medicine dates back to the first scientific experiments 
with radioactive isotopes in the 1910s and 1920s. Since the 1990s, NM began to 
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develop into the largest industry in noninvasive diagnosis and therapy, playing a 
vital role in various fields and disciplines of clinical medical practice, contributing 
to the improvement of the quality of patient care. The essence of nuclear medicine 
is that certain types of radiopharmaceuticals (RFP) are injected into a biological 
organism. Then, due to the vital activity of the organism, they pass through the 
organs under study and are retained in them. Moreover, the accumulation of phar-
maceuticals can occur both in normal tissues and in pathological foci. The radioac-
tivity of individual zones is recorded using detectors. The received signals are 
processed by modern technical means of electronics and are stored, recorded, and 
visualized. Currently, diagnostic methods of nuclear medicine are the most relevant 
studies of the internal structure of an object, especially a person. Nuclear research 
methods are used in cardiology, oncology, neurology, pulmonology, and endocri-
nology. Several million cases of malignant neoplasms are diagnosed in the world 
every year. And it is nuclear medicine that can increase the early detection of malig-
nant tumors and increase the chances of recovery. Currently, according to the World 
Nuclear Association (WNA), more than 40 million radionuclide procedures are per-
formed in the world on the basis of more than 10 thousand clinics per year, of which 
90% are diagnostic tests and 10% are therapeutic procedures. Visualization of the 
distribution of radiopharmaceuticals in the body is carried out using gamma cam-
eras, single-photon emission computed tomography (SPECT), or positron com-
puted tomography (PET).

5.2.1  Single-Photon Emission Computed 
Tomography (SPECT)

Single-photon emission computed tomography (SPECT) is a method of nondestruc-
tive volumetric examination of the internal structure of an object, in which a radio-
nuclide that emits gamma quanta is used to obtain an image [68]. The radionuclide 
is part of a radiopharmaceutical. Radiopharmaceuticals for diagnostics are adminis-
tered intravenously, after which a SPECT examination is performed. This method is 
applicable in the diagnosis of various diseases such as epilepsy, Alzheimer’s dis-
ease, and traumatic brain injury, in the diagnosis of oncological diseases, and is 
widely used for examining patients after a heart attack and for examining blood flow 
in the cardiovascular system.

SPECT consists of two movable blocks. The first unit is a detection system that 
consists of one, two, three, or more gamma cameras that rotate around the patient to 
obtain a tomographic image. The second block is a table moving in a horizontal 
plane. Radiation detectors can change the relative position for the convenience of 
removing information from different sides of the object.
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5.2.2  Positron Emission Tomography (PET)

Positron emission tomography (PET) is a method of radioisotope diagnostics that 
allows to obtain information about the functioning of a selected organ or the whole 
body by studying the metabolic processes occurring in it [47, 51, 69]. PET uses 
isotopes that emit positrons, which are elementary particles equal in mass to an 
electron and positively charged. PET is actively used in clinical oncology for the 
imaging of tumors and metastases, for the clinical diagnosis of certain brain dis-
eases (dementia). PET is also an important research tool for imaging the human heart.

The positron emission tomograph consists of a fixed ring of detectors and a mov-
able table on which the patient is placed. The first PET scanner (positron emission 
tomograph) was created in 1961 [50]. But in recent years, there has been significant 
progress in their development. All PET components, including radiation sensors, 
are under continuous improvement. Modern commercial preclinical PET systems 
have achieved FWHM (spatial resolution analog) values of 0.55 mm. Existing com-
mercial PET clinical imaging systems have FWHM values of less than 4 mm with 
extremely high contrast sensitivity, allowing visualization of the objects with even 
smaller sizes [84].

The most promising PET technologies are time-of-flight (TOF) and the so-called 
“whole body PET”. TOF technology takes into account not only the coincidence of 
gamma quanta emitted in opposite directions after annihilation, but also those mini-
mal differences in time with which each of them reached its crystal in detector. New 
clinical PET systems have an extremely low temporal resolution of coincidence 
(about 210 ps). The first PET of the whole body (EXPLORER PET / CT) with a 
spatial resolution of 2.9  mm was introduced in 2018. Its axial field of view is 
194 cm, which allows it to obtain images of the entire human body at one time 
(https://explorer.ucdavis.edu), necessary for the correct application of kinetic mod-
els in dynamic studies [5]. PET remains a relatively expensive technique, which 
limits its mass adoption, but at the same time provides new opportunities for the 
more affordable SPECT technology. In recent years, commercial SPECT preclinical 
systems have achieved very high spatial resolution, sometimes even higher than 
PET. For example, the U-SPECT from MILabs (https://www.milabs.com/u- spect), 
positioned as a dynamic isotope microscopy instrument, has an FWHM of 0.25 mm. 
However, it should be noted that in addition to “whole body PET”, systems are cur-
rently being developed for the analysis of individual organs. For example, Morimoto 
et al. [47] developed a 3D brain PET scanner.

5.2.3  Computed Tomography (CT)

Computed tomography is a diagnostic technique that uses X-rays to produce an 
image. At present, Computed Tomography (CT) market represents one of the major 
diagnostic modalities in the medical imaging markets worldwide. The computed 
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tomograph consists of two units: fixed and movable. The stationary unit includes an 
annular detection system and an X-ray source – an X-ray tube moving in a circle 
around the patient to obtain one tomographic slice. The movable unit includes a 
table on which the patient is placed. The information obtained as a result of scan-
ning goes to the computer, where the image is restored and a three-dimensional 
picture of the investigated area is built. CT makes it possible to accurately establish 
the localization and prevalence of the pathological process, as well as to evaluate the 
results of treatment. It is used in the study of almost all areas of the human body. It 
also provides information about blood vessels (CT angiography) and the work of 
the heart muscle in “real time” (CT angiography of the heart – fast imaging com-
bined with a large number of slices of the area of interest).

5.2.4  Detectors for CT, PET, and SPECT

Various approaches are used to visualize CT, PET, and SPECT results. Now, the 
most widely used in digital radiography is the sensor technology for converting 
X-ray radiation into light using Si-based photomultiplier tubes (SiPM) and a scintil-
lator. For example, SPECT and PET imaging systems were originally developed for 
general use with full body imaging [3]. Therefore, such scanners typically use scin-
tillation detectors, which can be large [76]. However, solid state radiation detectors 
are also used in the development of CT, PET, and SPECT systems [24]. For exam-
ple, in recent years, there has been a significant increase in interest in SPECT sys-
tems for individual organs, especially in the field of cardiology. Due to the rise in 
heart disease among the world’s population, the demand for myocardial perfusion 
imaging has increased dramatically. The same situation is observed in the develop-
ment of PET systems [47]. In this case, due to the relatively small field of view 
required for these systems, solid state technology becomes particularly 
cost-effective.

Improvements in the technical characteristics of semiconductor detectors used in 
CT, PET, and SPECT have significantly reduced body scan time and improved spa-
tial resolution. The use of the technology of semiconductor detectors of ionizing 
radiation makes it possible to produce up to 300 frames per second during one 
shooting. These frames are combined into a single multilayered panoramic image of 
high quality and clarity, while blurring the image disappears, and the clarity and 
contrast of the image are increased by 300% [72]. As a result, the image obtained 
using semiconductor detectors was much sharper and more contrasting than that 
obtained with scintillators. The flexibility in sizing and precise layout of semicon-
ductor detectors not only improves spatial resolution, but also provides information 
on the depth of interaction. High-energy resolution is expected to reduce scatter in 
detected signals and improve the accuracy of reconstructed images [47].

Germanium (Ge) has the highest resolution among semiconductor detectors; 
however, the small band gap and low resistivity allow this material to operate only 
at very low temperatures, which severely limits its use in portable devices. Silicon 
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(Si) detectors have a similar disadvantage. CdTe and CdZnTe are heavier materials 
than Si and Ge and can be used for absorption of higher energy photons and parti-
cles. With the widest bandgap of the three materials, they have the best ability to 
absorb X-ray and Gamma radiation. Thus, CZT-based detectors operate at room 
temperature and can process more than 2 × 106 photons per second per mm2. The 
unique combination of spectroscopy and very high counting rates at room tempera-
ture makes CdTe and CZT very good materials for nuclear radiation detectors [18]. 
The high energy and spatial resolution, as well as the response time of the sensors, 
makes these materials much more promising for imaging diagnostics than scintilla-
tion materials [1, 41]. Until recently, there was a problem of obtaining large CZT 
single crystals [24], which significantly increased the cost of detectors. But studies 
aimed at improving the quality of grown single crystals of large sizes, carried out in 
many laboratories, have yielded good results (read the Chap. 9, Vol. 1). Solid state 
radiation detectors based on CdTe and CdZnTe (CZT) [20] are gradually conquer-
ing the market as their production becomes cheaper [6, 23, 77].

The first CdTe medical imaging system, NUCAM, was presented by Eisen et al. 
[21] aiming to replace the Anger type γ cameras. NUCAM is a small field 16 × 16 cm 
camera equipped with 40 × 32 CdTe:Cl detectors with Pt contacts and a pixel size 
of 4  ×  4  mm, each one connected to a low-noise preamplifier and an amplifier- 
shaper. Continuous clinical trials of the NUCAM camera were carried out for more 
than 2 years in various hospitals in Israel and USA for different clinical procedures, 
such as cardiac Tl and Tc perfusion, Tc MIBI gated perfusion, Tc MUGA, thyroid, 
breast, and children organs. The performance of the NUCAM was comparable to 
that of the Anger camera, with contrast resolution due to scatter rejection better for 
the NUCAM camera.

Digital Corporation (San Diego, USA) has developed the first small γ-camera 
based on CZT detectors, Digirad 200t Imager, which till now is on market. It has an 
active area of 21.6 × 21.6 cm made of 64 25 × 25 × 5 mm CZT detector modules. 
Each module is an 8 × 8 array of pixels with an electrode configuration that reduces 
trapping problems [14]. The system can be mounted on a special rotation chair to 
carry out heart SPECT studies. Clinical using has shown that Digirad camera has 
comparable or better performance than that of conventional Anger cameras, allow-
ing better imaging geometries in some clinical procedures such as breast imaging.

As for the first commercial instruments for clinical usage, the first such SPECT 
using the CZT detector (Spectrum-dynamics, Haifa, Israel) began shipping in 
2008 in the United States [6, 23]. D-SPECT exterior is shown in Fig. 5.1a. D-SPECT 
(Spectrum Dynamics, Haifa, Israel). D-SPECT uses pixelated CZT detector arrays 
in 9 vertical columns mounted in a 900 gantry geometry. The parallel hole high sen-
sitivity collimators are made of tungsten. The use of the CZT detector made it pos-
sible to increase the quality of the resulting image and reduce the diagnostic time by 
5 times. This means that the use of semiconductor detectors of ionizing radiation 
can significantly reduce the level of radiation exposure to the patient [29]. Ogawa 
et al. [52–54] showed that CdTe-based SPECT detectors can have an ultra-high- 
resolution. Such systems are in great demand for small animal imaging applications 
and studies of individual organs [56]. Another revolutionary SPECT system is the 
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Fig. 5.1 (a) Appearance of D-SPECT developed by Dynamic Medical. Spectrum Dynamics com-
bines the CZT modules in a proprietary and patented column design. These detector columns 
swivel during a SPECT scan acquisition, while the gantry is in a fixed position and close to the 
patient There is no perceivable motion for the patient during the scanning session. (https://
spectrum- dynamics.com); (b) A dedicated cardiac Discovery NM 530c gamma camera with 
Alcyone Technology that combines CZT detectors, focused collimation, stationary data acquisi-
tion, and 3D reconstruction to improve workflow, dose management, and overall image quality 
(www.gehealthcare.com)

Discovery NM 530c (Fig. 5.1b), developed by GE Healthcare (www.gehealthcare.
com). This system is based on multi-pinhole collimator system and an array of nine-
teen CZT pixelated detectors. Spatial resolution was reported better in GE Discovery 
(6.7 vs 8.6 mm); count sensitivity is higher in DSPECT (850 vs 460 counts per 
second per MBq). Both parameters are better than the mean values for conventional 
SPECT (15.3 mm of spatial resolution and sensitivity of 130 counts per second per 
Mbq) [32].

Ben-Haim et al. [9] also found that the improved spectral performance of the 
CdTe detector compared to conventional scintillation detectors provides improved 
scatter suppression. They also showed that in such systems it is possible to organize 
the simultaneous acquisition of images from several indicators. This approach 
ensures that these images are spatially aligned, which can reduce the number of 
outpatient visits and the time to make a diagnosis. In their research, Ben-Haim et al. 
[9] used hyperspectral CdTe-based detectors 2 × 2 cm, which had 80 × 80 pixels 
with a step of 250 μm and a three-sided docking structure, which made it possible 
to form larger arrays. The detectors are called hyperspectral because they measure 
the energy of each photon that interacts in the CdTe to give full spectroscopic infor-
mation from 5 to 200 keV in each pixel. The SPECT system developed was capable 
of resolving spatial elements with a size of 2 mm. These characteristics are superior 
to alternative detectors currently used in SPECT clinical systems. Russo et al. [63] 
also compared imaging performance of compact gamma cameras equipped by a 
LaBr3:Ce scintillator and semiconductor detectors based on CdTe. They have shown 
that the intrinsic imaging performance of the small field of view CdTe camera is 
superior to the LaBr3:Ce camera for applications using detectors with small volume.
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Ueno et al. [80] and Morimoto et al. [47] have shown that CdTe-based detectors 
can also be used in the development of a PET scanner. This prototype scanner used 
CdTe detectors. The detector channel consisted of four CdTe elements (two radial 
and two transaxial). It was shown that a PET scanner using this detector module 
improves the volumetric resolution of images and allows the implementation of 
human PET with a spatial resolution better than 3.0 mm. In 2011, Hitachi intro-
duced a PET brain scanner with 155,024 CdTe detectors (www.hitachi- medical.
co.jp). The Spanish Voxel Imaging PET (VIP) project is currently developing a PET 
detector with 6.3 million channels using CdTe pixel detectors connected to special-
ized readout electronics (https://www.ifae.es/projects/vip/). The Stanford Group has 
also made very impressive strides in creating a PET scanner for small animals using 
CZT detectors (https://stanfordhealthcare.org/). However, problems remain. In par-
ticular, each PET camera requires millions of pixels (more than an order of magni-
tude more than SPECT requires), which means that for PET cameras, the main 
problem is the cost of the detector [33].

As for computed tomography (CT), after the first mention of the use of CdTe or 
CdZnTe detectors in X-ray computed tomography applications in 1985 [75], very 
little additional information appeared in the literature [90]. One of the limitations of 
using CdTe / CdZnTe detectors was the rather long afterglow [35]. Research showed 
that by changing the structure of detectors and contacts, as well as improving the 
quality of the material used, progress can be made in reducing photo decay in X-ray 
detectors based on CdTe and CdZnTe [87]. As a result, there have been reports of 
the use of CdTe and CdZnTe detectors for spectral clinical CT and nondestructive 
testing (NDT) applications [7]. However, despite significant progress made in 
improving the parameters of CZT, problems remain with the development of 
commercial- grade CT scanners based on CZT [33].

However, recent studies have shown that CZT devices can be successfully inte-
grated into computed tomographs [34]. The example of a general-purpose CZT 
device (Fig. 5.2), coupled with a Computed Tomography (CT), was introduced by 
General Electric (GE) Healthcare. The clinical CZT devices have been tested for 
anatomically specific cardiac examinations. Several clinical studies using this 
device have been reported, covering different aspects including the reduced radia-
tion burden due to higher sensitivity, verification of dual-radionuclide imaging, and 
short-time acquisition using Tc-99m and I-123 in myocardial blood flow tests.

5.2.5  Multimodal Systems

In modern medicine, combined SPECT/CT, PET/CT, and PET/MRI (magnetic res-
onance imaging) systems are increasingly used. For example, in Switzerland, from 
2004 to 2014, the number of such installations increased more than tenfold (Fig. 5.3). 
They are designed in a modular manner, when the 4 main subsystems, PET, SPECT, 
CT, or magnetic resonance imaging (MRI), can be connected and assembled by the 
manufacturer at the request of the customer (this approach is currently offered by 
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Fig. 5.2 (a) External appearance of a CZT detector. (b) Detector arrangement. There are 13 detec-
tors placed in the x direction and 10 in the y direction. (Reprinted from [34]. Published 2021 by 
Wiley as open access)

Fig. 5.3 Number of PET/CT and SPECT/CT in Switzerland. (Reprinted from Van der Meulen 
et al. [81]. Published 2021 by MDPI as open access)

the Hungarian company Mediso https://mediso.com/global/en) [69]. This is because 
SPECT and PET provide scanty anatomical information. CT and MRI are used to 
fill this gap. In such systems, first, a SPECT (PET) image is obtained, and then the 
table is advanced into the CT or MRI unit and CT or MRI images are obtained. The 
advantage of the combined system is that in one procedure, both the anatomical 
picture and information about the nature of the spread of the pathological process 
are obtained. In other words, such systems make it possible to combine the 
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structural analysis of an organism with a functional one. In addition, this makes it 
possible to shorten the time for a complete examination of the patient, and, which is 
very important, to minimize the radiation exposure.

The first PET/CT system with time-of-flight (TOF) technology was introduced 
in 2006 and has been continuously improving its performance since then. Examples 
of new aligned CZT-based tomographs are the GE 870 CZT radiodiagnostic tomo-
graph (https://www.gehealthcare.co.uk) with planar arrays of pixelated detectors 
and Spectrum Dynamics VERITON-CT with 12 independent detectors and 360° 
coverage (https://spectrum- dynamics.com/products/veriton- series) (see Fig.  5.4). 
This is most important for cardiac studies, as fast 3D data collection allows myocar-
dial blood flow values to be calculated in much the same way as PET. PET/MRI 
technology is currently marketed in two models from Siemens (https://www.
siemens- healthineers.com) and GE (https://www.gehealthcare.com), which allow 
full body examinations. The main advantages of such systems are the expanded 
capabilities of MRI in soft tissue imaging, which is most important in various 
pathologies with damage to the liver, prostate, head, and neck region [45]. There is 
also a SPECT/CT system on the market using advanced Cadmium Zinc Telluride 
(CZT) technology (https://www.gehealthcare.co.uk/). StarGuide brings together a 
variety of technologies and productivity tools to help physicians lead the way to 
effective healthcare while still delivering suitable imaging solutions in difficult clin-
ical conditions.

Fig. 5.4 NM/CT 870 CZT is the third generation of general purpose digital SPECT/CT system 
designed with CZT detection technology. An important capability unique to NM/CT 870 CZT is 
the ability to image low energy and medium energy isotopes with energies up to 
250 keV. Accessibility to the Medium Energy High Resolution & Sensitivity (MEHRS) collimator, 
via collimator exchange, expands the full-service SPECT/CT offering to include theranostics 
applications and potentially eliminate the need for a supplemental NaI-based SPECT system. 
Combined with the latest Xeleris™ quantitative applications and CT advancements that include a 
32-slice overlapped reconstruction capability, the latest dose reduction technologies and Smart 
MAR, the NM/CT 870 CZT system changes entire nuclear medicine experience. (https://www.
gehealthcare.co.uk/)
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5.3  Radionuclide and Radiation Therapy

Radiation therapy (RT) is one of the leading methods of treating patients with 
malignant neoplasms and some nonneoplastic diseases. As an independent method 
or in combination with surgery and chemotherapy, radiation therapy is recom-
mended in more than 80% of patients with malignant neoplasms. The wide indica-
tions for radiation therapy using are explained by the possibility of using it in both 
operable and inoperable forms of the tumor, as well as the steadily increasing effec-
tiveness of various methods of radiation therapy. The success of radiation therapy is 
also associated with the development of diagnostic and therapeutic techniques, with 
the emergence of new designs of devices, with the development of clinical dosim-
etry, and with numerous radiobiological studies that reveal the mechanism of tumor 
regression under the influence of radiation.

One of the most important factors in RT is the accuracy with which the radiation 
dose can be delivered to the tumor. In the process of radiation therapy, various types 
of radiation can be used, such as high-energy X-rays, gamma rays, and irradiation 
with fast electrons, protons and neutrons. In all cases, it is necessary to control the 
direction of radiation and the dose of radiation. Typically, the accuracy of dose 
delivery to the target should be 2–3%. This is exactly what can be done using vari-
ous semiconductor radiation sensors [61]. Semiconductor dosimeters are an excel-
lent choice for these applications, because of the following reasons:

 (a) They provide much higher sensitivity (18,000 times) than ionizing chambers of 
the same volume due to their higher density and ionization energy, which is 
about 10 times less, what is required in gas;

 (b) They have a small dosimetric volume;
 (c) They provide dosimetry with high spatial resolution;
 (d) They have good mechanical stability;
 (e) And most importantly, radiation dosimetry can be performed in real time 

in vivo, which is critical for improving clinical outcomes of treatment.

Nuclear medicine doctors are demanding improved spatial resolution every year. 
These factors make new CdTe and CZT detectors more and more attractive for use 
in radiation therapy. Currently, radiation therapy apparatus is equipped with real- 
time systems for creating portal images. The most commonly used positioning sys-
tem is a “simulator” equipped with a high-resolution detector and software to 
superimpose the generated image on the patient. Portal imaging allows real-time 
monitoring of the patient’s position under the radiation therapy beams. Among the 
advantages of CdTe and CZT-based detectors developed for radiation therapy [46, 
86], this is the compactness of the sensor and scanner mechanism, which makes it 
easy to upgrade most of the existing linear accelerators.

As we indicated earlier, X-ray radiation, gamma radiation, as well as irradiation 
with fast electrons, protons, and neutrons can be used in radiation therapy. Previous 
consideration has shown that sensors based on II-VI compounds are effective detec-
tors of X-ray, gamma, and proton radiation. They are distinguished by their small 

G. Korotcenkov and S. Vatavu



147

size, excellent energy resolution in nuclear spectroscopy, ease of pixelation for high 
spatial resolution, and the possibility of integration with readout electronics [61]. It 
is important to note that for these purposes, in addition to CdTe and CZT, other 
II-VI compounds, such as ZnSe [12, 58], ZnS [19], and CdS [60], can be used. For 
example, it was found that the sensitivity (optical intensity) of the ZnS scintillator 
detector [19] was flat during detection of dose rates from 50 cGy/min to 800 cGy/
min. This was a broad dose rate range, which covers the ranges normally imple-
mented in radiotherapy. This means that the ZnS-based detector is a powerful can-
didate for radiotherapy applications [19]. At the same time, in terms of their 
parameters, II-VI compounds in a number of cases exceed the parameters of many 
traditional scintillators. For example, Linardatos et al. [40] compared ZnSe:Te, bis-
muth germanium oxide (BGO) and gadolinium orthosilicate (GSO:Ce) crystals 
(10 × 10 × 10 mm). They have established that the linearity of ZnSe:Te, BGO, and 
GSO:Ce light signals to X-ray exposure were 99.79%, 99.86%, and 99.6%, respec-
tively. However, ZnSe:Te had the highest sensitivity to exposure (i.e., 10.382 (μW/
m2)/mR) compared to BGO (3.378 (μW/m2)/mR) and GSO:Ce (8.021 (μW/m2)/
mR). Studies have shown that electron flux dosimetry [15], β-particles [59] и 
α-particles [71] can also be performed using detectors based on compounds II-VI 
compounds.

Because of the performed studies, it was found that CdZnTe-based detectors can 
also be used to register thermal neutrons. Fast neutrons are produced in linear accel-
erators and nuclear reactions during the bombardment of targets in cyclotrons 
designed to produce radioisotopes. However, their thermalization with light materi-
als is accompanied by the formation of thermal neutrons [11]. Thermal neutrons 
have a large capture cross-section and this property makes it possible to detect fast 
neutrons without damaging the material of the detectors by high-energy neutrons. 
This is achieved by placing a screen of lightweight materials of a certain thickness 
in front of the detector. Martin-Martin et al. [44] have developed CdZnTe thermal 
neutron detectors based on semiconductor gamma spectrometers containing neu-
tron conversion elements. CdZnTe (CZT) detectors with a size of 3x10x10 mm with 
a coplanar grid without a moderator were tested for detecting neutrons close to an 
electron accelerator and a proton PET cyclotron. As a result, a fairly high efficiency 
of neutron detection was found. One of the main advantages of using this neutron 
detector is that the same device can be used to simultaneously register neutron and 
gamma radiation with good spectrometric characteristics and without cryogenic 
cooling [8]. Martin-Martin et al. [44] believe that the ability of the CZT detector to 
measure gamma and neutron radiation inside the cyclotron vault gives these sensors 
significant advantages, because the use of CZT detectors provides quick results on 
the received dose prior to the reading of the passive dosimeter worn by the operator.

Treating tumors using particle therapy such as carbon (C-ion) [2] is another area 
where detectors based on II-VI compounds can be used. C ion radiation therapy has 
several advantages such as better radiobiological and physical properties, as 
explained in detail in [42]. Yogo et al. [89] showed that the dosimetric method using 
a ZnS scintillator for three-dimensional dose distribution of C ions is an alternative 
and, in some cases, a more effective dosimetric instrument in comparison with other 
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methods used for these purposes. The ZnS scintillator was faster, less dependent on 
linear energy transfer (LET), and had a more accurate depth dose profile compared 
to conventional gadolinium-based scintillators [89].

5.3.1  Nuclear Probes

Nuclear probes are an important attribute of nuclear medicine. One example of such 
probes is shown in Fig. 5.5a. Miniature probes are used in two areas of application: 
preoperative localization of small (tumor) masses and continuous monitoring of 
physiological functions during operations. These probes are used as a homing 
device. A targeting agent, usually a monoclonal antibody labeled with a low-energy 
gamma or beta-ray emitter, is administered to the patient prior to surgery. The ideal 
targeting agent binds specifically to malignant tissue, while the unbound fraction is 
gradually cleared from the bloodstream and from normal tissues. The characteris-
tics of an ideal probe can be found in Refs. [28, 43, 73]. Nuclear probes are widely 
used in operations related to colorectal cancer and cancer of the prostate and lymph 
nodes [4]. Examples of nuclear probes developed on the basis of II-VI compounds 
and their comparative characteristics with probes developed on the basis of other 
materials are given in [12, 74]. These detectors were developed based on CdTe and 
CZT.  They can be both single detector devices and multi-detector devices. One 
example of such devices is the CdTe camera with a sensitive area as small as ~2 cm2 
and an active detector thickness as small as 1 mm, which was developed by Russo 
et al. [63]. According to Russo et al. [63], this camera has the characteristics most 
suitable for applications, where the basic requirements are the ultrahigh spatial 

Fig. 5.5 (a) An example of a miniaturized probe used for radioguided surgery. SGDP Medical 
probe with planar detector with volume 0.25 cm3 developed by ZRF RITEC SIA (http://www.ritec.
lv/). (b) Micro-sized Gamma Spectrometer (The MGS series), fully integrated instrument based on 
a CdZnTe (CZT) crystal (0.06 or 0.5 cm3) operated at room temperature from IMS Innovation & 
Measurement Systems. (https://www.imsrad.com/CdZnTe- spectrometers.php)
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resolution and compactness. They are used, in particular, in preoperative and intra-
operative radio-controlled surgery, in detectors for imaging small animals, and in 
sensors for intracavitary imaging. In the last case, an application could be the detec-
tion of prostate tumor via transrectal examination by positioning the detector close 
to the organ in order to minimize the effect of the high background concentration of 
pharmaceutical in the bladder. Examples of other miniature CdTe and CZT detec-
tors that can be used as nuclear probes can be found in review prepared by Heller 
and Zanzonico [28], and on the websites of companies specializing in the produc-
tion of various radiation detectors (www.kromek.com; www.gehealthcare.co.uk; 
http://bsi.lv/en; www.eurorad.com, www.imsrad.com, et al.). An example of such a 
microspectrometer is shown in Fig. 5.5b.

5.4  Digital Radiography

Following the rapid advances in X-ray computed tomography (CT) technology, 
intensive research began in the mid-1970s to develop new radiographic imaging 
techniques such as digital radiography (DR), using the latest advances in electronics 
and computer technology [10, 65]. These efforts were an attempt to improve the 
quality of X-ray diagnostics by reducing the patient’s radiation dose and improving 
the quality of the resulting image [26, 88]. For film emulsions based on silver halide, 
a sufficiently large radiation dose is required due to the low quantum efficiency 
(DQE = 4%). In addition to reducing the radiation dose to the patient, DR has many 
advantages over film radiography. These include high dynamic range, fast acquisi-
tion and display of images, the ability to see the smallest changes in one image, no 
need for consumables and storage space for reagents and film boxes, the ability to 
create an electronic archive, to display saved images without degradation of quality, 
extended data analysis, and image processing capabilities [48, 70].

It should be noted that digital radiography, like the systems previously discussed, 
uses detectors that convert X-ray radiation into an electrical signal [26, 35, 88]. 
Planar digital detectors, developed for radiological techniques such as radiography 
and fluoroscopy, consist of large-area pixel arrays that use matrix addressing to read 
the charges resulting from the absorption of X-rays in the detector environment. As 
with PET, CT, and SPECT systems, there are two approaches to fabricating panel 
imaging sensors, direct and indirect methods. In an indirect method [88], the phos-
phor converter absorbs the incident X-ray radiation and emits visible light, which is 
converted by the photodiode into an electronic image. However, the indirect method 
is ineffective and can lead to increased image noise, especially with weak signals. 
Another approach, the direct method [88], uses solid-state radiation detectors that 
directly convert the absorbed X-rays into an electrical signal, which is subsequently 
read by an array of active matrices. The direct method has a higher intrinsic resolu-
tion than the indirect method because it avoids the step of converting X-rays to light.
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Currently, digital radiography is widely used in the following areas [65, 66]:

• Chest X-ray imaging.
• High-resolution dental digital radiography systems.
• Mammography.
• Bone densitometry.

5.4.1  Chest X-Ray Imaging

Chest X-ray is one of the most common uses for digital radiography principles [66]. 
The first publications on the use of radiation detectors based on II-VI compounds 
appeared back in 1993 [78, 79]. In their designs, they used either an array of 32 
CdTe detectors or a linear array of 256 CdTe detectors with platinum electrodes. 
Subsequently, a device was proposed that consisted of an X-ray tube and a position- 
sensitive CdTe matrix containing 512 × 8 elements located with a pitch of 250 μm 
and a gap of 70 μm [64]. The experimental device has been validated on patients in 
a clinical setting and has shown better results than conventional film-based meth-
ods. Subsequently, such devices, based on the principles of digital radiography, 
became predominant in the X-ray market [25].

5.4.2  High-Resolution Dental Digital Radiography Systems

Dental applications require very low cost and good performance at high-count rates. 
Therefore, high-resolution dental digital radiography system is another successful 
application for semiconductor radiation detectors [38, 82] as smaller fields of view 
can be used with smaller arrays. With digital radiography, the start of treatment is 
not delayed due to film processing. In addition, due to the significantly lower radia-
tion dose during digital radiography, several images can be taken during treatment 
without endangering the patient’s health. As a result, there are many digital X-ray 
systems available on the market today, including systems using CdTe and CZT- 
based detectors. The first experimental devices used a CdTe:Cl matrix with a size of 
64 × 64 pixels with a pitch of 100 μm [16]. Each detector cell was connected to the 
input pad of the silicon chip via an indium contact. The spatial resolution of the 
developed system has been described as being higher than that of existing systems 
using a scintillation screen connected to a CCD imaging system. In later develop-
ments, a small pixel spectroscopic CdTe detectors consisted of 80 × 80 pixels on a 
250 μm pitch with 50 μm inter-pixel spacing [85]. Example of panoramic image 
obtained using CdTe radiation detectors is shown in Fig. 5.6.
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Fig. 5.6 An original panoramic image (a) obtained with a PanoACT-1000 panoramic unit (www.
nissin- dental.com) (b) that used a CdTe (cadmium telluride) semiconductor detector and a sophis-
ticated digital signal-processing technique based on tomosynthesis. (Reprinted from Ogawa et al. 
[53]. Published 2010 by the British Institute of Radiology as open access)

5.4.3  Mammography

Mammography, an X-ray method for examining the mammary glands, is currently 
the most commonly used imaging method in breast cancer screening because it 
allows rapid imaging of the breast with high resolution and relatively low radiation 
dose. Mammograms will show lesions such as calcifications, calcium buildup asso-
ciated with cancerous processes, fibro adenomas, benign lesions that tend to enlarge, 
and fluid-filled cysts that are not related to cancer. Computer mammography, devel-
oped on the principles of digital radiography, automatically analyzes a digital image 
to look for pathological changes.

However, mammography has its limitations. It is widely accepted that mammog-
raphy sensitivity and specificity are significantly reduced in women with radiologi-
cally dense breasts [17, 36, 57]. Therefore, in parallel with mammography, other 
methods are being investigated, such as positron emission tomography, molecular 
imaging of the breast (MBI), and single photon emission computed tomography 
(SPECT), which can complement or replace mammography for some patient groups 
[39, 83]. An overview of various breast-imaging techniques can be found in [27, 
30]. The benefits of functional techniques are widely recognized as evidenced by 
the development of dedicated breast PET systems [49].

Regarding the possibility of using CZT sensors, van Roosmalen et al. [83] com-
pared a photomultiplier tube scintillation detector using a solid NaI (Tl) crystal with 
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Fig. 5.7 Comparison of the section of the human breast tissue phantom between Hologic Selenia 
Se-detector, CdTe-Medipix3RX and Si-Medipix3RX. The dose was reduced by 55% compared to 
the standard dose. The image quality of the CdTe-Medipix3RX is superior to the other detectors in 
terms of spatial resolution, contrast, and noise. (Reprinted from (Procz et al. [58]. Published 2020 
by IEEE as open access)

a cadmium-zinc telluride detector. They showed that the main advantage of NaI (Tl) 
photomultiplier gamma detectors is their much lower price. At the same time, CZT 
detectors can provide better spatial and energy resolution than NaI (Tl) photomulti-
plier detectors. The same result was obtained after comparison between the clinical 
mammography detector of the Hologic Selenia system and a Medipix3RX-based 
detector with CdTe- and Si-sensors (see Fig.  5.7). Therefore, CZT detectors are 
often selected for planar molecular breast imaging (MBI) for high-resolution func-
tional breast imaging [31].

5.4.4  Bone Densitometry

Bone densitometry is an important tool for the diagnosis and follow-up of osteopo-
rosis and for determining the risk of fractures [38]. The testing procedure measures 
the bone density of the spine, pelvis, forearm, and thigh. Bone density testing can 
be performed using X-rays, dual-energy X-ray absorptiometry (DEXA or DXA), or 
quantitative computer scans using specific software to determine the density of the 
hip or spine. Research has shown that CZT detectors are ideal for high performance 
DEXA systems. For example, arrays of CdTe detectors began to be used in com-
mercially available devices designed for these applications more than 40 years ago 
[55, 67]. The first devices were developed using a 64-element linear CdTe: Cl detec-
tor array. Their use in clinics has demonstrated their reliability and reproducibility 
of the results obtained. The devices made it possible to measure bone mineral den-
sity in less than 15 sec with an accuracy of better than 1%. Currently, Kromek Dual 
Energy X-ray Absorptiometry (BMD, DEXA) gamma detectors are used for these 
purposes (https://www.kromek.com). Kromek makes a range of CZT based detec-
tors for medical OEMs to use on their BMD, DEXA scanners. Bone densitometry 
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uses an ultra-stable dual-energy X-ray source to quantify small changes, ~1%, in a 
patient’s bone mineral density. This application requires an X-ray photon energy 
discriminating sensor (a perfect job for CZT) that has high efficiency, high energy 
resolution, high count rate performance and exceptional long-term stability to 
enable Dual Energy X-ray Absorptiometry (DEXA). This successful application of 
CZT has revolutionized bone densitometry systems.
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Chapter 6
Introduction in Gas Sensing

Ghenadii Korotcenkov and Vladimir Brinzari

6.1  Introduction

The atmospheric air in which we live contains many different chemicals of natural 
and artificial origin. Some of these substances are vital to our lives, while many oth-
ers can harm our health. At present, industrial production in a wide range carries out 
the synthesis and use of highly hazardous substances, in particular toxic, flamma-
ble, and explosive gases. Despite tight control over technological processes, acci-
dental emissions of these gases inevitably occur, which pose a potential hazard to 
the industrial enterprise, its employees, and people living nearby. Around the world, 
incidents of asphyxiation, explosions, and deaths caused by toxic and explosive 
gases are a constant reminder of this problem. Therefore, the introduction of gas 
sensors that provide continuous monitoring of gaseous media and the surrounding 
atmosphere can significantly improve the control of technological processes and 
help prevent the occurrence of the aforementioned incidents [1–3]. Table 6.1 shows 
which gases should be controlled in various fields of applications.

Environmental monitoring, that is, control of air pollution from industrial plants 
and exhaust gases from cars, is also necessary to solve the problem of air pollution 
[3, 4]. The development of industry and the increase in the number of cars on the 
road is accompanied by a significant worsening of the condition of surrounding 
atmosphere (see Fig. 6.1). As a result, toxic gases, dangerous to health, appear in the 
atmosphere. The main gases that cause air pollution are nitrogen oxides, NOx (NO 
and NO2), carbon monoxide (CO), sulfur oxides (SOx), natural gas or methane 
(CH4) as the most important component, and ozone (O3). Since NOx gases with 
sulfur oxides (SOx) emitted from coal-fired power plants cause acid rain, the increase 
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Table 6.1 Some examples of gas sensor applications

Field of application Examples of detected gases

Environment CO, CH4, humidity, CO2, O3, NOX, VOCs, SOx, HCs, NH3, H2S
Safety at work Indoor air quality, toxic gases, combustible gases, O2

Domestic safety/Household 
application

CO, CH4, humidity, CO2, VOCs

Safety in car CO, CH4, LPG, VOCs
Public security Indoor air quality, toxic gases, combustible gases, O2

Medical/clinical O2, NH3, NOx, CO2, H2S, H2, Cl2, anesthesia gases
Agriculture NH3, amines, humidity, CO2,
Food quality control Humidity, CO2, etc.
Utilities/automotive/Power 
plants

O2, CO, HCs, NOx, SOx, CO2, H2, HCs

Industry: Petrochemical HCs, conventional pollutants
Steel O2, H2, CO, conventional pollutants
Water 
treatment

Cl2, CO2, O2, O3, H2S, CH4

Semiconductor H2, CH4, HCl, AsH3, BCl3, PH3, CO, HF, O3, H2Cl2Si, TEOS, 
C4F6, C5F8, GeH4, NH3, NO2 and O2

Oil and gas HCs, H2S, CO
Defense/military Agents, explosives, propellants
Aerospace H2, O2, CO2, humidity
Traffic/tunnels/car parks CO, O3, NOX, SO2, CH4, LPG

HCs hydrocarbons, VOCs volatile organic compounds

Fig. 6.1 Sources of NOx, SO2, and NH3 emissions in UK, 2001

in the concentration of CO2, CH4, and O3 contributes to global warming, and the 
appearance of smog as a result of a photochemical reaction, they must be detected 
and, if necessary, the population warned about the existing hazard. We must not 
forget about organic compounds such as formaldehyde (HCHO), which are widely 
used in building materials and furniture production. Formaldehyde has been found 
to be the most hazardous indoor air pollutant. Studies have shown that gas sensors 
can monitor the aforementioned hazardous gases and vapors both in the atmosphere 
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and in living quarters [2], and therefore the widespread use of gas sensors is one of 
the tools that can improve our quality of life.

Control of combustion processes is another important application for gas sensors 
[3, 5]. This task is a priority in many industries. It has been found that controlling 
the content of CO, NOx, O2, CO2, hydrocarbons (HC), and volatile organic com-
pounds (VOC) in combustion products allows for better control of the combustion 
process, which leads to a decrease in toxic emissions, more efficient use of fuel, and 
subsequent energy savings.

Gas sensors can also be used to characterize food aroma as part of food quality 
control during preparation and storage. The most suitable instruments for this func-
tion are electronic noses, which are developed on the basis of gas sensors. As you 
know, the sense of smell plays a fundamental role in human development and bio-
social interactions. An electronic nasal system usually consists of a multisensor 
array, an information processing unit such as an artificial neural network (ANN), 
software with digital pattern recognition algorithms, and reference library databases 
[6–9]. As sensor technology advances, such gas sensor arrays will become com-
monplace in chemical and food processing lines, and more sophisticated sensors 
will be incorporated into automated process monitoring and control systems. In 
addition to the food industry, electronic noses can be applied in industries such as 
the automotive, packaging, cosmetics, pharmaceutical, and biomedical industries. 
There electronic noses can be used to control the quality of raw materials and fin-
ished products, freshness and ripeness of fruits, shelf life studies, assessing the 
authenticity of premium products, classifying fragrances and perfumes, detecting 
microbial pathogens, etc. In agriculture, gas sensors can be used to diagnose animal 
and plant diseases, detect contaminants and pathogens in milk, meat and other food 
products, and determine product quality such as the ripeness and taste of fruits and 
vegetables in the field [10].

Medicine and pharmaceuticals is another important application for gas sensors. 
The movement towards continuous patient monitoring drives emerging require-
ments for sensors in healthcare. Respiration analysis is one of the possible medical 
applications of gas sensors. Under these conditions, feedback on patient status and 
therapy results can be obtained without the delays associated with traditional inter-
mittent measurements and the use of central laboratories for chemical and biochem-
ical analysis [11, 12].

6.2  Gas Sensors Classification

Currently, there are a wide variety of devices based on various materials and operat-
ing on different principles that can be applied to gas detection. Taking into account 
transduction mechanisms, all of these devices can be classified into six main groups, 
which are the following: (1) electrochemical sensors, (2) electrical sensors, (3) 
mass-sensitive sensors, (4) optical sensors, (5) calorimetric sensors, and (6) mag-
netic sensors [13, 14].
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Electrochemical sensors such as amperometric, potentiometric, and conducto-
metric sensors are based on the detection of electroactive particles involved in 
chemical recognition processes and use charge transfer from a solid or liquid sam-
ple to an electrode, or vice versa [14–16].

Electrical sensors, which work by interaction of the surface with the target gas, 
unite a large group of gas sensors such as semiconductor conductometric sensors, 
capacitance sensors, work function type sensors, Schottky barrier-, MOS-, and FET- 
based sensors [13].

Mass-sensitive gas sensors such as microcantilever, quartz crystal microbalance 
(QCM), and surface acoustic waves (SAW) operate based on the disturbance and 
change in the mass of the sensor surface during interaction with chemicals [17]. 
Mass-sensitive devices transform the mass change at a specially modified surface 
into a change in some property of the support material. The change in mass is caused 
by the accumulation of the analyte during interaction with the sensitive layer applied 
to the mechanical resonator [13].

Optical gas sensors transform changes in optical phenomena that result from an 
interaction of the analyte with the receptor part. More generally, optical gas sensors 
detect changes in visible light or other electromagnetic waves during interactions 
with chemicals [14].

Thermometric (calorimetric) sensor devices convert the temperature changes, 
which are generated by chemical reactions into electrical signals such as the change 
of the resistance, current, and voltage. The catalytic sensors widely known as “cata-
lytic bead” or “pellistors” are the most known and used type of these gas sensors 
[18, 19]. Thermoelectric, pyroelectric, and thermoconductivity-based devices are 
other representatives of thermometric gas sensors [13]. The advantages and disad-
vantages of all of the above sensors are described in sufficient detail in [3, 13, 14].

Magnetic gas sensors are based on changes in the paramagnetic properties of the 
analyzed gas. These are represented by certain types of oxygen monitors [20]. It 
was found that oxygen has a relatively high magnetic susceptibility as compared to 
other gases such as nitrogen, helium, argon, etc. and displays a paramagnetic 
behavior.

It should be noted that our classification of gas sensors is only one possible alter-
native. The detection principles can also be used to classify gas sensors. According 
to the principles of detection, commonly used gas sensors can be divided into the 
following three groups: (i) gas reactivity sensors; (ii) a sensor based on the physical 
properties of the gas; and (iii) gas sorption sensors. Gas sensors can also be classi-
fied according to the approach taken when designing gas sensors. According to this 
approach, gas detectors come in two main types: portable devices and fixed gas 
detectors. According to technology used for gas sensor fabrication, they can be clas-
sified as ceramic, thin film, and thick film gas sensors. Micromachined gas sensors, 
which were designed during last decades, also can be referred to this principle of 
classification. Gas sensors can also be grouped according to their operating tem-
perature. This classification approach yields two broad groups: “hot sensors” and 
“cold sensors”. “Cold sensors”, unlike “heat sensors”, operate at ambient 
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temperature. A more detailed description of gas sensors, including design and oper-
ating principles, can be found in already published reviews and books [3, 13, 14].

It is clear that not every device that responds to changes in the gas atmosphere 
can be considered as a sensor suitable for the market [3]. The main purpose of any 
gas sensors is to provide reliable information on the chemical composition of the 
environment in real time. Therefore, ideally, a device designed to measure gas 
should operate continuously and reversibly without disturbing the sample. An ideal 
gas sensor should be inexpensive, reliable, and operate with ideal and instantaneous 
selectivity for a specific target gas that is present in the environment [21]. Ease of 
manufacture, fast response, minimum measurement error, insensitivity to relative 
temperature and humidity, high resistance to contamination and poisoning, and low 
noise levels are also essential requirements for gas sensors developed for the gas 
sensor market. Chou [22] believes that the ideal sensor should be portable enclosed 
in a small, explosion-proof housing, making it suitable for use in hazardous loca-
tions and harsh environments. For portable applications, the ideal gas sensor should 
be small and have low energy consumption. In addition, minimal specialized train-
ing is required to manage the operation and maintenance of the sensor. Gas sensors 
must provide repeated measurements of analytes over a long period of time at mul-
tiple or remote locations while maintaining environmental monitoring [23]. An 
ideal sensor should operate continuously and reliably without requiring recalibra-
tion for at least 30 days. Such a gas sensor must operate in an industrial environment 
for at least 2 years or longer and must be replaceable or renewable at a reasonable 
cost. In addition, the gas sensor must be easily positioned in a multipoint system, 
and the controller or controlled distribution system must be able to easily control its 
operation. The necessary degree of quantitative reliability, such as precision and 
accuracy, must also be ensured. However, we have to point out that there is no such 
ideal gas sensor on the sensor market today, despite the great strides that have been 
made over the past decades [3, 13, 14], which leads to the emergence of numerous 
studies in this area.

6.3  II-VI Compounds as Gas-Sensitive Material and Their 
Gas Sensor Applications

The results of numerous studies have shown that, in theory, any material can be used 
in the design of a solid state gas sensor, regardless of its physical, chemical, struc-
tural, or electrical properties [3, 13, 14, 24]. As a result, prototypes of gas sensors 
based on covalent semiconductors, semiconducting metal oxides, solid electrolytes, 
polymers, noble metals, ionic membranes, carbon-based materials, organic semi-
conductors, and ionic salts have been already tested [25–30].

However, in practice, it turned out that metal oxides are the most suitable for the 
development of gas sensors intended for operation in aggressive environments. 
These materials are characterized by high manufacturability, good stability of 
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parameters, and the absence of intrinsic surface states in the band gap [31]. These 
are important parameters as good stability makes it possible to work in aggressive 
atmospheres. Moreover, the low density of surface states excludes the pinning of the 
Fermi level, which can limit the change in the position of the surface Fermi level 
during the interaction of a gas-sensitive material with a gaseous atmosphere. The 
latter is necessary to achieve high sensitivity of most gas sensors on the market. As 
for the high manufacturability of metal oxides, it provides (i) the possibility to form 
thin films, thick films, and powders with required parameters, (ii) the possibility to 
use various deposition and processing methods, specific for standard microelec-
tronic technologies, and (iii) the possibility to modify structural, electrophysical, 
and chemical properties [31].

Studies have shown that II-VI semiconductor compounds, such as ZnS, ZnSe, 
CdS, CdSe, also have the necessary manufacturability and stability of parameters in 
an oxygen atmosphere. The experiment showed that, for the most stable ZnS and 
CdS compounds, the transition to the oxide phase, depending on the duration of heat 
treatment in an oxygen atmosphere and the crystallite size, occurs at temperatures 
of 400–500  °С [32, 33]. However, it should be recognized that the change in the 
electrical and structural properties of these compounds can begin at lower tempera-
tures [34, 35]. Compounds II-VI and especially ZnS, as well as metal oxides, do not 
have the surface Fermi level pinning (see Fig. 6.2).

It has been recognized that semiconductors can be classified into two broad 
groups based on the properties of the semiconductor - metal interface. “Ionic” mate-
rials display little or no Fermi-level stabilization at the interface; “covalent” materi-
als display virtually complete stabilization. Figure  6.2 illustrates this statement.  

The slope �
d

dX
Bn

M

�
, which is inversely correlated to the extent of Fermi-level 

Fig. 6.2 Influence of electronegativity (X) on the value of S in ΦBn  =  S ΔX. (Data extracted 
from [36])
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stabilization, was found to be =1 (no Fermi-level stabilization) for “ionic” materials 
and = 0.1 (nearly complete Fermi-level stabilization) for “covalent” materials. As 
we can see for II-VI compounds, the slop S is varied from 0.3 for CdTe and CdSe to 
1.0 for ZnS. This means that the surface Fermi-level position, i.e., the band bending 
in these semiconductors, can be changed in wide range, contributing to achievement 
of high sensor response due to interaction with gas surrounding. For comparison, 
for conventional semiconductors such as Si, GaAs, and InP, the surface Fermi level 
is firmly pinned within their band gap due to the high surface state density. That is 
what causes the low sensitivity of the gas and humidity sensors based on these 
materials.

6.3.1  II-VI Semiconductor-Based Conductometric Gas Sensors

Experiment showed that the most successful specific surface properties of II-VI 
semiconductor compounds can be realized in conductometric gas sensors. In addi-
tion, II-VI semiconductor compounds have other properties important for gas- 
sensitive materials used in conductometric sensors [37]. These materials have (1) 
acceptable conductivity because we control the change in conductivity, (2) a band-
gap wide enough to operate at elevated temperatures; (3) the ability to form struc-
tures with high gas permeability to achieve high sensitivity and fast response; and 
(4) specific surface properties to interact with the target gas. Some of these param-
eters are shown in Table 6.2. In addition, just like metal oxides, II-VI semiconduc-
tors can be synthesized as powders, single crystals, epitaxial and polycrystalline 
films, and 1D, 2D and 3D nanostructures.

Conductometric (resistive) sensors, in which semiconductor II-VI compounds 
can find the greatest application, have a simple design [38]. Gas sensors contain two 
electrodes, gas-sensitive layer, dielectric substrate, and heater to generate the desired 
temperature in the active region. The main advantages of chemireistive gas sensors 
are ease of manufacture, ease of operation, and low manufacturing cost, which 
means that well-designed metal oxide conductometric sensors can be mass- produced 
at a reasonable cost. Conductometric sensors can be manufactured using different 
approaches. They can be fabricated using thin-film or thick-film technology. They 

Table 6.2 Parameters of chalcogenides used in gas sensors

Semiconductor Eg, eV Tmelting, °C Tsublimation, °C Toxidation, °C

ZnS 3.54–3.91 1827–1850 1178 <500
ZnSe 2.7–2.721 1525 800–900 <300
ZnTe 2.25–2.27 1238–1290 ~600
CdS 2.42–2.46 1475–1750 980 <450–500
CdSe 1.74–1.751 1268 600–700
CdTe 1.49–1.51 1092 ~500

Source: Reprinted with permission from [30]. Copyright 2013: Springer
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Fig. 6.3 (а) Conventional platform, (b) micromachining hot-plate platforms. (Reprinted with per-
mission from [39]. Copyright 2001: Elsevier)

Fig. 6.4 Diagram illustrating construction and working principle of conductometric gas sensors. 
(Reprinted with permission from [40]. Copyright 2017: Elsevier)

can be manufactured on conventional platform (Fig. 6.3a) or micro-processing plat-
form with extremely low power dissipation (Fig. 6.3b). The latter makes it possible 
to embed such sensors into ICs. Conductivity sensors are compact and durable, have 
excellent sensitivity and very short response times, and are very well suited for the 
design of portable alarm systems and electronic nose. These advantages of conduc-
tometric sensors make it possible to develop low-cost portable devices that can be 
effectively used for gas detection in various locations, including in situ monitoring.

The principle of operation of conductometric gas sensors is based on the fact that 
their electrical conductivity (or electrical conductance) can be controlled by the 
presence or absence of certain chemicals in the surrounding atmosphere (see 
Fig. 6.4), such as toxic and flammable gases and vapors that come into contact with 
the device [38]. It should be noted that, despite the simple principle of operation of 
conductometric gas sensors based on metal oxides, the involved gas detection 
mechanism is rather complicated. This process involves physical and chemical 
adsorption, desorption, chemical reactions, surface catalysis, surface and volume 
diffusion occurring on the surface, or in the volume of the sensitive layer. As a 
result, the gas detection effect is controlled by a large number of parameters of the 
sensitive material, such as thickness, grain size, porosity, crystallite faceting, 
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Fig. 6.5 Diagram illustrating processes taking place in polycrystalline semiconductors during gas 
detection and their consequences for semiconductor properties. (Reprinted with permission from 
[41]. Copyrights 2007: Elsevier)

agglomeration, grain network, neck size, active surface area, band gap, adsorption/
desorption parameters, catalytic activity, bulk conductivity, surface and bulk stoi-
chiometry, surface architecture, etc. (see Fig.  6.5). The analysis showed that the 
influence of the above-mentioned parameters on the gas characteristics occurs 
through a change in such parameters as the effective area of inter-grain and inter- 
agglomerate contacts; energy parameters of adsorption/desorption processes; num-
ber of sites; concentration of charge carriers; initial surface potential; coordination 
number of metal atoms on the surface, etc. Such a complex relationship between the 
parameters of gas-sensitive effects and the magnitude of the sensor response signifi-
cantly complicates the search for conditions that provide optimal sensor parameters. 
A more detailed description of the mechanisms of interaction of gases with the 
surface of the gas-sensitive layer, explaining the appearance of the conductometric 
signal, can be found in numerous reviews and books [42–45].

It is important that the response of II-VI-based gas sensors of conductometric 
type for various semiconductors changes according to the value of the S from 
Fig. 6.2. For example, in the couple CdS and CdSe, CdS-based sensors had much 
better sensitivity to vapors of water, ethanol, ammonia, acetone, and iodine [46]. It 
should also be noted that all the laws were established for metal oxides and general-
ized in Korotcenkov [47] work in gas sensors based on II-VI [48]. This means that 
for better sensitivity, II-VI semiconductor compounds should be porous with small 
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grain sizes and diameters of nanowires or nanofibers [49]. Thinner films also showed 
higher sensitivity and faster response times [50]. Higher operating temperatures 
reduce response and recovery times [50]. Surface modification, including modifica-
tion with noble metals, also improves the selectivity and sensitivity of II-VI semi-
conductor compounds [37, 51]. A more detailed description of conductometric 
sensors of various types based on II-VI compounds and their composites can be 
found in the following Chap. 8, Vol. 3.

6.3.2  II-VI Semiconductor-Based Optical Gas Sensors

Optical gas sensors are another very promising field of application for II-VI com-
pounds. Chapters 12, 13, 14, and 15, Vol. 3, will focus on this topic. Optical sensors 
can be designed using different principles of operation [14, 52]. For example, gas 
sensors can use optical gas detection techniques such as optical absorption, reflec-
tion, UV fluorescence, chemiluminescence, light scattering, refraction, and photo-
ionization, which can be implemented as IR sensors, luminescence sensors, 
fiber-optical sensors, refractometric- and interferometric-based sensors, integrated 
optical sensors, and devices based on colorimetry principles [14, 52].

Currently the most commonly developed optical gas sensors are sensors that use 
indicator dyes (external sensor) to convert the concentration of a target gas into a 
measurable optical signal. In such sensors, the indicator or molecular recognition 
element is the main sensing element, because it is the indicator that is exposed to the 
system being measured, and its interaction with the analyte can provide selective 
sensing. This interaction causes a change in the measured optical properties, and the 
degree of this change is determined by the concentration of the analyte. Due to their 
simple visual readout, detection systems based on indicator dyes can be very inex-
pensive and are therefore widely used. The most commonly used methods include 
indicator-mediated luminescence and absorption spectroscopy [53–56]. The prom-
ise of II-VI compounds for the design of such sensors is because these compounds 
have high photoconductivity and luminescence characteristics that are sensitive to 
various adsorbates from gas and liquid phases [37]. These properties make it pos-
sible not only to develop optical detectors for various purposes based on these mate-
rials (read Vol. 2), but also to use them for surface functionalizing of other 
gas-sensitive materials. The discussion of this topic can be found in the Chap. 8 
(Vol. 3).

In this regard, the use of Quantum Dots (QD’s) based on II-VI compounds is 
especially promising. Semiconducting nanocrystals, otherwise known as Quantum 
Dots (QD’s), were first discovered in the early 1980s [57]. Since then, interest in 
QD’s as alternatives to traditional organic dyes has increased dramatically [58–60]. 
Typically, QD’s are colloidal nanocrystalline particles roughly spherical, with par-
ticle diameters typically ranging from 1 to 12 nm [61]. At such small sizes (close to 
or smaller than the dimensions of the exciton Bohr radius within the corresponding 
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Fig. 6.6 (a) Photoluminescence spectra of ZnS QDs in zeolite Y (λexc = 280 nm). (Reprinted with 
permission from [64]. Copyright 1997: American Institute of Physics). (b) Selectivity of the car-
bon tetrachloride ZnS-based gas sensor. Conditions: wavelength, 460 nm; Toper = 335 °C; gas con-
centration, 4.5  μg/ml, and air flow rate, 210  ml/min. (Reprinted with permission from [65]. 
Copyright 2009 Elsevier)

bulk material), these nanostructured materials behave differently from bulk solids, 
because of quantum-confinement effects [62].

It was established that quantum dots, in contrast to organic dyes, have broad 
absorption spectra, higher quantum yields, better chemical and photoluminescence 
stability, reduced photobleaching, and narrow emission spectra without red tailing 
[63]. Moreover, QD’s have the size-dependent nature of the emission wavelength 
(see Fig. 6.6a), which is related to the three-dimensional quantum confinement of 
their charge carriers. The smaller the dot, the greater is the blue shift observed rela-
tive to the typical Eg of the bulk semiconductor. This means that by controlling the 
growth of the nanocrystal, the emission wavelength can be tailored. In fact, QD can 
be made to emit luminescence from the ultraviolet to the near-infrared spectral 
region. In particular, depending on the particles size, the emission of CdSe quantum 
dots can be continuously tuned from 465 to 640 nm, corresponding to a size ranging 
from 1.9 to 6.7 nm (diameter), respectively. For CdTe QDs, the emission is observed 
in the red range from 600 to 725 nm. Higher-energy emission is possible with CdS 
and ZnS QDs (350–550 nm).

The possibility of using QDs in gas sensors is due to the fact that luminescence 
of QDs is very sensitive to their surface states and this sensitivity is much stronger 
than that of bulk material. Figure 6.6b shows how sensitive and selective such sen-
sors can be. It was found that emission processes in QDs are the result of electron- 
hole recombination and strongly depend on the competition between such radiative 
processes and the mechanisms of non-radiative recombination. Non-radiative pro-
cesses occur mainly at defects located at the nanocrystal surface. In this context, the 
large surface/volume ratio of QDs allows one to obtain enhanced quantum yields by 
controlling the chemical composition of their surface and passivating surface defects 
[59]. This means that possible chemical or physical interactions between given 
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chemical particles with the surface of nanoparticles can lead to changes in the sur-
face charges of QDs and very significantly affect the emission of QD photolumines-
cence [66].

It is important that all mentioned above features of QDs are highly attractive for 
both optical fiber and planar platforms applications. Experiment confirmed this pre-
diction and, and despite a relatively recent area of research, a number of sensing 
applications have emerged recently. It was established that while most dyes present 
severe photodegradation when illuminated by energetic radiation, quantum dots 
have demonstrated their photostability in most situations. Although photobleaching 
of bare dots has been reported, nanocrystals with an adequate protective shell are 
known to remain extremely bright even after several hours of exposure to moderate 
to high levels of UV radiation. On the other hand, the luminescence emission of 
common dyes can vanish completely after a few minutes [59].

An analysis of the available literature shows that mainly gas sensors were 
designed on the base of CdSe QDs, with intense light-emitting properties [67–69]. 
However, other II-VI compounds, such as CdS, CdTe, or ZnS, are also used [70]. A 
major drawback of the cadmium selenide dots is their toxicity. Zinc sulfide quantum 
dots could be much less toxic than cadmium selenide. However, ZnS does not pos-
sess the level of light emission intensity as cadmium selenide. Recent studies have 
shown that this disadvantage can be partially overcome by doping zinc sulfide quan-
tum dots with a suitable metal ion such as manganese and lanthanides [71].

The experiment showed that the use of core-shell structures based on II-VI com-
pounds embedded in gas permeable polymer matrix also contributes to a significant 
improvement in the characteristics of sensors [68, 72]. The reasons for surface cap-
ping and embedding in polymer are mainly to prevent aggregation of the QD’s and 
to passivate dangling bonds at the surface. Surface passivation involves coating the 
core QD with a substance that has a larger band gap such as ZnS or CdS. It was 
found that the overcoating of the nanocrystal core (CdSe, CdTe) with an outer shell 
of a higher bandgap semiconductor (ZnS, CdS) is a successful strategy to produce 
materials with high quantum efficiencies (in the 50% range). Besides the increased 
brightness, core-shell systems provide increased photostability and chemical resis-
tance [73]. More recently, highly luminescent CdSe core nanocrystals caped with a 
multi-shell layer (CdS and ZnS) have been reported, displaying quantum yields in a 
70–85% range [74]. It is necessary to note that the increased photostability of core- 
shell QDs is a key feature important for sensor applications. A more detailed discus-
sion of core/shell nanoparticles including their synthesis and properties can be 
found in review prepared by Chaudhuri and Paria [75]. Embedding in gas perme-
able polymer also improves sensor stability [67, 68].
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Chapter 7
II-VI Semiconductor-Based Thin Film 
Electric and Electronic Gas Sensors

Stella Vallejos and Chris Blackman

7.1  Introduction

Materials based on II-VI semiconductors have been applied to sensing various gases 
and vapors. Specifically, intrinsic II-VI semiconductors in the form of thick or thin 
films composed of particles or low-dimensional structures have shown part-per- 
millions (ppm) sensitivity to nitrogen dioxide, carbon monoxide, ethanol, and iso-
propanol. Other less common species detected include gasoline, liquefied petroleum 
gas (LPG), or formic acid. The gas responses of these materials have been stimu-
lated by heat or light, and their readouts have been enabled by transducing elements 
that usually comprise resistive principles.

The gas sensing properties of II-VI semiconductors are connected with their 
morphological, structural, electronic, and chemical properties. The vast number of 
studies on gas-sensitive II-VI semiconductors have consistently shown that these 
materials must meet essentially the same requirements as gas-sensitive metal oxides 
(the most common materials in gas sensing). These requirements mainly include 
small grain size, high porosity, optimal charge carrier concentration, and high 
chemical surface activity. Hence, the study of II-VI semiconductors as gas sensors 
has a strong dependence on synthesizing and tuning their physical and chemical 
features. The most popular synthesis methods for this group of semiconductors in 
gas sensing include chemical bath, precipitation, and hydrothermal routes, followed 
by other redeposition methods that integrate the synthesized materials over the 
appropriate transducing platforms.
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Currently, there is little systematized information on the gas sensing properties 
of II-VI semiconductor films and their actual functionality. In the literature, there 
are a considerable number of reports on gas-sensitive II-VI semiconductors, 
although mainly on CdS and ZnS. A small number of studies also refer to CdTe and 
CdSe, and there is almost no information regarding the gas sensing properties of 
ZnSe. In part, this may be due to CdS and ZnS being relatively more stable in air 
and presenting wider bandgaps than the other II-VI semiconductors; both properties 
are essential, particularly in conductometric gas sensors operating under thermal 
activation at elevated temperatures. Hence, this chapter primarily discusses the find-
ings reported for CdS and ZnS as representative gas-sensitive materials from the 
II-VI group of compound semiconductors focusing on intrinsic thick or thin II-VI 
semiconductors films, their possible gas sensing mechanism(s), the factors that may 
influence their sensing properties, and the metrics of their functionality.

7.2  Synthesis of Gas-Sensitive II-VI Semiconductors Films 
and Gas Sensor Fabrication

The gas sensing properties of II-VI semiconductors have been exploited predomi-
nantly using electrically transducing platforms in resistive configuration due to the 
simplicity, ease of fabrication and operation, and feasibility of miniaturization of 
such sensors. These sensors, also known as chemoresistive sensors, are bipolar 
devices fabricated on either planar substrates or tubular substrates containing elec-
trodes. The electrodes may be integrated as simple contacts or with interdigitated 
(IDE) configuration, as shown in the schematic images in Figs. 7.1a, b. Classical 
chemoresistive sensors integrate a heating element electrically isolated from the 
electrodes to activate the interactions of the gas and the sensing material. State-of- 
the-art microfabrication processes based on micro-electro-mechanical systems 
(MEMS) technology have led to miniaturizing further these devices facilitating the 
incorporation of heaters with low thermal losses (micro-hotplates) or light-emitting 
diodes (micro-light plates) to photoactivate the gas sensing response of semicon-
ductors [1, 2]. However, to date, the study of II-VI semiconductors as gas-sensitive 
films has generally been performed on classical substrates based on bulk silicon or 
alumina, as shown in Table 7.1.

The synthesis of II-VI semiconductors and their integration with the substrate is 
critical for sensor fabrication. These procedures define the material characteristics 
(e.g., grain size, porosity, grain boundaries, and crystallinity) and its chemical, sur-
face, and electric properties. Generally, gas-sensitive II-VI semiconductors are inte-
grated with the substrate via direct or transfer methods [1]. The first (direct methods) 
involves the direct and selective deposition of the material over the substrate. In 
contrast, the second (transfer method) employs pre-synthesized powders that are 
redeposited over the substrate in the form of pastes or slurries. Synthesis methods 
such as chemical bath, flame-assisted spray pyrolysis, chemical vapor deposition, or 
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Fig. 7.1 Schematic figure of a (a) planar and (b) tubular chemoresistive gas sensor. Adapted with 
permission from references [3, 4], respectively. Copyright 2018 and 2017: Elsevier. (c) Photograph 
of a planar chemoresistive sensor with the sensing film (CdS) integrated. (d) Photograph of a pla-
nar sensor bound and packaged. (Adapted from reference [5]. Published 2016 by MDPI as 
open access)

sputtering are among the most popular routes to integrate II-VI semiconductors 
directly with the substrate. The II-VI semiconductors integrated by these methods 
usually acquire the form of films (with hundreds of nanometers to tens of microns 
in thickness) comprised of particles or low-dimensional structures such as flakes. 
Specifically, chemical bath routes have been demonstrated for growth of gas- 
sensitive ZnS and CdS thin films containing particles of tens of nanometers using 
chemical solutions based on ZnSO4 [6, 7] and CdSO4 [8, 9], respectively. Similarly, 
flame-assisted spray pyrolysis has been used to deposit ZnS thin films composed of 
aggregates of particles with sizes in the order of units of nanometers by using solu-
tions based on Zn(NO3)2 and Na2S [10]. Other routes, including CVD, pulsed laser 
deposition, physical evaporation, and sputtering, also reported the direct integration 
of CdS [3, 11, 12], ZnSe [13], and CdSe [14] films containing particles of tens of 
nanometers, respectively; the starting materials for these routes were based on pow-
ders or targets of the materials themselves.

The II-VI semiconductors integrated by transfer methods are generally produced 
via wet-chemistry synthetic routes such as precipitation or hydrothermal processes. 
Precipitation routes have mainly been reported for the synthesis of spherical CdS 

7 II-VI Semiconductor-Based Thin Film Electric and Electronic Gas Sensors



180

Table 7.1 Comparative table showing the synthetic methods and main characteristics of gas- 
sensitive II-VI semiconductors

Synthetic 
method Sem.

As-synthesized 
morphology Features Substrate Electrodes

Integration 
method Ref.

ChB CdS N/A PGlass N/A Direct [8]
ZnS T = 210 nm PSAW N/A IDE Direct [6]
ZnS T = 410 nm

CS = 50 nm
PS = 50 nm

PGlass N/A Direct [7]

CdS T = N/A
PS = ~ 40 nm

PGlass N/A Direct [9]

FASP ZnS PS = 8 nm PSi/SiO2 Ag Cs Direct [10]
CVD CdS T = 25 μm

FT = 20 nm

PSi/SiO2 Au IDE Direct [3]

CdS T = 25 μm
FT = 20 nm

PSi/SiO2 Ag/Pd 
IDE

Direct [11]

PLD CdS T = 500 nm
PS = 9 nm

PSi/SiO2 Pt IDE Direct [12]

PE ZnSe T = 50 nm
CS = 10 nm
PS = 30 nm

PGlass In CTs Direct [13]

DC-ST CdSe T = 600 nm
CS = 17 nm

PN/A Al IDE Direct [14]

P CdS d = 100 nm PAl2O3 Au IDE Screen 
printing

[5]

CdS d = 21 nm
CS = 21.2 nm

TAl2O3 Au CTs Paste 
coating

[4]

CdS N/A PAl2O3 N/A Screen 
printing

[15]

HP ZnS d = 200 nm
CS = 28 nm

TAl2O3 Au CTs Paste 
coating

[16]

ZnS d = 500 nm TAl2O3 Au CTs Paste 
coating

[17]

ZnS d = 200 nm
FT = 50 nm

TAl2O3 Pt Cs Paste 
coating

[18]

CdS d = 1400 nm TAl2O3 Au CTs Paste 
coating

[19]

CdS N/A TAl2O3 Au CTs Paste 
coating

[20]

CdS L = 6000 nm PAl2O3 Au IDE Spin coating [21]
SG CdS d = 128 nm N/A N/A N/A [22]

P Precipitation; PLD Pulsed Laser Deposition; DC-ST DC Sputtering; PE Physical Evaporation; 
ChB Chemical Bath; HP Hydrothermal Process; SG Sol gel; FASP Flame-Assisted Spray Pyrolysis; 
CVD Chemical Vapor Deposition; TE Thermal Evaporation; SAW Quartz-based Surface Acoustic 
Wave platform; d diameter; CS Crystal Size; T Thickness; PS Particle Size; FT Flake thickness; 
CTs Contacts; N/A data not available
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particles (tens or hundreds of nanometers) produced from Cd(OOCCH3)2·xH2O 
(cadmium acetate hydrate) and CH3CSNH2 (thioacetamide) [5, 15]. However, par-
ticles with flake-like and brick-like morphology were also formed via alternate pre-
cipitation and sonication steps by using CdCl2.5H2O (cadmium chloride 
pentahydrate) and NH2CSNH2 (thiourea) as precursors for Cd and S, respectively 
[4]. Hydrothermal synthetic routes have been used for the formation of solid [16] 
and hollow [17] spherical particles of ZnS, as well as other spherical particles con-
taining nanoflakes over the surface (so-called ‘urchin-like’ structures) [18]. The 
sizes of the resulting particles vary in a range of hundreds of nanometers to a few 
microns according to the specific hydrothermal route employed. The routes fre-
quently start from ZnAc2·2H2O (zinc acetate) as the Zn precursor and either thio-
urea, thioacetamide, or C5H12N2S2 (1-pyrrolidine dithiocarboxyc acid ammonium) 
as the S precursor. Hydrothermal routes have also been used for synthesis of CdS 
with varied morphologies. For instance, CdS urchin-like structures were synthe-
sized by a hydrothermal route based on Cd(OOCCH3)2·2H2O (cadmium acetate 
dihydrate) and thiourea [19]. On the other hand, dendrite-like or leaf-like CdS struc-
tures were achieved by using CdCl2·xH2O (cadmium chloride hydrate) mixed with 
KSCN (potassium thiocyanate) [20] or thiourea [21]. Other synthetic routes for the 
formation of CdS powders and subsequent transfer onto the substrate involve using 
sol-gel [22] and thermal evaporation processes [11].

Table 7.1 summarizes the synthetic methods, morphologies, and primary fea-
tures reported for gas-sensitive II-VI semiconductors films. The variety of available 
synthetic methods for II-VI semiconductors, mainly based on chemical bath, pre-
cipitation, and hydrothermal synthesis routes, is evident from the survey. The recur-
rence of these methods may be related to their simplicity compared to other 
procedures requiring particular infrastructure (vacuum systems, high temperatures, 
reactants in the gas phase, or other elements for handling reactants/by-products).

7.3  II-VI Semiconductors and their Gas 
Sensing Mechanisms

The II-VI semiconductors are responsive to gases due to their ability to change their 
surface Fermi-level position in relatively wide ranges, similar to most common gas- 
sensitive metal oxides [23]. This ability correlates inversely with the interface 
behavior index obtained from classic experiments that measure the barrier energy at 
metal-semiconductor interfaces as a function of the electronegativity of the metals 
employed [24]. As a reference, well-known gas-sensitive metal oxides, such as 
SnO2 and ZnO, have high indexes (~1). In contrast, poor gas-sensitive semiconduc-
tors, such as Si, GaAs, or InP, have low indexes, close to zero, as they experience 
surface Fermi-level pinning due to their high density of surface states. In II-VI 
semiconductors, these indexes vary between 0.2 and 1, with the highest index 
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reported for ZnS (~1) followed by CdS (~0.6), ZnSe (~0.5), CdTe (~0.3), and CdSe 
(~0.3). Subsequently, the gas sensing mechanisms of II-VI semiconductors are usu-
ally attributed to classic space-charge-region models [4, 9–12, 19, 20, 22, 25, 26]. 
These models suggest the adsorption of oxygen at the surface with the subsequent 
formation of oxygen species (O2

−, O2−, O−) and an electron-depleted layer, which is 
then compensated by electrons or further electron depleted during interaction with 
reducing or oxidizing gases, respectively (Fig. 7.2).

A specific sensing mechanism for interaction of alcohols with CdS films has also 
been proposed, based on the dehydrogenation of alcohols by pre-adsorbed oxygen 
ions (Fig.  7.3). The proposed mechanism and experimental results determined a 
proportional relation between the length of the alkyl chain and its reaction effi-
ciency at the gas-sensitive surface, with higher response to n-butanol followed by 
ethanol and then methanol. This was attributed to an increment of the acidity in the 
hydrogen of the CH2 group closest to the OH group as the chain becomes longer, 
increasing the probability of the reactions shown in Fig. 7.3 to occur compared to 
other possible reactions. Hence, higher responses were obtained experimentally for 
the CdS films to n-butanol than ethanol or methanol [25].

Fig. 7.2 Gas sensing mechanism based on surface space-charge-region models. Scheme of an 
n-type semiconducting particle and its surface band bending when exposed to (a) air and a (b) 
reducing gas. SCR Surface Charge Region; Ef Fermi level; Ec Conduction band minimum; Ev 
Valence band maximum; Oads Adsorbed oxygen
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Fig. 7.3 Gas sensing mechanism for alcohols, from top to bottom: (a) methanol, (b) ethanol, and 
(c) n-butanol. The arrow on the right of each reaction indicates qualitatively the acidity of the 
hydrogen in red, which is proportional to the reaction probability. (Adapted with permission from 
reference [25]. Copyright 2015: Elsevier)

7.4  Factors that Influence the Gas Sensing Properties 
of II-VI Semiconductors

7.4.1  Size, Morphology, and Structure

Since the efficacy of a gas-sensitive material is surface-dependent, previous investi-
gations, albeit mainly on metal oxides, have demonstrated that the sensing proper-
ties are dependent on characteristics such as the size, morphology, and microstructure 
of the material [23, 27, 28]. As a rule, it has been found that nanoscale morphologi-
cal shapes and high surface-to-volume ratio improve the sensing performance due 
to their increased relative number of active sites at the surface. Similarly, II-VI 
semiconductors have been demonstrated to possess enhanced sensing properties 
when their morphology is structured and reduced in size. For instance, hierarchical 
3D micro/nanostructures of CdS with leaf-like morphology showed higher responses 
and faster dynamic response compared with CdS microspheres to various gases, 
including diethyl ether, methanol, acetone, and isopropanol [21]. The highest 
response difference was obtained with methanol, which registered four times more 
response with the hierarchical micro/nanostructures than with the microspheres.
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The advantage of using mesoporous hierarchical nanostructures instead of solid 
nanospheres was also reported for ZnS where mesoporous hierarchical nanostruc-
tures with three-fold higher specific surface area (m2g−1) and approximately two- 
fold larger pore volume (cm3g−1) registered almost four-fold higher response to 
100 ppm of gasoline at 290 °C [16]. Similarly, other comparative studies on CdS 
nanocrystals, including flakes, bricks, particles, and quantum dots (QDs), revealed 
enhanced ethanol sensing properties for flake-like structures [4]. The most remark-
able differences in response were obtained between the nanoflakes and QDs, with 
almost 60% higher ethanol response for the nanoflakes than the QDs at 270 °C. These 
results [4] were connected with the differences in specific surface areas and pore 
volumes, as is evidenced in Fig. 7.4a which displays the correlation of the surface 
area, pore-volume, and response to ethanol. The improved performance of the CdS 
nanoflakes was also related to the presence of extra defect states associated with 
sulfur vacancies, which contribute to the adsorption of oxygen from the environ-
ment enhancing the response to gases. These defect states in CdS were inferred 
from the nanoflakes’ photoluminescence spectrum that contained an additional 
emission peak at 675 nm.

Other investigations highlight the influence of the film thickness on the sensing 
properties of II-VI semiconductors. For instance, studies on CdSe and CdS films 
demonstrated an enhanced oxygen sensitivity as the film thickness of these materi-
als increased (Fig. 7.4b) [14, 29, 30]. Detailed evaluation of the film surface proper-
ties using X-ray photoelectron spectroscopy (XPS) and secondary ion mass 
spectroscopy (SIMS) revealed that this behavior was related to the increment of 
relative Cd-content on the film surface. This Cd enrichment was found to occur dur-
ing the growth of CdSe and CdS films and be correlated with the adsorption of 
oxygen species and hence the sensitivity to oxygen of resistive sensors based on 
CdSe and CdS films [29, 30]. Further investigations on the thickness dependence of 
CdSe sensitivity to carbon monoxide reported consistent results by showing an 
increment in CdSe sensitivity as its thickness increased from 350 to 500 nm [14]. 

Fig. 7.4 (a) Correlation of the average pore volume, average surface area analyzed, and response 
to ethanol for different CdS-like morphologies (data extracted from reference [4]). (b) Correlation 
of the CdS film thickness, the ratio of the Cd to Se concentration at the surface, and concentration 
of surface oxygen adsorbed. (Data extracted from reference [29])
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The effect of ZnS thickness on the response of surface acoustic wave sensors also 
indicated an improved performance towards ammonia by increasing the film thick-
ness from a few nanometers (<42 nm) to 210 nm. These results were attributed to 
the higher specific surface area and active sites on the surface of the films with 
210 nm. However, the results are not conclusive on whether the chemistry or struc-
ture of the ZnS films was modified by the film thickness [6] as seen for CdS and 
CdSe films [29, 30].

Studies of the phase and defect-dependent gas sensing performance of ZnS also 
indicate sensitivity improvements connected with the crystalline structure, espe-
cially with the presence of the wurtzite phase in ZnS. It was observed that ZnS with 
high contents of wurtzite crystals increased the response of ZnS to hydrogen sul-
phide compared to ZnS with high contents of zinc blend phase. Wurtzite-structure 
ZnS tends to form flake-like shapes, which expose S-terminated planes increasing 
the relative number of sulfur vacancies and promoting the adsorption of both oxy-
gen and target gases [18]. Something similar occurs for CdS, which has improved 
sensing properties to various volatile organic compounds (VOC), particularly iso-
propanol, when the morphology has a flake-like shape and is characterized by a 
wurtzite phase and S-terminated surface (Fig.  7.5) [11]. Specifically, the polar 
{0001} planes of wurtzite-structure in CdS flakes have an S-terminated (000 ̅1) sur-
face that usually contains sulfur vacancies and dangling bonds (due to their low 
formation energy), which has been shown to enhance the adsorption of gaseous 
molecules [11]. Accordingly, the structure of crystalline gas-sensitive II-VI semi-
conductors and the nature of the surfaces exposed to the gases are essential in the 
sensing mechanism and the overall sensing performance. These results are consis-
tent with those generally found on crystalline gas-sensitive metal oxides, which 
demonstrated a dependency of the gas sensing activity on the crystal shape [28]. 
Hence, research on the controlled growth of nanocrystalline structured materials 
(generally classified as 1D, 2D, and 3D structures) has increased significantly in 

Fig. 7.5 (a) Correlation of the average pore volume, average surface area analyzed, and (b)
response to ethanol for different CdS-like morphologies. (Adapted with permission from reference 
[11]. Copyright 2016: American Chemical Society)
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recent years. Further discussion on the recent advances of these types of structures 
based on II-VI semiconductors is addressed in Chap. 10, Vol. 3.

7.4.2  Modifications: Doping, Surface Decoration, and Mixture 
of Components

Materials modification, achieved by loading or incorporating second-phase con-
stituents (e.g., ions, metals, or other inorganic or organic materials), has been shown 
to be generally effective in improving gas sensing properties such as sensitivity, 
selectivity, speed of response, and operating temperature [31–33]. These modifica-
tions can influence the gas sensing properties by increasing the density of active 
sites (e.g., defects, sulfur vacancies) or charge carriers (doping effect), or the modi-
fication can lead to a chemical sensitization by promoting the ‘spill-over’ of active 
chemical species over the gas sensing (‘support’) material and/or to an electronic 
sensitization characterized by the formation of heterojunctions and tuning of inter-
facial potential barrier energy and charge carrier transfer. The modification of mate-
rials can also promote synergistic behavior, as each constituent material serves a 
different purpose that is complementary to the other so that the synergistic effect of 
the constituents is greater than the effect of a single element [31–33]. Figure 7.6 
illustrates the possible effects derived from the modification of gas-sensitive 
materials.

Hence, II-VI semiconductors have been modified with various material types to 
improve their gas sensing properties. The most common modifications incorporate 
doping atoms such as Zn, Ni, or Mn or decorating metals such as Au or Pd. The use 
of Zn as a dopant has been shown as one of the simple routes to modify CdS due to 
its similar crystal structure to ZnS.  Doping of CdS with Zn has been shown to 
enhance the sensitivity of CdS to reducing gases such as methanol, ethanol, methyl-
benzene, formaldehyde, and acetone. The incorporation of the smaller Zn2+ ion in 
the CdS structure modifies the bond length/strength in the CdS crystal so that the 
concentration of S vacancies, which act as electron donors, decreases [35]. Doping 
of CdS with Zn also leads to a drop in the carrier concentration of the film, allowing 
a higher ratio of free carriers to take part in the surface reactions [36], hence the 
report of enhancing sensitivity to reducing gases [35] despite the loss of active sites 
due to the decrease of S vacancies in the doped structure. Something similar occurs 
with the doping of CdS with Ni2+ ions, which has been shown to improve the sensi-
tivity of CdS to LPG [37]. A combination of Ni-doping and Au-decoration in ZnS 
nanospheres has also shown important changes in the sensing properties of ZnS to 
formaldehyde and other gases such as ethanol and ammonia [38], increasing the 
response of ZnS by 60% and reducing the time of response by 15% when the con-
centration of formaldehyde was 5 ppm. The improvements were associated with the 
charge transfer modification in the doped system and chemical sensitization mecha-
nisms of the Au nanoparticles at the Ni-doped ZnS nanospheres surface. Doping of 
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Fig. 7.6 Schematic diagram showing the possible effects derived from the bulk doping or surface 
modification (Chemical sensitization and Electronic sensitization) of gas-sensitive materials. M 
second-phase constituent modifying the ‘support’ material; SCR Surface Charge Region. (Adapted 
with permission from reference [34]. Copyright 2018: Elsevier)

ZnS with Mn2+ ions has also led to improved oxygen sensing [39]. These doped 
structures with dual-emission from ZnS (445 nm) and Mn (590 nm) possessed a 
linear decrease of their fluorescence intensities with increasing oxygen concentra-
tion, which was attributed to a rapid capture of photogenerated carriers as the oxy-
gen was adsorbed causing a temporary deactivation of surface luminescence centers.

Another strategy for modifying II-VI semiconductors included the incorporation 
of small amounts of metals such as Au [40] or Pd [41]. The decoration of ZnS with 
Au nanoparticles, for instance, enhanced response to various gases (including nitro-
gen dioxide, ammonia, ethanol, carbon monoxide, and hydrogen sulfide) at room 
temperature as compared to the equivalent system without nanoparticles decoration 
[40]. The sensitivity of this decorated system was found to be further improved by 
exciting the material with UV light. A similar study on Pd-decorated ZnS nanopar-
ticles also showed significant enhancement to nitrogen dioxide sensing, compared 
to undecorated ZnS, under UV illumination [41]. The following section discusses 
the influence of photoactivation in the gas sensing properties of non-modified and 
modified II-VI semiconductors.

Much research has also focused on studying the gas sensing behavior of modi-
fied II-VI semiconductors that contain heterojunctions between one or more kinds 
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of II-VI semiconductors, for instance, ZnS and CdS. This modified system with 
different molar ratios of Zn/Cd was investigated for sensitivity to gases such as 
ammonia and acetone [42]. Generally, CdS modified with ZnS reported an incre-
ment of the response as the Zn/Cd ratio increased from 0.25 Zn/Cd to 2 Zn/Cd. 
Simultaneously, the modified systems reported a slight decrease of the bandgap of 
CdS, from 2.40 eV (CdS) to 2.38 eV (for 0.75 Zn/Cd) and 2.35 eV (for 1.0 Zn/Cd). 
Figure 7.7 displays a graphical summary of the response to acetone and its correla-
tion with the Zn/Cd ratio in the samples. Other modified II-VI semiconductors with 
heterojunctions include those that incorporate metal oxides [41–49], conductive 
polymers [50], or carbon-based materials [51]. Among them, the use of semicon-
ducting metal oxides, particularly ZnO, to modify the II-VI semiconductor is the 
most popular in the literature. A more detailed discussion of the modification of 
II-VI semiconductors with other semiconducting materials is addressed in Chap. 9.

7.4.3  Thermal and Light Activation

The usual operation for II-VI semiconductors in gas sensor devices is in resistive 
mode activated thermally by external or local heating elements that raise the tem-
perature to hundreds of degrees Celsius (70–300 °C) [4, 7, 11, 16–18, 20–22, 25, 26, 
50, 51]. However, II-VI semiconductors have also been reported to have a resistive 
or optical gas response at room temperature (with or without photoactivation) [3, 6, 
10, 12, 15, 52–55]. The operation at room temperature is mainly related to the phys-
ical adsorption of oxygen molecules at the surface, and frequently the responses 
under this operation mode are low. In contrast, the operation under photoactivation 
usually relates to the formation of photogenerated free electrons that finally 
participate in the chemical interactions at the surface [2]. Previous studies on 

Fig. 7.7 Dependence of the response to acetone as a function of the Zn/Cd ration in ZnS-modified 
CdS films. (Data extracted from reference [42])
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light- (467 nm) activated CdS crystals suggested photo-assisted oxygen adsorption 
[54]. This means that in the presence of light, oxygen is chemisorbed on the surface 
of CdS as negatively charged ions by taking electrons from surface states or the 
conduction band of CdS. These studies also determined a significant influence of 
oxygen adsorption on the photoconductivity, with oxygen reducing the photocon-
ductivity due to effective surface passivation of CdS. In contrast, tests in vacuum or 
argon led to more effective charge separation of the photogenerated electron-hole 
pairs and increased photoconductivity. Figure 7.8 illustrates this behavior in terms 
of energy band bending at the CdS surface.

CdS films also showed photoconductivity changes to other gases, including 
methane, benzene, carbon monoxide, hydrogen sulphide, and ethanol [15, 56]. 
These changes (responses) showed wavelength dependence, suggesting bandgap- 
resonant behavior that maximizes both the photoconductivity (in agreement with 
other works on CdS [59]) and the surface chemical activity. Thus, the maximum 
changes were found for the wavelength (525 nm – green; 2.36 eV), near the band-
gap energy of CdS (2.40 eV), see Fig. 7.9a. Detection of gases by measuring other 
parameters in green light-activated CdS sensors, such as photosensitivity, dark 
resistance, or phase angle, has also demonstrated potential for analytical identifica-
tion of various gases, which include carbon monoxide, hydrogen, ethanol, acetone, 
and methanol [60]. Green light-activated CdS sensors have also been shown to be 
sensitive to nitrogen dioxide, providing not only higher responses than those 
recorded under other wavelength excitations but also faster responses and recovery 
times [3]. It is worth noting that tuning of both parameters, i.e., response and speed 
of response and recovery, depends on the light irradiance, as can be observed in 
Fig. 7.9b. CdS-based sensors were also found to be suitable for operation under 

Fig. 7.8 Electronic energy band gap of CdS nanocrystals (NC). (a) in dark with Ar atmosphere, 
(b) in light with Ar atmosphere, and (c) in light with O2 atmosphere. EF, EFn, and EFp are the Fermi 
level in equilibrium and the quasi-Fermi level of electrons (holes) under illumination, respectively. 
The blue arrow in panel (b) indicates the optical transition of electrons from valence band to con-
duction band upon absorption of photons. The filled and empty blue circles denote the photoex-
cited electrons (holes). Gray arrows indicate the dissociation of excitons after generation by the 
built-in electric field near the surface. The arrows in panel c indicate three possible channels for the 
recombination of electron-hole pairs: (1) recombination from surface trap states to the valence 
band (red); (2) Shockley−Read−Hall recombination (dashed yellow); (3) inter-band recombina-
tion (green). The defect levels that serve as recombination centers are represented by a short purple 
line in panel (c). (Adapted with permission from reference [54]. Copyright 2014: American 
Chemical Society)
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Fig. 7.9 (a) Response of CdS films to various gases as function of the exciting light wavelength 
(adapted with permission from reference [58]. Copyright 2004: AIP Publishing). (b) Response of 
CdS nanoflakes to 5 ppm of NO2 as function of the exciting light wavelength and green light irradi-
ance (adapted with permission from reference [3]. Copyright 2018: Elsevier)

fluorescent lamps and natural solar light, suggesting potential for operating with 
low power consumption sources [3].

Other studies also show that gas-sensitive II-VI semiconductors activated by 
light can be tuned by their modification with second phase constituents. The forma-
tion of interfaces and concomitant band bending has been demonstrated as a funda-
mental step in photo-stimulated chemical sensing. Band bending can reduce the 
electron-hole pair recombination and promote their separation and migration to the 
surface, making it chemically more reactive [2]. For instance, band bending due to 
metal-semiconductor interfaces facilitates the separation of photogenerated charge 
carrier pairs where the photoexcited electrons can be trapped in the metal, while the 
photoexcited holes enrich the semiconductor. This is the main reason for the 
enhancement of photoactivity in metal-semiconductor interfaces. Simultaneously, 
the metal participating in the interface may also provide chemical sensitization to 
the semiconductor [31, 33], as discussed in the previous section. An example in the 
literature of the UV-activated sensing performance of ZnS decorated with Pd dem-
onstrated significant improvements in the ZnS response to nitrogen dioxide [41]. 
The response of ZnS to nitrogen dioxide (1  ppm) registered three times higher 
response values when decorated with Pd nanoparticles and also faster recovery 
time, showing a decrease from 100 s to 80 s, with respect to unmodified ZnS.

Band bending due to semiconductor-semiconductor interfaces can also promote 
the separation of photogenerated charge carrier pairs and make the surface chemi-
cally more reactive. In this interface type, the band alignment and type of conductiv-
ity of each constituent (n- or p-type) influence the charge separation. The literature 
has shown that semiconductor-semiconductor interfaces with a band alignment 
characterized by a staggered gap are usually more advantageous for light activation 
[2], and currently most of the examples in the literature involving II-VI 
semiconductor- semiconductor interfaces usually incorporate ZnO in the system. 
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Generally, these systems have shown improved responses to nitrogen dioxide [43, 
61–64] or ethanol [65, 66].

7.4.4  Stability and Operational Conditions

In practical sensor devices, the operational conditions may also influence the final 
sensing properties of II-VI semiconductors. In particular, the operation of gas sen-
sors in atmospheric ambient imposes the need for gas-sensitive materials that are 
stable not only in the presence of oxygen, but also under thermal and light excita-
tion. Compared to typical gas-sensitive materials based on metal oxides, II-VI semi-
conductors bring certain disadvantages concerning their stability. This is because 
II-VI semiconductors tend to oxidation processes that may change their chemical 
and electronic properties and, in turn, their sensing performance. For instance, ZnS 
has been found to oxidize easily to ZnO upon heating in the open air [67–70]. The 
formation of ZnO is usually reported to occur at temperatures above 400 °C [62–
64]. However, this onset temperature has proved to decrease further, to about 
300 °C, upon downsizing the ZnS particles to sizes between 3 and 5 nm [62, 65]. In 
some study cases, this temperature approaches those employed to activate ZnS’s gas 
sensing response [7, 16]. CdS may also form oxidized phases from Cd-O-S, 
Cd(S2O7), or CdSO4 upon heating in open air at 400  °C.  Other oxidized forms, 
including Cd5S3O6 and Cd3SO6, have also been found at temperatures between 500 
and 600 °C [71]. The oxidation of CdS to CdO has also been shown to occur upon 
heating in air at 400 °C [72]. This phase change, i.e., from CdS to CdO, has shown 
to be disadvantageous in gas sensing as the sensitivity of thermally activated CdO is 
significantly lower compared to that of CdS (Fig. 7.10) [5]. These results suggest 
that the functionality of II-VI semiconductors with high temperature activation may 
not be reliable for practical applications.

Fig. 7.10 Comparative response of CdS and CdO films to 5 ppm of ethanol at 300 °C. (Adapted 
with permission from reference [5]. Copyright 2016: MDPI)
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7.5  Key Metrics of Intrinsic II-VI Semiconductor-Based 
Gas Sensors

Intrinsic II-VI semiconductors in the form of thick or thin films composed of parti-
cles or low-dimensional structures have shown part-per-millions (ppm) sensitivity 
to various gases and vapors. Table 7.2 displays examples of the maximum responses 
registered from the most successful II-VI semiconductor-based sensors reported in 
the literature to specific gases, concentrations, and operating conditions. Overall, 
the responses are in units or tens of magnitude and the speed of response/recovery 
in units or tens of seconds. It is worth noting that both characteristics, i.e., response 

Table 7.2 Major gas responses recorded by II-VI semiconductor films to various gases and vapors

Sem. P M Activation Gas C R tR/tr Ref.

ZnS Resistive MPs T 290 °C Gasoline 100 ppm 25 7 s/5 s [16]
TF T 270 °C Chlorine N/A 1.2 N/A [7]
NPs T 160 °C Hydrogen 

sulphide
50 ppm 18 18 s/12 s [18]

MSfs T 160 °C Ethanol 100 ppm 4.5 2 s/21 s [17]
TF T 373 K LPG 200 ppm 0.16 N/A [10]

SAW TF RT 25 °C Ammonia 20 ppm 1.2 Rf 23 s/148 s [6]
CdS Resistive TF T 300 °C Butanol 5 ppm 90 N/A [25]

NFls T 270 °C Ethanol 1 ppm 1.6 3 s/5 s [4]
ULs T 230 °C Ethanol 100 ppm 20 1 s/ 1 s [52]
Dts T 260 °C Formic acid 50 ppm 30 19 s/26 s [20]
NFls T 230 °C Isopropanol 5 ppm 6 N/A [11]
LLSs T 210 °C Isopropanol 100 ppm 63 6 s/15 s [21]
MNPs T 180 °C Nitric oxide 1 ppm 9 13 s/37 s [26]
NPs T 70 °C Nitrogen dioxide 20 ppm 273 N/A [22]
TF T 38 °C Nitrogen dioxide 100 ppm 1.4 50 s/720 s [9]
TF T20°C LPG 1000 ppm 0.7 N/A [12]
NPs GL N/A Methane 2500 ppm 3.5 N/A [15]
NCs BL 19 mW/

cm2

Oxygen 10% 35 5 s/N/A [54]

NFls GL 21 W/m2 Nitrogen dioxide 5 ppm 1.9 44 s/113 s [3]
CdSe Resistive TF T 277 °C Carbon dioxide 1000 ppm 0.23 N/A [53]

TF RT N/A Ethanol N/A 40 N/A [55]
MPs XL 350 W Ethanol 200 ppm 3.8 N/A [56]

CdTe SAW TF RT N/A Carbon monoxide N/A 25 Rf N/A [57]

Mat Material; P Principle; C Concentration; T Temperature; RT room temperature; Rf Response in 
Kilo Hertz (KHz); GL Green light BL Blue light; XL Xenon lamp (visible light); R response defined as 
Ra/Rg for reducing gases and Rg/Ra for oxidizing gases; N/A data not available; NFls nanoflakes; 
LLSs Leaf-like structures; TF Thin film; NCs Nanocrystals; Dts Dendrites; MPs Mesoporous struc-
ture; MSfs Microspheres; NPs Nanoparticles; MNPs Micro/nanoparticles; ULs Urchin-like struc-
tures; LPG Liquefied petroleum gas
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and speed of response/recovery, depend directly on the gas and concentration. Most 
of the gas-sensitive II-VI semiconductors in the literature report resistive operation 
mode and thermal stimulation at temperatures above 70 and below 300 °C. However, 
operation at room temperature with or without light stimulation has also proved 
feasible, as noticed in Table 7.2.

The evaluation of the middle/long-term stability of these responses under con-
trolled ambient suggested relatively good stability of II-VI semiconductors such 
CdS and ZnS for periods of 20 to 110 days. For instance, the response of CdS nano-
flakes to 200 ppm isopropanol was found to be stable, with slight change from a 
response of 76 to response of 71 over a period of 20 days [11]. However, other 
reports on CdS sensitivity to NO2 observed the need for an aging period (~20 days) 
before the response entered a stable period [9]. Further tests on CdS-based sensors 
demonstrated even more extended periods of stability, from 42 days to 60 days, 
when exposed to gases such as ethanol [5], and several VOCs [4], and LPG [12]. 
Tests of ZnS exposed to LPG also suggested good stability operating at room tem-
perature over a period of 30 days [10]. CdS nanoflakes operating under green light 
also showed long periods of nitrogen dioxide response stability with a loss of the 
response of only 10% in a period of 110 days [3].

An account of the sensitivity (i.e., the response variation as a function of a change 
in a gas concentration) of II-VI semiconductors in the literature is complex as only 
a few works report this characteristic. Nevertheless, an estimation of the sensitivity 
from the calibration curves recorded in different works may provide an indication of 
the metrics of this parameter. The fact is that calibration curves for intrinsic II-VI 
semiconductor films are limited, and the available curves refer preferentially to 
CdS-based sensors. This could be related to the significant number of literature 
reports on CdS gas sensing. Alternatively, it could be connected to the fact that the 
sensitivity of intrinsic II-VI semiconductor films is relatively low and, consequently, 
has not reported significant response changes to gas concentration variations.

Indeed, the metrics of sensitivity from the available data for II-VI semiconductor- 
based sensors report values of only tenths of % ppm−1 to gases such as ethanol [10], 
isopropanol [4], isopropanol [21], or nitrogen dioxide [9] in concentrations between 
1 and 100 ppm. Among the most representative sensitivity metrics for intrinsic CdS 
films, one can find those recorded for sensors based on CdS with flake-like mor-
phology. These types of sensors reported sensitivity to low concentrations of isopro-
panol (0.5–5 ppm) in the order of various tens % ppm−1 under thermal stimulation 
(275 °C) [11]. Similarly, CdS films with flake-like morphology registered tens % 
ppm−1 to nitrogen dioxide (0.02–5 ppm) under light excitation [3]. Figure 7.11 dis-
plays a graphical view of the representative sensitivity metrics for CdS. Note that 
these data only refer to intrinsic CdS films. The modification of intrinsic II-VI by 
tuning the morphology from films to 1D structures (e.g., rods) and/or by incorporat-
ing catalyst on their surface may certainly improve these metrics. A selected exam-
ple of the sensitivity metric of light-activated intrinsic ZnS nanorods indicates that 
its sensitivity to nitrogen dioxide (1–5 ppm) can reach a value of 93% ppm−1 and 
increase further to 306% ppm−1 by decorating the ZnS nanorods with Pd nanopar-
ticles [41].
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Fig. 7.11 Estimation of the sensitivity of CdS flakes and particles as reported in references [3, 11]

Another crucial metric in gas sensors is the sensor’s selectivity or ability to iden-
tify (discriminate) a particular analyte in a complex mixture, avoiding interfering 
responses from other analytes. Literature reports usually analyze this characteristic 
through comparative studies of responses to selected analytes so that the degree of 
cross-response is determined. Table 7.3 summarizes the cross-responses reported to 
selected gases for various intrinsic II-VI semiconductors.

The bottom and top of the table display the type of II-VI semiconductor, activa-
tion type, and gas concentrations annotated in each reference. The color codes from 
blue to red and numbers from 1 to 10 along each column show the response to each 
gas analyte and its load in percentage for the highest response (colored in red and 
labelled as 10). Thus, for instance, the first column of Table 7.3 indicates that ZnS 
particles respond preferentially to Cl2 (red 10) [7]. However, they may experience 
high interferences from CO2 (light-green 6), H2S (light-green 6), and H2 (green 5), 
but only moderate interference from LPG (turquoise 2), NH3 (light-blue 1), and 
ethanol (light-blue 1). Similarly, other ZnS systems suggest better selectivity to 
ethanol (among methanol, dichloromethane, and benzene) [17] or ammonia (among 
ethanol, hydrogen, carbon monoxide, hydrogen sulphide, and nitrogen dioxide) [6]. 
The modification of ZnS by doping its structure with Ni and decorating it with Au 
nanoparticles indicates improving the formaldehyde response [38]. However, the 
selectivity for both systems (i.e., non-modified and modified) is relatively low as the 
response of these systems presents high interferences from ethanol, ammonia, or 
toluene. CdS have also shown selective responses to reducing gases such as ethanol 
[4, 19], isopropanol [11], and n-butanol [5] with a moderate probability of interfer-
ences among them. In addition, CdS systems have also reported high responses to 
nitrogen dioxides (NOx) [3, 9, 26] with apparently negligible interferences from 
other gas responses (e.g., ethanol, ammonia, hydrogen, or carbon monoxide). 
Overall, II-VI semiconductors’ selectivity is partial and relative to the set of inter-
fering gases, as for other gas-sensitive materials (e.g., metal oxides).
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Table 7.3 Cross-responses to different gases and vapors recorded using II-VI semiconductors. 
The color codes and numbers in each column of the table represent the load of response for the 
referenced material towards the same gas concentration of various tested analytes

RT room temperature; Vconc. cross response to gases with different concentrations; Ps Particles; 
MSfs Microspheres; MuSs Mucosal-like structures; NSfs Nanospheres; NFls nanoflakes; UcSs 
Urchin-like structures; MPs Microparticles; TFs Thin films; LSs Leaf-like structures; PW Powder; 
NR Not reported
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7.6  Conclusions

This chapter focused on the fabrication processes, synthetic routes, and gas sensing 
properties of II-VI semiconducting films. The discussion addressed the most com-
mon factors influencing II-VI semiconductors’ gas sensing properties, including 
morphology tuning, surface modification, and thermal/photoactivation. The survey 
showed that ZnS and CdS are the main II-VI semiconducting compounds in gas 
sensing and usually integrated into sensors as thin layers containing spherical-like 
particles or other hierarchical structures in the form of flakes or dendrites. These 
low-dimensional or hierarchical structures reported superior gas responses than tra-
ditional spherical-like particles. The literature, however, evidences a limited amount 
of information regarding essential functional characteristics, e.g., sensitivity, selec-
tivity, and humidity interference, that allow for a more realistic appraisal of II-VI 
semiconductor’s gas sensing performance. Overall, future research on gas-sensitive 
II-VI semiconducting films needs to deepen into the stability of these materials 
under thermal operation. Further research on the advantages of photoactivation, 
given the promising prospects of II-VI semiconductors in photosensitive devices, is 
also essential. The surface modification of II-VI semiconductors and the availability 
of methods that allow for their integration in multisensory is another topic that 
deserves attention. Thus, the response of these systems may be part of multivariable 
analysis and pattern recognition algorithms that are eventually essential to boost 
selectivity in chemical sensors.
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Chapter 8
Nanocomposite and Hybrid-Based Electric 
and Electronic Gas Sensors

Roman B. Vasiliev, Artem S. Chizhov, and Marina N. Rumyantseva

8.1  Introduction

Resistive semiconductor gas sensors are used in various fields, including air quality 
monitoring, medical diagnostics, detection of toxic, flammable and explosive gases, 
control in the food industry, monitoring of technological processes, etc. The advan-
tages of resistive semiconductor gas sensors include low cost, high sensitivity, a 
wide range of detectable components, miniaturization, and the ability to integrate 
into information networks. The physical principles of operation of semiconductor 
gas sensors are based on the high sensitivity of the semiconductor surface to the 
composition of the surrounding atmosphere. Chemisorption of molecules from the 
gas phase and chemical reactions on the surface lead to significant changes in the 
band structure in a narrow near-surface layer, the formation of energy barriers at the 
solid–gas interface, which affects the values of the work function and surface con-
ductivity of semiconductor materials.

By analogy with the Schottky barrier at the metal–semiconductor interface, the 
value of the barrier on the semiconductor surface can be represented as

 
V X ss ,� � �� �� �

 
(8.1)

where φs represents the electron work function for surface state, φ the thermoelec-
tric work function of semiconductor, and Χ the chemical parameter depending on 
the nature of the semiconductor. Parameter Χ is defined as the coefficient of the 
linear dependence connecting Vs and φs, and can be interpreted as a manifestation of 
the sensitivity of the electrophysical properties of a semiconductor to the state of its 
surface. The dependence of the parameter Χ on the difference of Pauling 
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electronegativity Δχ of anion and cation forming a semiconductor has an S-shaped 
form [1]. The observed increase of parameter Χ at Δχ = 0.8 corresponds to the tran-
sition from more covalent (Si, Ge, GaAs) to more ionic (ZnO, SnO2) compounds. 
Thus, materials with a predominantly ionic bond type have the greatest sensitivity 
to changes in the concentration of molecules adsorbed on the surface and, conse-
quently, to changes in the composition of the gas phase. This determines the most 
frequent use of semiconductor metal oxides as materials for gas sensors. Group of 
II-VI semiconductors, including cadmium and zinc chalcogenides, is inferior in 
value of parameter X compared to semiconductor metal oxides; however, due to the 
smaller band gap and lower work function, it is characterized by higher electrical 
conductivity and optical absorption in the visible range, which can provide addi-
tional advantages when creating gas sensors.

The modern approach in the field of semiconductor materials to meet the current 
requirements for resistive sensors is based on hybrids or composites that combine 
two or more separate components at the nanometer or molecular level to achieve 
new and/or improved sensor properties [2]. The improved sensitivity characteristics 
of such materials are due to many factors, including electronic effects (band bend-
ing due to Fermi level equilibration, charge carrier separation, depletion layer 
manipulation, increased interfacial potential barrier energy), chemical effects 
(reduced activation energy, specific catalytic activity, synergistic surface reactions), 
and geometric effects (grain refinement, increase in specific surface area, increase 
in gas accessibility) [3].This chapter will consider the methods for the synthesis of 
II-VI semiconductors in the nanocrystalline state, methods for the formation of 
nanocomposites containing II-VI semiconductors, and also analyze the sensor prop-
erties of these composites depending on the type of their components.

8.2  Recent Approaches to the Synthesis of Nanoparticles 
of II-VI Semiconductors

Synthesis in colloidal systems allows not only to obtain a wide range of II-VI semi-
conductors nanoparticles with controlled sizes and shapes but also to minimize their 
particle size distribution. In general, the methods of nanoparticles synthesis in col-
loidal systems follow the idea of the sol formation by the rapid interaction of 
reagents at high temperatures in an organic medium. The “hot injection” method 
was developed on the basis of first works [4–10] on the synthesis of CdS nanopar-
ticles in tributylphosphine and tributylphosphine oxide at high temperatures up to 
300 °C. Subsequently, the method was further modified for the synthesis of all cad-
mium chalcogenides [11].

Typical hot injection protocols involve rapid injection of anionic and cationic 
precursors into a non-polar solvent containing a nanoparticle stabilizer heated to 
high temperatures [12]. For colloidal synthesis of II-VI semiconductor nanoparti-
cles, alkyl derivatives of cadmium or zinc, oxides of these elements and their organic 

R. B. Vasiliev et al.



203

salts can be used as cationic precursors. Cadmium oxide CdO [13–21], cadmium 
acetate Cd(Ac)2 [22, 23], dimethyl cadmium (CH3)2Cd [24–29], etc., have been 
described as cadmium precursors. Phosphine chalcogenides [17–29] or trimethylsi-
lyl chalcogenides [11] are usually used as anionic precursors. Another convenient 
and highly effective variant of anionic chalcogen precursors are solutions of ele-
mental chalcogens (sulfur or selenium) in octadecene [30–35]. The activation by 
primary amines of the interaction of anionic precursors with zinc carboxylates or 
diethyl zinc in the preparation of ZnSe nanoparticles is shown in Refs. [36–39], 
which made it possible to obtain high-quality nanoparticles at temperatures of 
300–320 °C.

Non-injection methods, which exclude the stage of rapid injection and, as a rule, 
consist in heating a solution containing both anionic and cationic precursors, also 
have been proposed [40]. After the first publication [41], high-quality CdS, CdSe, 
and CdTe nanoparticles [42–45], as well as ZnS, ZnSe, and ZnTe [46–48] were 
obtained by this method. Cadmium carboxylates are used as a cationic precursor, 
and solutions of elementary chalcogens in octadecene are used as an anionic precur-
sor. Thiols are also used as an anionic precursor for the synthesis of sulfides [49, 
50]. A number of high-quality cadmium chalcogenide nanoparticles in the form of 
anisotropic nanorods and their derivatives were obtained using specific ligands – 
alkylphosphonic acids, which change the growth rate of various facets as a result of 
specific adsorption [51].

The synthesis of nanoparticles consisting of domains of dissimilar materials is 
associated with the formation of an interface between materials differing in chemi-
cal nature and crystal structure. The growth of such nanoparticles requires heteroge-
neous nucleation of a new phase that differs from the homogeneous nucleation 
discussed above. The synthesis strategy using heterogeneous nucleation consists in 
the growth of the second component on the preformed nuclei of the first material 
[34, 52–56]. Formation of the shell by sequential adsorption and reaction of cationic 
and anionic layers (Successive Ionic Layer Adsorption and Reaction, SILAR) is 
another variant of the strategy for the synthesis of multicomponent nanoparticles of 
the “core/shell” type [57–60].

Another common approach for the synthesis of II-VI semiconductor nanoparti-
cles is the use of hydrothermal or solvothermal synthesis. Under conditions of high 
temperature and high pressure, the role of the liquid phase increases significantly 
since it simultaneously performs various functions: a medium that transmits kinetic 
and thermal energy, pressure, and so on; an adsorbate characterized by specific 
adsorption/desorption parameters on various crystallographic faces of the forming 
solid phase; a solvent that determines the dissolution/precipitation of reagents and 
the resulting products; and a reagent participating in a chemical reaction that results 
in the formation of the target product [61]. By this reason hydrothermal/solvother-
mal techniques are ideal for the processing of very fine particles characterized by 
high purity, controlled stoichiometry, high quality, narrow particle size distribution, 
controlled morphology, uniformity, high crystallinity, excellent reproducibility, 
controlled microstructure, high reactivity/sinterability, and so on [61].
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CdS nanoparticles [62, 63], ZnS and ZnSe microspheres [64, 65], CdSe nanorods 
[66], and CdS nanowires [67–69] were obtained using hydrothermal/solvothermal 
synthesis. Soluble salts are used as metal precursors – chlorides, acetates, zinc and 
cadmium nitrates, thiourea SC(NH2)2, or thiourea dioxide O2SC(NH2)2 act as a 
source of sulfur. To obtain selenides, Se(IV) in the form of SeO2 or Na2SeO2 and 
ethylenediamine or triethylenetetramine, simultaneously acting as a reducing agent 
and a complexing agent, are introduced into the reaction mixture. To obtain ZnTe 
layers on the surface of ZnO nanorods [70], Te layers were obtained on the surface 
of ZnO nanorods during the reduction of Na2TeO3 by NaBH4 under hydrothermal 
conditions, and the subsequent formation of ZnTe layers occurred during annealing 
of the obtained structures in an inert Ar atmosphere at 350 °C. Y.-C. Liang et al. [71] 
applied the method of sacrificial template sulfidation under hydrothermal condi-
tions to form ZnS nanorods using ZnO as sacrificial layer.

The synthesis methods of II-VI semiconductor nanoparticles from the liquid 
phase without the use of high temperatures and pressures are chemical precipitation 
in aqueous media, chemical bath deposition, and sonochemical synthesis. These 
methods are applicable for the synthesis of CdS and ZnS nanoparticles [72–79]. 
Soluble zinc and cadmium salts are used as metal precursors. Thiourea SC(NH2)2, 
thioacetamide CH3CSNH2, or soluble thiosulfates commonly serve as sources of 
S2− ions [80]. The amount of chalcogenide precursor added to the solution will pri-
marily determine the concentration of the free chalcogenide ion. So, one of the ways 
to slow down (and therefore to control) the rate of solid phase formation is to reduce 
the starting concentration of the chalcogenide source. In cases of chemical precipi-
tation in aqueous media and chemical bath deposition, a complexing agent often is 
added (triethanolamine, for example), as an additional tool of controlling the rate of 
formation of the solid. Typically, these complexants supply ligands for the metal, 
and the greater their affinity for the metal relative to that of the chalcogenide, the 
more the complexant helps slow down the reactions that lead to formation of the 
solid phase [80]. It was demonstrated that generally the particle size distribution for 
nanoparticles is narrower for sonocrystallization than for other comparable synthe-
sis methods [77]. In the sonochemical synthesis, heating by cavitation and bubble 
implosion provides a potential route to high-temperature reactions from a liquid 
phase. Moreover, cavitation is responsible for the mixed phase reactions, emulsifi-
cation, and extraction in a liquid–liquid heterogeneous system and it increases the 
surface area and the mass transfer between two phases. This behavior leads to the 
enhancement of diffusion coefficient on the interface mixing better than conven-
tional agitation [78]. Variation of chalcogen precursors in combination with ultra-
sonic treatment allowed to obtain CdS nanoparticles in the form of nanospheres 
(thiourea precursor) and in the form of nanorods (thioacetamide precursor). The 
formation mechanism of these nanocrystals is connected with the sonochemical 
effect of ultrasonic irradiation [76].

When creating gas-sensitive nanocomposites, especially when synthesizing 
directly on substrates that provide sensor response reading, methods of synthesis 
from the gas phase have certain advantages. As examples, one can consider 

R. B. Vasiliev et al.



205

formation of CdTe quantum dots on the surface of MoS2 nanowires [81] using RF 
magnetron sputtering, as well as CdTe nanoparticles on ZnO coated porous Si sub-
strates [82]. In both cases, targets compressed from CdTe powders were used.

A common method of synthesizing II-VI semiconductor nanowires from the gas 
phase is thermal evaporation inside a horizontal tube furnace. In this case, Au 
assisted nanowires growth occurs by vapor-liquid-solid (VLS) mechanism. In this 
way CdS, ZnS, CdSe, ZnSe nanowires were obtained [83–90].

8.3  Synthesis of II-VI Semiconductor–Based  
Nanocomposites

Let us consider the main techniques that allow obtaining II-VI semiconductor 
nanoparticles directly on the surface of a metal oxide matrix. In the SILAR method, 
a metal oxide substrate is immersed sequentially in a solution containing a source of 
metal ions and in a solution containing a source of chalcogenide ions. Between 
dives, the substrate is washed with a solvent to remove excess precursors from the 
surface and leave a monolayer of adsorbed ions. Thus, the formation of metal chal-
cogenide occurs in a layer of adsorbed ions and after several cycles of immersion, 
island particles of several nanometers appear on the surface of the metal oxide [60, 
79, 91, 92]. In the chemical bath deposition method, metal precursors and chalco-
genide ions present in the same solution, in which a metal oxide substrate is also 
placed. When maintaining a low supersaturation, the formation of II-VI semicon-
ductor nanoparticles occurs by the mechanism of heterogeneous nucleation on the 
surface of a metal oxide substrate [74, 93, 94]. The formation of chalcogenide 
nanoparticles from the liquid phase on the surface of pre-synthesized oxides can be 
realized under ultrasonic irradiation [75] or by impregnation with a solution of a 
suitable precursor followed by its thermal decomposition in an inert atmosphere [95].

Nanocomposites containing different oxides CeO2 [67], CuO [68], ZnO [69, 70], 
SnO2 [64], In2O3 [65], chalcogenides CdS [67–69], ZnS [65], ZnSe [64], and ZnTe 
[70] were obtained by solvothermal/hydrothermal synthesis. Basically, these meth-
ods are used for the formation of oxide nanoparticles on the surface of pre- 
synthesized chalcogenides; however, N.-M. Hieu et al. [70] formed ZnTe layer on 
the ZnO surface through the deposition of Te layer under reduction in hydrothermal 
conditions followed by annealing in an inert atmosphere.

Synthesis of nanocomposites formed by oxide and chalcogenide of the same 
metal CdS/CdO, ZnSe/ZnO, and ZnS/ZnO can be effectuated by thermal oxidation 
of chalcogenides in an oxygen-containing atmosphere [62, 96] or, conversely, 
through gas-phase (using hydrogen sulfide) or liquid-phase (using thioacetamide 
CH3CSNH2 [97] or Na2S [98] in solvothermal conditions) sulfidation. The authors 
of [90] synthesized ZnS-core/ZnO-shell nanowires in which ZnS nanowires were 
obtained by VLS method, and the ZnO shell was formed by atomic layer deposition 
(ALD) using diethylzinc and H2O as reagents.
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Immobilization of preformed II-VI semiconductor nanoparticles on the surface 
of metal oxides can be carried out by various methods. In the direct adsorption 
method, the metal oxide matrix is immersed in II-VI semiconductor nanoparticles 
sols and kept for some time. In this case, the adsorption of II-VI semiconductor 
nanoparticles occurs on the surface of metal oxide [34, 35, 99]. The kinetics of this 
process was investigated in [6]. Two processes occur in parallel on the metal sur-
face: the formation of a submonolayer of nanoparticles (the kinetics of this process 
is described by the pseudo-first order Langmuir equation) and the formation of 
aggregates of nanoparticles.

Another way is to “sew” II-VI semiconductor nanoparticles to the metal oxide 
surface using bifunctional molecules (linkers), one functional group of which has a 
pronounced affinity for the AIIBVI material and the other to the metal oxide surface. 
Such linker molecules can be different mercaptocarboxylic acids: 2- or 
3- mercaptopropionic acid (MPA), 6-mercaptohexanoic acid (MHA), and 
11- mercaptoundecanoic acid (MUA) [33, 100]. The thiol group (SH) of mercapto-
carboxylic acids passivates the surface of II-VI semiconductor nanoparticles and 
ensure their binding to linker molecules. The carboxyl group (COOH) of mercapto-
carboxylic acids provides sol stability in water, avoids nanoparticles aggregation, 
and binds to the metal ions at the metal oxide surfaces. When using this method of 
immobilization, it is possible to achieve a stronger bond of II-VI semiconductor 
nanoparticles with the oxide surface and their higher surface concentration com-
pared with the method of direct adsorption.

Spin coating method was used to immobilize metal oxide nanoparticles on the 
surface of II-VI semiconductors. Thus, preformed suspensions of CuO and In2O3 
nanoparticles were deposited on substrates with ZnS nanowires arrays synthesized 
by VLS method [84, 85].

Finally, heterostructures, including metal oxides and II-VI semiconductor  
layers, can be obtained using sputtering techniques. In this case, metal oxide layers 
are synthesized by reactive magnetron sputtering of metals, and chalcogenide  
layers are formed by RF sputtering from targets of the corresponding metal 
 chalcogenide [82].

Similar approaches can be applied to obtain nanocomposites based on II-VI 
semiconductors and carbon compounds or layered chalcogenides. Thus, CdS/rGO 
nanocomposites were synthesized by photochemical reduction of suspensions con-
taining colloidal CdS and GO nanoparticles [72] and rGO/MoS2/CdS nanocompos-
ites were obtained as a result of solvothermal synthesis of CdS nanoparticles on the 
surface of rGO/MoS2 composites [63]. The SILAR method made it possible to 
obtain ZnS nanoparticles on the surface of WS2 nanosheets [73]. CdTe/MoS2 het-
erostructures have been synthesized by a combination of various sputtering tech-
niques [81].
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8.4  Gas Sensors Based on II-VI Semiconductors/Metal 
Oxide Nanocomposites

The creation of nanocomposites is one of the approaches that can significantly 
improve the sensor characteristics (primarily sensitivity and selectivity, but in some 
cases also power consumption) of a combined sensitive material compared to its 
constituent individual components. This can be realized by one or a combination of 
typical methods, which are classified as follows [2]: (i) catalytic reactions between 
the target gas and catalyst nanoparticles (usually platinum group metal, Au, Ag) 
deposited on the matrix of a semiconductor material (sensor characteristics are 
determined by processes occurring on the surface of the sensitive material); (ii) fast 
charge transfer between materials forming a nanocomposite (implemented on the 
interface with the participation of carbon-based materials); (iii) regulation of charge 
carrier transfer in conductive/semiconductive materials when interacting with the 
target gas (sensor characteristics are determined by processes at the interface and 
structural characteristics of components); (iv) creation of n – n, p – n, p – p, and 
p – n – p heterojunctions between different semiconductor materials (sensor charac-
teristics are determined by processes on the interface); and (v) filtration/concentra-
tion of the target gas by creating molecular sieving/binding layers for selective gas 
detection (sensor characteristics are determined by the processes on the surface and 
structural characteristics of components).

The advantages of the gas sensors based on nanocomposites with heterojunc-
tions, including II-VI semiconductors, can be summarized as follows: (i) higher 
sensitivity due to manipulation of the energy barrier formed due to band bending of 
contacting semiconductors; (ii) specific sensitivity to certain gases; (iii) reduced 
sensitivity to interfering gases, e.g., humidity; and (iv) shifting the optical sensitiv-
ity of wide-band gap semiconductor metal oxides to the long-wavelength region to 
create sensors operating at room temperature under visible light activation.

8.4.1  Sensor Properties of II-VI Semiconductors/Metal Oxide 
Nanocomposites Under Thermal Activation

Manipulation of the energy barrier formed at interface between different semicon-
ductors is the main factor determining the increased sensitivity of II-VI semicon-
ductors/metal oxide nanocomposites under thermal activation. In the contact area of 
different semiconductors, the band bending occurs along with the formation of elec-
tron depleted region due to various work functions. Accordingly, an internal electric 
field is formed at the interface, which is determined by the difference in work func-
tions of contacting materials. Due to the exponential dependence of the electrical 
conductivity on the height of the formed potential barrier, even a small change in the 
latter causes a significant change in conductivity, which leads to a high sensitivity 
of nanocomposites when detecting various gases (Table 8.1). Jaiswal et al. [82] have 
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grown p-CdTe and n-ZnO nanostructured thin films on the porous silicon (PSi) 
substrates using a scalable magnetron sputtering technique. The work function dif-
ference (~1.0 eV) between p-CdTe (5.5 eV) and n-ZnO (4.5 eV) provided a high 
specific sensitivity to NO2 (Fig. 8.1) compared to reducing gases NH3, H2, CO, H2S, 
and ethanol C2H5OH at 90 °C and signal independence from humidity changes in a 
wide range of relative humidity (5% to 90%).

Similarly, the enhanced sensing performance of the p-CuO decorated n-ZnS 
nanowires in NO2 detection was explained by electronic sensitization mechanism 
[84]. The change in the height of the potential barrier at the p-CuO/n-ZnS interface 
makes an additional contribution to the change in the resistance of the sensitive 
material when interacting with the electron acceptor gas that provides increased 
sensitivity to NO2 compared to reducing gases H2, NH3, H2S, CH4, and CO.

A selective increase in sensitivity to NO2 compared with reducing gases metha-
nol, ethanol, acetone, benzene, NH3, and formaldehyde at measurement tempera-
ture of 140 °C was demonstrated for p-NiO@p-ZnSe nanocomposites obtained by 
W. Liu et al. as a result of hydrothermal synthesis of NiO nanoparticles on the sur-
face of commercial ZnSe [101]. During the formation of a p  – p heterocontact 
between NiO nanoparticles and ZnSe flakes, electrons are transferred from the ZnSe 
conduction band to NiO, while holes are transferred in the opposite direction from 
the NiO valence band to ZnSe (Fig. 8.2). This leads to the formation of a hole accu-
mulation layer on the ZnSe surface and a hole depletion layer in the NiO. Since the 
resistance of the sensor is mainly determined by ZnSe, and its hole concentration 
turns out to be increased, the resistance of p-NiO@p-ZnSe nanocomposites turns 
out to be less than the resistance of ZnSe. When the nanocomposite interacts with 

Fig. 8.1 The schematic diagram of the NO2 gas sensing mechanism of the CdTe/ZnO@PSi nano-
structured thin film sensor in dry air (a) and in the presence of NO2 (b). (Reprinted with permission 
from [82]. Copyright 2021: Elsevier)
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Fig. 8.2 Schematic view of energy band diagram and charge transfer (a); gas adsorption model 
(b). (Reprinted with permission from [101]. Copyright 2021: Elsevier)

nitrogen dioxide, NO2 molecules are adsorbed on the surface with electron capture 
to form NO2

−. This results in the increase in the length of the hole accumulation 
layer in ZnSe and causes a change in the height of the barrier at the p–p interface, 
which provides an increase in the sensitivity of p-NiO@p-ZnSe nanocomposites 
compared to pristine ZnSe.

Sun et al. [62] obtained CdO@CdS nanocomposites by solvothermal synthesis 
of CdS nanoparticles followed by the formation of a CdO layer by thermal oxida-
tion. Additionally, the resulting composite was decorated with rGO nanoparticles. 
The authors explain the increased sensitivity of the obtained material to NO2 at 
125 °C by two reasons: the formation of an n-n heterojunction and the decoration of 
rGO (Fig. 8.3). During the formation of the n-CdO/n-CdS heterocontact, electrons 
flow from seniconductor with smaller work function (CdS) to semiconductor with 
larger work function (CdO) until the Fermi level is equalized. Consequently, a layer 
of electron depletion and electron accumulation, respectively, are formed at the 
interface between CdS and CdO. Considering that the CdO layer is in direct contact 
with the target NO2 gas, which is an electron acceptor, the formation of the accumu-
lation layer stimulates the adsorption of NO2 and provides a more significant 
increase in the resistance of the composite compared to pristine CdS. Additional 
decoration of the CdO@CdS composite with rGO nanoparticles gives the material 
with a larger specific surface area and forms additional defects that can act as 
adsorption sites, and also accelerates electron transfer during the reaction on the 
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Fig. 8.3 The structures of energy band and change of depletion layer in gas sensing process for 
CdS/CdO/rGO composite in air (a) and in NO2 (b). (Reprinted with permission from [62]. 
Copyright 2019: Elsevier)

nanocomposite surface, which favorably affects the adsorption/desorption of NO2 
resulting in higher sensitivity.

The same situation is realized in nanocomposites ZnSe-core/SnO2-shell micro-
spheres [64] and ZnO@ZnSe nanoflakes [96]. ZnSe-core/SnO2-shell microspheres 
were obtained as a result of two-step hydrothermal synthesis, and ZnO@ZnSe 
nanoflakes were formed as a result of thermal oxidation of commercial ZnSe nano-
flakes. In both cases, the increased sensitivity of these materials to NO2 in compari-
son with reducing gases was demonstrated. Since ZnSe work function (∼4.09 eV) 
is less than ZnO or SnO2 work function (∼4.7–4.9 eV), the electrons would transfer 
from ZnSe to the metal oxide. Due to formation of the electron accumulation layer 
in ZnO or SnO2 nanocrystals, they can attract more NO2, resulting in the enhanced 
sensor response.

As for reducing gases, the detection of which is based on a change in the resis-
tance of the sensitive material as a result of the oxidation of target gases with che-
misorbed oxygen, the formation of a heterocontact increases sensitivity, but does 
not increase selectivity if none of the components of the composite enters into a 
specific interaction with a certain gas. Thus, K.-K. Kim et al. [85] studied the sensor 
properties of ZnS nanowires obtained by VLS method and decorated with In2O3 
nanoparticles formed by hydrothermal route when detecting various volatile organic 
compounds (VOCs): methanol, ethanol, acetone, formaldehyde, and benzene. 
Nanocomposites In2O3@ZnS demonstrated the maximum response at 300 °C when 
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detecting ethanol; however, decoration with In2O3 particles increases the response 
of ZnS to all the VOCs considered approximately equally. This is consistent with 
the mechanism proposed by the authors for the sensor response formation based on 
a change in the width of the conducting channel in ZnS nanowires (Fig. 8.4). At the 
same time, the overall increase in sensitivity to reducing gases is due to the increased 
concentration of chemisorbed oxygen on the surface of In2O3 nanoparticles. Electron 
transfer from ZnS with a smaller work function to In2O3 with a larger work function 
stimulates the chemisorption of oxygen, which acts as an oxidant in VOCs conver-
sion reactions on the surface of semiconductors. Nanocomposites containing In2O3 
and ZnS also have been studied in Refs. [65, 102]. Q. Chen et al. [65] synthesized 
In2O3@ZnS composite microspheres by two-step hydrothermal process, and P. He 
et  al. [102] obtained ZnS@In2O3nanocomposites as ZnS modified hollow In2O3 
microspheres and ZnS-shell/In2O3-core structures in one-step hydrothermal synthe-
sis. A large proportion of ZnS in ZnS/In2O3 nanocomposites provides high sensitiv-
ity to alcohols – ethanol [65] and n-butanol [102]. On the contrary, in the case when 
the predominant component is In2O3, a specific sensitivity to n-butylamine at 300 °C 
was observed. The authors of [102] do not discuss the reason for the anti-bate char-
acter of the change in the sensitivity of ZnS/In2O3 nanocomposites depending on the 
ZnS:In2O3 molar ratio. It can be assumed that since In3+ is a stronger Lewis acid than 
Zn2+, ZnS/In2O3 nanocomposites, in which the electron percolation way is realized 
through In2O3 phase, have a greater response to n-butylamine having pronounced 
basic properties. An increase in the surface coating with ZnS nanoparticles leads to 
the formation of an electron percolation way through ZnS phase that leads to a 
decrease in the sensor response to n-butylamine.

An increase in the response to different VOCs (n-butanol, ethanol, acetone, 
methanol, and ether) after sonochemical formation of ZnS shell on the surface of 
ZnO microrods obtained under hydrothermal conditions was observed by W. Zhang 
et al. [98]. Electron transfer from ZnS to ZnO in combination (Fig. 8.5) with the 
porous structure of ZnS shell provides an increased concentration of chemisorbed 
oxygen on the surface of ZnO that causes an increased sensitivity of ZnO-core/ZnS- 
shell nanocomposites to reducing gases. At the same time, the authors note that 
compared to pure ZnO, the response is increased as 4.1 times to n-butanol, 3.1 times 
to ethanol, 1.9 times to acetone, 2.4 times to methanol, and 1.4 times to ether, 

Fig. 8.4 Schematic images of ZnS nanowire decorated with In2O3 nanoparticles when it is exposed 
to (a) air and (b) ethanol. (Reprinted with permission from [85]. Copyright 2017: Elsevier)
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Fig. 8.5 Energy band structure ZnO-core/ZnS-shell nanocomposites. (Reprinted with permission 
from [98]. Copyright 2015: RSC)

respectively, but do not offer any explanation for the observed specific increase in 
response to alcohols. High sensitivity to ethanol has been also demonstrated by 
X.-L.  Yu et  al. [97] for ZnO-core/ZnS-shell hollow nanocages synthesized via 
hydrothermal route combined with subsequent etching treatment and liquid phase 
sulfidation.

Nanocomposites containing TiO2 should be discussed separately. Y.-C.  Liang 
et al. [71] synthesized TiO2-core/ZnS-shell composite nanorods using ZnO as a sac-
rificial shell layer in a hydrothermal reaction. A.M. Laera et al. [95] obtained ZnS@
TiO2 nanocomposite films via impregnation of porous titania with unimolecular 
zinc bis(benzyl)thiol precursor with subsequent thermolysis. In both cases, it was 
shown that nanocomposites exhibit increased sensitivity to oxidizing (NO2 [71]) 
and reducing (ethanol [95]) gases compared to unmodified TiO2. The authors do not 
discuss the formation of a heterocontact and the transfer of electrons between semi-
conductors forming a composite. But considering that TiO2 is characterized by 
exceptionally high resistance, it can be assumed that its modification with ZnS 
nanoparticles is accompanied by electron transfer from ZnS to TiO2 that increases 
the concentration of charge carriers in titanium dioxide and stimulates the adsorp-
tion of electron acceptor gases NO2 and oxygen. An increase in the concentration of 
chemisorbed oxygen, in turn, leads to an increase in sensor sensitivity when detect-
ing reducing gases.

An increase in selectivity of II-VI semiconductors/metal oxide nanocomposites 
was demonstrated toward ethanol and hydrogen sulfide. M. Li et al. [67] observed a 
selective increase in sensitivity to ethanol compared to acetone, toluene, formalde-
hyde, acetylene, and methane after hydrothermal decoration of CdS nanowires with 
CeO2 nanoparticles. Similarly, N. Zhang et  al. [68] found a selective increase in 
response to ethanol compared to ammonium, acetylene, acetone, xylene, methyl-
benzene, and carbon monoxide for CuO decorated CdS nanowires synthesized by 
two-step solvothermal method. Such a change in the sensor properties of CeO2@
CdS and CuO@CdS composites compared to unmodified CdS nanowires is due to 
CeO2 and CuO catalytic activity  in the oxidative dehydrogenation of alcohols, 
which is favorable route of incomplete alcohol oxidation resulting in strong response 
of semiconductor gas sensors [103].
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M. Dun et al. [60] synthesized CdS quantum dots supported by ultra-thin porous 
Co3O4 nanosheets assembled into hollowed-out microspheres, which showed selec-
tivity in detecting H2S compared to ethanol, toluene, acetone, propanol, and hydro-
gen. The authors consider Co3O4 only as a support for localization and stabilization 
of CdS, but the possibility of the formation of n-CdS/p-Co3O4 heterojunction and 
the participation of Co3O4 in the formation of sensor response could not be excluded. 
It is known [104] that H2S reduces p-Co3O4 to cobalt (II) sulfides with metallic con-
ductivity. Even if this process takes place in a thin near-surface layer of Co3O4 
microspheres, it can result in the removal of the n-CdS/p-Co3O4 junction and in 
significant increase in the nanocomposites conductivity. Such removal of the barri-
ers is only possible in the presence of sulfur containing reducing gases providing 
high selectivity of n-CdS/p-Co3O4 nanocomposites.

N.M. Dieu et al. [70] found out that applying a thin layer of p-CdTe to the surface 
of n-ZnO nanorods leads to a significant increase in the sensor response when 
detecting H2S with a simultaneous decrease in the temperature corresponding to the 
maximum response from 350 to 200 °C. At the same time, no similar effect was 
observed when detecting CO, CH4, H2, NH3, acetone, and methanol. The authors did 
not propose any explanation for the increase in selectivity to hydrogen sulfide of 
p-CdTe/n-ZnO compared to ZnO. On the contrary, it is suggested that the role of 
ZnTe layer is only to control the resistance of the ZnO receptor and transducer by 
forming a p – n junction. According to the authors, ZnTe played neither of a role of 
a receptor nor that of a catalyst to aid in the adsorption and/or interaction of 
H2S on ZnO.

8.4.2  Sensor Properties of II-VI Semiconductors/Metal Oxide 
Nanocomposites Under Photoactivation

A known disadvantage of metal oxide-based gas sensors is high operating tempera-
ture 200–500 °C, which is necessary to activate surface chemical reactions, desorb 
the products of these reactions, as well as achieve suitable electrical conductivity. At 
the same time high operating temperature causes a number of problems: (i) high 
power consumption, which imposes restrictions on the use of such sensors in por-
table and mobile devices; (ii) degradation of the sensor material because of grain 
sintering and diffusion processes, resulting in the drift of sensor characteristics; (iii) 
mechanical deformation of the sensor layer because of different thermal expansion 
coefficients of the sensor layer and the substrate; and (iv) explosion or fire risk [105].

So, there was a need to search for sensor materials that do not require additional 
heating. The use of light activation instead of heating, i.e., irradiation of the sensitive 
layer with UV or visible light, as a more gentle and less power-consuming activation 
method, has become widespread (Table 8.2). The phenomenon of light activation of 
sensor sensitivity is inextricably linked with the appearance of photoconductivity 
due to the processes of light absorption and generation of photoexcited charge 
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carriers. S. Park et al. [90] revealed a synergistic effect of a combination of UV irra-
diation and core–shell nanostructures formation on the sensing properties of ZnS-
core/ZnO-shell nanowires in room-temperature NO2 detection. Under UV light with 
a photon energy larger than the ZnO band gap, electron–hole pairs are generated in 
the ZnO shell. The decrease in the height of the potential barrier at the ZnS-core/
ZnO-shell interface by thermionic emission of the trapped electrons from the inter-
face states leads to the easier transfer of carriers across the interface. According to 
the authors, under UV illumination chemisorbed oxygen in O2

− form can be desorbed 
at room temperature, facilitating the interaction of the semiconductor surface with 
NO2 that leads to an increase in the sensor response. The response of ZnS nanowires 
in room-temperature NO2 detection was also enhanced significantly by a combina-
tion of CuO decoration and UV illumination [84]. The authors supposed that the 
increase in the response of the p-CuO decorated n-ZnS nanowires under UV illumi-
nation is caused by the increased number of carriers participating in the reactions 
with NO2 molecules as a result of the photogenerated electron–hole pairs and modu-
lation of the potential barrier height and the modulation of conduction channel width.

Further reduction of power consumption by replacing thermal heating with photo-
activation becomes possible when using visible light. Visible range radiation sources 
have a lower cost and are characterized by lower own power consumption. In addition, 
it is the visible range that accounts for the maximum intensity of solar radiation that 
can be additionally used as an illumination source. Metal oxides, most commonly used 
as materials for resistive gas sensors, are wide-band gap semiconductors that deter-
mines their optical absorption, mainly in the UV range. The shift of the optical sensitiv-
ity of semiconductor oxides toward longer wavelengths becomes possible when 
creating composite materials containing a sensitizer that meets the following condi-
tions: (i) high absorption coefficient of visible light; (ii) the ability to transfer photoex-
citation energy to the oxide matrix due to the mutual arrangement of the energy levels 
of the sensitizer and the matrix. The transfer of photoinduced electrons from the sensi-
tizer to the metal oxide becomes possible if the excited level of the sensitizer lies higher 
in energy than the bottom of the conduction band EC of the semiconductor oxide 
(Fig. 8.6), while photoexcited holes remain in the sensitizer particle. Such a scenario is 
realized in the sensitization of n-type semiconductor oxides by nanoparticles of II-VI 
semiconductors that was confirmed by the study of the optical properties and the pho-
toconductivity spectral dependence of CdSe@ZnO nanocomposites, in which CdSe 
quantum dots acted as sensitizers (Fig. 8.7) [33]. The CdSe quantum dots absorb visi-
ble light with a sharp maximum corresponding to the excitonic transition at λ = 535 nm. 
The maximum of photoresponse curve for CdSe@ZnO nanocomposite matches well 
the maximum in absorption spectrum of the CdSe nanocrystals. The onset of the 
absorption edge coincides with the appearance of the photoresponse of CdSe@ZnO 
composites. Zinc oxide does not absorb visible light with λ > 425 nm. Photoconductivity 
of pure ZnO samples without CdSe sensitizer was negligibly small.

Articles by J. Zhai et al. describing nanocomposites CdS (nanoparticles)@ZnO 
(nanorods) [75] and ZnO (nanospheres)@CdS (nanowires) [69], should probably be 
considered as the earliest works devoted to the sensor properties of II-VI semicon-
ductors/metal oxide nanocomposites under visible light activation. Nanocomposites 
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Fig. 8.6 Scheme of the mutual arrangement of the energy levels for bulk In2O3, SnO2, ZnO, and 
CdSe: conduction band EC, valence band EV, band gap Eg, electron affinity χc, level of photoexcited 
electron 1Se, level of photoexcited hole 1Sh. (Reprinted with permission from [35]. Copyright 
2016: Elsevier)

CdS (nanoparticles)@ZnO (nanorods) obtained via sonochemical synthesis demon-
strate a visible-light-induced photoelectric gas sensitivity to formaldehyde at room 
temperature. Under photoactivation CdS nanoparticles work as visible light harvest-
ers and photogenerated electron’s donators (Fig. 8.8), while ZnO works as the gas 
sensing units, photogenerated electron’s acceptors, and pathways of electrons trans-
fer [75]. In the “inverted” structure of ZnO (nanospheres)@CdS (nanowires) obtained 
in hydrothermal/solvothermal synthesis, ZnO nanospheres modulate electron trans-
port through CdS nanowires [69]. The enhanced sensing properties of the ZnO 
(nanospheres)@CdS (nanowires) nanocomposites in formaldehyde detection can be 
attributed to an additional depletion layer at the interface between ZnO nanospheres 
and CdS nanowires. Compared with bare CdS nanowires, the decoration with ZnO 
nanospheres induces more active sites for the adsorption of oxygen molecules. In 
addition, spatial separation of photogenerated electrons and holes between ZnO and 
CdS retards the recombination probability of the excess carriers. This synergistic 
effect results in the enhancement of sensing properties attributed to the interfacial 
transport of photogenerated carriers. A.E.  Gad et  al. [74] synthesized CdS@n-
ZnO/p-Si nanowires heterojunctions through a combination of wet chemical etching 
(Si NWs) and atomic layer deposition (ZnO) techniques followed by chemical bath 
deposition (CdS). The device showed diode I-V characteristics in dark conditions 

8 Nanocomposite and Hybrid-Based Electric and Electronic Gas Sensors



218

Fig. 8.7 Absorption spectra of ZnO powder (1), CdSe quantum dot sol (2), CdSe@ZnO nanocom-
posite (3), and dependence of photoconductivity of CdSe@ZnO nanocomposite on the excitation 
wavelength (4). (Reprinted with permission from [33]. Copyright 2014: Elsevier)

Fig. 8.8 (a) The scheme of interfacial charge carriers’ generation, transfer, and separation between 
ZnO and CdS in a CdS NPs/ZnO heterostructure. (b) Process of the photocurrent generation of the 
CdS NPs/ZnO heterostructure on the electrode surface. (Reprinted with permission from [75]. 
Copyright 2010: Elsevier)
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and a photovoltaic response under solar illumination. The authors noted that the pres-
ence of CdS is indispensable in the sensing system not only to harvest the solar light 
but also to activate the interaction between target gas (oxygen) and metal oxide since 
n-ZnO/p-Si nanowires did not show the observed solar diode effect. The device 
showed promising sensing properties at room temperature by using only solar light 
to drive the sensor without any external power sources.

One of the first papers demonstrating the gas-sensitive properties of the CdSe@
ZnO nanocomposite, in which quantum dots were used as a sensitizer, was pub-
lished in 2012 [106]. CdSe quantum dots were synthesized in an aqueous medium 
using mercaptopropionic acid as a stabilizer, while ZnO nanowires were grown 
under hydrothermal conditions. Under blue light λ = 458 nm CdSe@ZnO nanocom-
posite obtained by direct adsorption showed a photoresponse an order of magnitude 
greater compared to unsensitized ZnO nanowires. It was found that the photocon-
ductivity of the CdSe@ZnO nanocomposite, as well as its kinetic parameters, 
depend on the composition of the atmosphere, and the presence of oxygen is critical 
(Fig. 8.9). In a vacuum and an inert atmosphere, photoconductivity behaves in a 
similar way, continuously increasing during illumination; in air and oxygen atmo-
sphere a stationary value of photoconductivity is quickly achieved. This behavior is 
associated with the participation of oxygen in interaction with photoexcited charge 
carriers, causing the processes of photoadsorption and photodesorption; thus, the 
stationary level of photoconductivity is controlled by the ratio of the rates of these 
processes. The dependence of the room-temperature photoconductivity of CdSe@
ZnO nanocomposites on the oxygen partial pressure was also confirmed in the case 
of periodic illumination with green light (λ = 535 nm) [16, 33].

The processes of oxygen adsorption/desorption under visible light photoactiva-
tion are investigated by S. Bley et al. [100] for ZnO nanowires decorated with CdSe 
quantum dots stabilized with different ligands (3-mercaptopropionic acid, 

Fig. 8.9 Photoconductivity dynamics of the CdSe@ZnO nanocomposite measured in four differ-
ent gas environments under the same excitation conditions. (Reprinted with permission from [106]. 
Copyright 2012: American Chemical Society)
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Fig. 8.10 Schematic energy diagram of the oxygen-controlled electron transfer between the CdSe 
quantum dot and ZnO nanowire. (Reprinted with permission from [100]. Copyright 2015 American 
Chemical Society)

6- mercaptohexanoic acid, 11-mercaptoundecanoic acid). Schematic energy dia-
gram of the oxygen-controlled electron transfer between the CdSe quantum dot and 
ZnO nanowire is shown in Fig.  8.10. When CdSe quantum dots are selectively 
excited using a wavelength of 460 nm in air, oxygen adsorption occurs on the CdSe 
and ZnO surface. Saturation of the photocurrent is reached through a dynamic equi-
librium between oxygen desorption and readsorption from and on both the ZnO and 
CdSe surfaces. The results reveal that for shorter linker molecules the growth of 
CdSe@ZnO photoconductivity is faster due to smaller diffusion barriers for oxygen 
molecules, but the overall increase in photocurrent will be smaller because of higher 
probability of oxygen readsorption.

The sensor properties of nanocomposites based on metal oxides ZnO, In2O3, 
SnO2, and CdSe quantum dots in visible light (λ  =  535  nm) activated room- 
temperature NO2 detection were investigated by A. Chizhov et al. [33, 35]. CdSe 
quantum dots were synthesized by high-temperature colloidal synthesis using oleic 
acid as a stabilizer. Nanocomposites were obtained by depositing CdSe sol in hex-
ane on the surface of preformed layers of nanocrystalline ZnO, SnO2, In2O3. 
Nanocomposites demonstrated a reversible sensor response to NO2. It is supposed 
[33, 35] that the role of illumination in the formation of sensor response toward NO2 
is the same as in the case of oxygen-controlled photoconductivity. Under visible 
light the electron–hole pair is generated not in the wide-gap semiconductor oxide 
but in the CdSe quantum dot. Then photoexcited electron transfers to the conduction 
band of the semiconductor matrix, while photoexcited hole can recombine with the 
electrons trapped by the chemisorbed NO2

−, which loses its charge and becomes 
physically adsorbed and weakly coupled. Thermal fluctuations can cause NO2 
desorption. So, the stationary level of photoconductivity in the NO2 containing 
atmosphere is controlled by the ratio of the rates of the adsorption and desorption of 
nitrogen dioxide.
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A significant change in the electronic and optical properties of II-VI semicon-
ductor quantum dots can be achieved by creating core–shell heterostructures. The 
formation of a type I heterojunction occurs when the shell of a wider-band semicon-
ductor, such as CdS or ZnS, builds up on the surface of CdSe nuclei. This approach 
leads to passivation of surface defects of quantum dots, and, as a consequence, a 
significant increase in the quantum yield of luminescence. The passivation of sur-
face defects should also enhance the efficiency of electron transfer from quantum 
dots into oxide matrix that was confirmed by K. Drozdov et al. [107] for the nano-
composites based on SnO2 and CdSe quantum dots coated with CdS shell of various 
thicknesses. Another type of heterostructures (type II) makes it possible to separate 
photoexcited electrons and holes between the nucleus and the shell due to the suit-
able mutual position of energy levels in the selected materials. Localization of a 
hole in the shell of quantum dot can facilitate its interaction with chemisorbed gas 
molecules, which, for example, is a critical process in the NO2 detection. An exam-
ple of such heterostructures are ZnSe-core/CdS-shell quantum dots, which were 
used as a ZnO sensitizer when detecting NO2 in air at room temperature under vis-
ible light (λ = 535 nm) [34]. The resulting ZnO/CdS@ZnSe nanocomposite actually 
showed an order of magnitude higher sensor response compared to the similar 
ZnO/CdSe nanocomposite. The ZnO/CdS@CdSe nanocomposite used in the same 
work showed a higher photoresponse compared to ZnO/CdSe due to passivation of 
surface defects and an increase in the efficiency of electron injection; however, its 
sensor sensitivity was comparable to the ZnO/CdSe nanocomposite. Thus, the pos-
sibility of increasing the efficiency of photodesorption processes by using type II 
heterostructures as sensitizers was shown.

8.5  Gas Sensors Based on II-VI Semiconductors/
Non-oxide Materials

In addition to nanocomposites with semiconductor metal oxides, II-VI semiconduc-
tors are used in combination with layered metal chalcogenides and 2D carbon-based 
materials to create new gas sensors with enhanced characteristics (Table 8.3). In all 
cases, the resulting heterocontact plays a major role in the sensor response forma-
tion. S. Shao et al. [63] have grown CdS nanocones on the 2D layered RGO-MoS2 
substrate by solvothermal synthesis. The obtained nanocomposites demonstrated at 
75 °C selective sensitivity to NO2 compared to reducing gases H2S, NH3, formalde-
hyde, methanol and ethanol. The authors attribute the observed effect to the forma-
tion of n-MoS2/n-CdS heterojunction, weak interaction of NO2 with RGO, and 
formation of continuous conducting channel through CdS hexagonal nanocones.

Jaiswal et al. [81] described the sensor properties of heterostructures formed by 
layers of MoS2 nanowires and CdTe quantum dots on p-type Si substrates by mag-
netron sputtering. According to the authors, the work function values determine the 
transfer of electrons from MoS2 to CdTe. Since CdTe is located on the top of 
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heterostructure and is in direct contact with the gas phase, an increase in the electron 
concentration in this semiconductor stimulates the NO2 absorption. In general, the 
sensor response toward NO2 is small, but reversible without additional thermal or 
photoactivation that is typical for systems based on layered chalcogenides as MoS2. 
However, it should be noted that in their discussions about the mechanism of sensor 
response formation, the authors did not take into account the presence of a layer 
containing Mo (VI) and oxygen, which was detected by the XPS method.

2D/0D WS2/ZnS heterostructures obtained by Y. Han et al. by WS2 liquid-phase 
exfoliation with subsequent chemical deposition of ZnS [73] demonstrated selective 
response to NO2 (compared with reducing gases NH3, methanol, ethanol, acetone, 
toluene) at room temperature 25  °C.  Exfoliated WS2 nanosheets shows a p-type 
character and ZnS is an intrinsic n-type semiconductor. The electrons in n-type ZnS 
move to p-type WS2 that results in the formation of both an electron depletion layer 
and a positively charged area on the surface of ZnS. Simultaneously, the holes of 
p-type WS2 near the p–n interface have a tendency to diffuse into n-type ZnS, build-
ing a hole depletion layer and a negatively charged region on the surface of WS2 
(Fig. 8.11). The built-in electric field (acting as potential barrier) restricts the further 
diffusion of charges, which can be modulated by NO2 adsorption and desorption 
processes. The built-in electric field also promotes the transport efficiency of charge 
carriers, which enhances the electron transfer between NO2 molecules and hetero-
structure at room temperature. Furthermore, the formed depletion region at the het-
erojunction can act as a passivation layer to prevent the interaction between 
atmospheric oxygen and WS2 and result in the reliable long-term stability of the 
heterostructure.

Quite sensitive ammonia gas sensor based on Pr-SnS2/ZnS nanoflowers was cre-
ated by Q. Zhang et al. [108] in hydrothermal conditions. The energy band struc-
tures of SnS2 and ZnS are shown in Fig. 8.12. The conduction band of ZnS is higher 
than that of SnS2, so the electrons of ZnS can transfer toward SnS2. The SnS2/ZnS 
n–n heterojunction could reduce the recombination probability of electron–hole 

Fig. 8.11 Energy band structure of p-WS2/n-ZnS heterostructure in air. (Reprinted with permis-
sion from [73]. Copyright 2019: Elsevier)
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Fig. 8.12. Energy band structure of SnS2/ZnS heterocontact. (Reprinted with permission from 
[108]. Copyright 2019: Elsevier)

pairs and improve the electrons transmission efficiency. Therefore, the SnS2/ZnS 
heterojunction plays an important modulating role in electrical conductivity for 
Pr-SnS2/ZnS sensor.

8.6  Summary

II-VI semiconductors (zinc and cadmium chalcogenides) are important components 
of nanocomposites and heterostructures containing wide-band metal oxides or lay-
ered transition metal chalcogenides. II-VI semiconductors in these materials form a 
heterojunction, which leads to increased gas sensitivity under thermal activation, or 
provide the formation of photogenerated charge carriers under visible light that 
shifts the optical sensitivity of semiconductor oxides to the visible region and allows 
the detection of gases at room temperature without the use of UV radiation.

Further improvement of the sensor characteristics requires understanding which 
processes are responsible for the formation of the sensor response to the target gas. 
There are numerous articles devoted to the study of the mechanism of gas sensitivity 
of materials based on semiconductor oxides, for example, using in situ spectroscopy 
methods, or involving DFT calculations, while there is no similar information for 
materials based on II-VI semiconductors. Such experimental and theoretical studies 
would contribute to the development of new sensor materials specially designed to 
solve specific problems in various fields in which resistive gas sensors are required.
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Chapter 9
II–VI Semiconductor-Polymer 
Nanocomposites and Their Gas-Sensing 
Properties

Chandan Kumar, Satyabrata Jit, Sumit Saxena, and Shobha Shukla

9.1  Introduction

Nanostructured materials have much attracted for electronic and sensing applica-
tions due to their tunable properties [1–5]. They are used in the fabrication of elec-
tronic devices depending on their conductivity. The nanostructures of conductors, 
semiconductors and non-conductors (insulators) materials are achieved by either 
top-down or bottom-up approaches. Top-down approaches are relatively expensive 
to bottom-up approaches. Semiconductors-based nanostructured materials have 
been researched mostly due to their tunable conductivity for electronic device appli-
cations [6–8]. Further, nanostructured materials are of three types, namely zero- 
dimensional (0D), one-dimensional (1D) and two-dimensional (2D) structures 
based on their dimension. These structures have some specific advantages, and 
accordingly, they are used in electronic devices and sensors. The most important 
features of semiconductor nanostructures are increased surface-to-volume ratio, 
bandgap modulation and catalytic behaviour [6, 8]. These features of nanostructure 
are also advantageous for II–VI compound semiconductors. II–VI compound semi-
conductors have a structure of MD where M is Cd, Zn and D is S, Se, Te. Other 
elements of the II–VI group are either not suitable for gas sensors or grouped as 
metal oxides. Furthermore, the gas-sensing performances of nanostructured II–VI 
compound semiconductor-based devices are improved through composite with 
polymers [6, 8–12]. The most preferred uses of pristine polymers are for 
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high- performance flexible electronic devices and sensors [13–17]. The polymers 
have the advantage of low-temperature processing and are sensitive to low concen-
trations of hazardous gases. The conducting polymer has the additional advantage 
of reducing any void in the thin film of nanostructured II–VI semiconductors. In this 
chapter, various II–VI semiconductor-polymer nanocomposites and their gas- 
sensing performance are discussed.

9.2  Gas Sensors Based on II–VI Compound-Polymer 
Composites: General Consideration

Gas sensors are used to detect any leakage of hazardous or flammable gases. The 
gases typically become dangerous after crossing certain concentrations. The danger 
limit for different gases is shown in Table 9.1. Therefore, it is important to detect the 
presence of these hazardous gases before the permissible concentration. Gas sen-
sors are designed accordingly for the highest sensitivity towards the target gas. 
Different types of gases are reported in the literature to detect before the danger 
limit; however, semiconductor materials-based gas sensors have better controllabil-
ity and are compatible with electronic circuits. Electronic gas sensors are primarily 
fabricated using a gas-sensitive semiconductor layer as the main active component. 
The gas sensors are fabricated using both inorganic and organic semiconductor 
materials. Among inorganic materials, II–VI semiconductors and oxides are widely 
used for the fabrication of gas sensors. In organic materials, polymers have shown 
excellent sensitivity towards various hazardous gases. The polymer-based gas sen-
sor has the advantage of room temperature sensitivity [13–15, 18–20]. Some II–VI 
semiconductor nanomaterials have shown room temperature sensitivity to various 
gases but are very poor. Nanocomposite has the additional advantage of the 

Table 9.1 Different toxic gases and their danger limit

Gases Permissible exposure limit Immediate danger to life limit

Ammonia 50 ppm 500 ppm
Nitrogen dioxide 5 ppm 20 ppm
Hydrogen sulphide 10 ppm 100 ppm
Sulphur dioxide 5 ppm 100 ppm
Carbon dioxide 5000 ppm 40,000 ppm
Carbon monoxide 25 ppm 1200 ppm
Hydrogen selenide 0.05 ppm 1 ppm
Nitric oxide 25 ppm 100 ppm
Nitrous oxide 50 ppm –
Phosphine 0.3 ppm 50 ppm
Propane 1000 ppm –
Silane 5 ppm –

Source: Data extracted from [23]
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controllability and selectivity for target gases through variation in the amount of 
II–VI compounds/polymer and size of nanomaterials. Nanocomposite-based gas 
sensors have improved sensitivity and selectivity towards hazardous gases [4, 16, 
17, 21, 22]. The general characteristics of II–VI compound-polymer composites-
based gas sensors are discussed in the following subsections:

9.2.1  Gas-Sensing Mechanism and Measurement Parameters

In an electronic device-based gas sensor, the target gas is adsorbed in the semicon-
ducting layer and a change in physical or/and chemical properties is observed in the 
semiconducting layer. When gas is exposed to the II–VI compound-polymer com-
posite, the composite interacts with gases and results in physisorption or chemisorp-
tion. The gas-sensing mechanism of II–VI semiconductor-polymer 
nanocomposites-based sensors is illustrated in Fig. 9.1.

The surface of the composite layer is an assembly of II–VI compounds and poly-
mers. The surface of the nanocomposite responds differently to reducing and oxidis-
ing gases, as illustrated in Fig.  9.1b, c. If the nanocomposite exhibits dominant 
p-type conductivity, the reducing gas increase resistivity, whereas oxidising gas 
reduces resistivity. On the other hand, n-type conductivity dominancy in nanocom-
posite results in a decrease in resistivity when reducing gas is exposed, whereas 
resistivity increases with interaction with oxidising gases. Under the exposure of 
gases, the device parameters of the sensor get changed. The gas sensor performance 
parameters are evaluated from the change in the device parameters. The interaction 
process and time taken for a change in the device parameters are crucial for sensor 
performance. Different gas-sensing parameters and effects of nanocomposite are 
discussed below:

Fig. 9.1 Nanomaterial-polymer nanocomposite layers (a) without gas exposure, (b) with expo-
sure to reducing gas and (c) with exposure to oxidising gas. (Adapted with permission from [14]. 
Copyright 2018: Elsevier)
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Gas Response The gas response (RG) is the ratio of change in the device parameter 
(device parameter can be current, voltage, resistance, etc.) to the initial value. The 
gas response is generally expressed in percentage. The ratio of the device parameter 
under gas exposure to the initial value is also commonly defined as the gas response. 
The gas response is mathematically expressed as
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Here, IO, VO and RO are initial (unexposed) current, voltage and resistance, respec-
tively. After interaction with gases, current, voltage and resistance are changed to IG, 
VG and RG, respectively. The II–VI semiconductor-polymer nanocomposites have 
the advantage of higher conductivity and enhanced surface-to-volume ratio. Thus, 
the change in the sensor current after gas exposure is relativity higher, and so is the 
gas response.

Sensitivity The sensitivity (S) of a gas sensor is defined as the ratio of gas response 
to the concentration of gas exposed. It is the slope of the calibration curve of gas 
response over the gas concentration. It is expressed in per ppm (or ppb) of the target 
gas. The amount of II–VI compound/polymer and size of nanomaterials are gener-
ally optimised for the improvement in the gas sensitivity. The sensitivity increases 
with an increase in the gas response.

Selectivity The selectivity (SL) tells about the sensitivity towards the target gas 
over other interference gases. The selectivity is expressed as the ratio of gas response 
towards the target gas to the interference gases. It should be much higher (typically 
more than 5) for better gas-sensing performance. It is observed that the selectivity 
towards specific gas can be improved by varying the II–VI compounds/polymer 
ratio, size of the nanomaterials and distribution of nanomaterials.

Response and Recovery Time The response time is the time taken by the sensor 
to reach 90% of the gas response from the unexposed condition, whereas the recov-
ery time is the time taken by the sensor to reach 10% of gas response from 100% of 
the gas response. The response and recovery should be as low as possible for the fast 
sensor. II–VI semiconductor-polymer nanocomposites provide a better site for fast 
gas adsorption and de-adsorption, which result in fast response and recovery.

Detection Limit Detection limit or limit of detection (LOD) specify the minimum 
concentration of target gas detectable by the sensor. It is either experimentally mea-
sured by exposing the smallest possible concentration or calculated from the cali-
bration curve of gas response over the gas concentration. The enhanced gas 
sensitivity in II–VI semiconductor-polymer nanocomposites has also resulted in the 
improvement in detection limit.
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The performance parameters of the gas sensors are improved through various 
device structures of the gas sensors. Commonly, metal (ohmic)-semiconductor-
(ohmic) metal, metal (Schottky)-semiconductor-(ohmic) metal, metal (Schottky)-
semiconductor-(Schottky) metal, hetero/homo structure, capacitor (metal- 
insulator-semiconductor-metal) and transistor are used for the gas sensors. The 
device structures for the gas sensor are shown in Fig. 9.2. Figure 9.2a–e illustrate 
two-terminal devices (with anode and cathode), and Fig.  9.2f illustrates a three-
terminal device (with gate, source and drain). Devices in Fig. 9.2a–c, f are called 
horizontal structures, whereas devices in Fig. 9.2d, e are called vertical devices. The 
exposed gases interact with the sensor devices at the sensing spot marked in 
Fig. 9.2a–f, and the adsorption of gases results in the change in an electrical param-
eter of the devices. The internal gain in two-terminal devices (Schottky and hetero/
homo structure) is relatively lower, whereas field-effect gain in a three-terminal 
device (transistor structure) is higher, provides much improvement in the gas 
response.

Fig. 9.2 Different device structures for gas sensor: (a) metal (ohmic)-semiconductor- (ohmic) 
metal, (b) metal (Schottky)-semiconductor- (ohmic) metal, (c) metal (Schottky)-semiconductor- 
(Schottky) metal, (d) hetero/homo structure, (e) capacitor (metal-insulator-semiconductor) and (f) 
transistor
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9.2.2  Role of II–VI Semiconductor Nanoparticle and Polymer 
Concentration in Composite

Various II–VI compound semiconductor nanomaterials and polymers are consid-
ered for the fabrication of gas sensors. II–VI semiconductors have higher atmo-
spheric stability and sensitivity towards hazardous gases. After blending with the 
polymer, the II–VI compound semiconductor-polymer nanocomposites exhibit 
improved selectivity and sensitivity at room temperature operation. The size and 
structure of nanomaterials in the composites play a crucial role in the determination 
of their characteristics [16]. It is observed that the distribution of CdSe nanoparti-
cles over the P3HT polymer results in increased current density in the nanocomposite- 
based electronic devices [24]. The improvement in current density is possible due to 
the development of the internal electric field and reduction in trap density. Similarly, 
the charge carrier transport in the PVK polymer is also improved by the incorpora-
tion of CdSe nanoparticles [25]. At a certain concentration of CdSe nanoparticles, 
the nanocomposites of CdSe and PVK exhibit a strong current increase due to 
charge capturing in the CdSe and degraded charge carrier transport if the excess 
concentration of CdSe nanoparticles is mixed. For performance improvement, bi- 
nanoparticles are also used for the realisation of nanocomposites. The incorporation 
of CdSe nanoparticles and CdTe nanoparticles in the polymer matrix of polyaniline 
(PANI) resulted in PL quenching and improved optoelectronic properties [26]. The 
nanocomposites of CdS and PVA exhibit negative differential resistance in the 
current- voltage characteristics due to the formation of junction-like CdS/PVA nano-
composites [27]. Biswas et al. have also found similar behaviour in the nanocom-
posite made of CdS and MEH-PPV polymer [28]. The tailorable performance in the 
nanocomposites is possible due to the size-dependent quantum confinement offered 
by quantum dots (QDs) [29, 30]. The amount of the polymer also modifies the sur-
face behaviour of the nanocomposites.

9.2.3  Methods for the Formation of II–VI 
Compounds-Polymer Nanocomposite

Various techniques are developed by researchers for the synthesis of II–VI 
semiconductor- polymer nanocomposites. Some techniques include in-situ synthe-
sis, whereas some are based on the mixing or blending of II–VI semiconductors and 
polymers [31]. The general process for the synthesis of II–VI semiconductor- 
polymer nanocomposite is illustrated in Fig. 9.3. In the first step, II–VI semiconduc-
tor nanomaterials and polymers are synthesised separately, as illustrated in Fig. 9.3a, 
b, d. The II–VI semiconductor nanomaterials are commonly synthesised either at 
room temperature or at elevated temperature. Room temperature synthesis is based 
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Fig. 9.3 (a) Room-temperature synthesis of nanomaterials, (b) Hot injection-based synthesis of 
nanomaterials, (c) Effect of temperature on the size of nanomaterials, (d) Synthesis process of 
polymer from monomer and (e) Synthesis of nanomaterial-polymer nanocomposites.  Figure 3c is 
adapted from [32]. Published 2017 by Korea Science as open access.

on chemical reactions at room temperature, and the process is depicted in Fig. 9.3a. 
In the elevated temperature process, the chemical reaction is controlled at a higher 
temperature and called as hot injection method. The precursor is added in steps, and 
the growth of the nanomaterial is controlled by temperature and reaction time, as 
illustrated in Fig. 9.3b. The effect of synthesis temperature on the size of nanomate-
rials is shown in Fig. 9.3c. In the second step, an optimised quantity of II–VI semi-
conductor nanomaterials and polymers are mixed to form a blend (composite) 
solution, as illustrated in Fig. 9.3e. Depending on the coverage/morphology, nano-
composites are finally obtained. The nanocomposites possess the advantage of both 
the II–VI semiconductor nanomaterials and polymers.

9.3  Gas Sensors Based on II–VI 
Semiconductor-Polymer Nanocomposites

The II–VI semiconductor-polymer nanocomposites provide improvement in the 
gas-sensing capability. Based on the film formation ability and the sensing perfor-
mance, various combinations of II–VI semiconductors and polymers are used in the 
sensor devices. Different types of II–VI semiconductor-polymer nanocomposites- 
based gas sensors are discussed in the following sub-sections.
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9.3.1  CdSe-Polymer Nanocomposite

CdSe has shown attractive electronic and sensing characteristics. The nanostruc-
tures of CdSe are commonly used for the fabrication of LED, solar cells, photode-
tectors, tunable gas sensors, etc. The n-CdSe/p-polyaniline heterojunction resulted 
in the formation of liquefied petroleum gas (LPG) sensor [33]. The sensor has a 
maximum response of 70% for an LPG concentration of 0.08 vol% at room tem-
perature. In this heterojunction-type sensor, the performance improvement is due to 
the modified charge transfer characteristics at the junction. The gas-sensing perfor-
mance is further improved by composting with different materials [33–36]. The 
nanocomposite of multisized CdSe nanocrystals and PMMA is explored by 
Potyrailoa and Leach [35]. The sensor device made of nanocomposite is photoacti-
vated and exposed to methanol and toluene. The nanocomposite has shown gas- 
sensitive optical characteristics. The exposed gas modulates the photoluminescence 
behaviour of the nanocomposite. The performance is improved further by the for-
mation of bulk heterojunction between n-type CdSe and p-type polymer in the 
nanocomposites. A multi-material-based nanocomposite made of CdSe/ZnS, poly-
styrene and polystyrene-co-maleic anhydride is also explored for the gas-sensing 
application [36]. The nanocomposite-based gas sensor has shown sensitivity towards 
chloroform, DMF and THF. The sensing of gases takes place through the diffusion 
of gases in the composite, which is commonly explained by the electrical percola-
tion theory [37]. The polymer matrix with nanomaterial is swelled when the reduc-
ing gas molecules are diffused in the matrix. As a result, electrical conductivity is 
reduced because of an increase in the intermolecular distance between nanomateri-
als in the nanocomposite due to the expansion of the matrix.

CdSe and P3HT-based nanocomposites have shown excellent room temperature 
sensitivity towards chloroform vapour [38]. The improved sensing of chloroform 
happens due to the chemical modulation at the bulk-heterojunction surface inter-
face. Here, chloroform is a strong reducing agent, so after interaction with the nano-
composite of CdSe and P3HT, it reduces the sensor current. It is also found that the 
sensor current is increased with increasing the loading of the CdSe; however, higher 
loading of CdSe reduces the sensing performance. Weak electron acceptor gases 
like toluene, acetone, propanol, etc., generally have a low effect on the conductivity 
of the CdSe/P3HT nanocomposites.

Nanocomposite made of PQT-12 and CdSe QDs has also shown improvement in 
the ammonia gas response compared to pristine PQT-12-based sensors [39]. The 
incorporation of CdSe QDs in the PQT-12 polymer framework improved the charge 
transport capability due to a decrease in the trap density. Additionally, the HOMO/
LUMO level mismatch between PQT-12 and CdSe QDs provides an internal elec-
tric field to drive the charge carrier for improvement in the overall conductivity. The 
exposed ammonia gas donates lone pair to the pristine PQT-12 and CdSe QD/
PQT-12 nanocomposite sensing layer in an organic thin-film transistor (OTFT), as 
shown in Fig. 9.4a. The lone pair of electrons disturb the PQT-12 chain and charge 
carrier density. As a result, the hole concentration in the nanocomposite is reduced, 
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Fig. 9.4 (a) Device structure of OTFT sensor using pristine PQT-12 and PQT-12-CdSe QDs nano-
composite; (b) Gas response of pristine PQT-12 and PQT-12-CdSe QDs nanocomposite sensor for 
different concentrations of NH3 gas. (Reprinted with permission from [39]. Copyright 2018: IEEE)

and so is the drain current in the OTFT sensor. The loading of the CdSe in compos-
ite increases the surface area to volume ratio for the interaction with ammonia gas. 
The loading of 50% CdSe QDs in the PQT-12 polymer framework results in 
enhanced electrical and ammonia gas-sensing characteristics. The ammonia gas 
response was about 25% more in PQT-12 and CdSe nanocomposite than the pristine 
PQT-12. The comparative gas response in pristine PQT-12 and CdSe QDs/PQT-12 
nanocomposite-based OTFT sensor is shown in Fig. 9.4b.

9.3.2  CdS-Polymer Nanocomposite

The bulk CdS is slightly sensitive to the gases like SO2, H2S and NH3, at room tem-
perature. The gas sensitivity is commonly improved in the CdS nanostructures [40]. 
The sensitivity towards the target gases is further increased by making nanocom-
posites with polymers. The gas response enhancement is also achieved in the bilayer 
heterojunction of polyaniline/CdS [41]. The polyaniline/CdS heterojunction results 
in a higher LPG gas response compared to only polyaniline or only CdS film. The 
CdS-polyaniline nanocomposite provides a porous surface for increased gas adsorp-
tion in the resistive sensor. Raut et  al. have fabricated the CdS-polyaniline 
nanocomposite- based sensor for H2S gas operated at room temperature [42]. 
Different concentrations of H2S gas are exposed at the sensing spot consisting of 
CdS-polyaniline nanocomposite and the corresponding gas response is measured. 
The obtained gas response is shown in Fig. 9.5a, and the selectivity of the sensor is 
shown in Fig. 9.5b. In this work, excellent gas selectivity and sensitivity towards 
H2S gas under room temperature conditions are achieved. The H2S gas sensing is 
also improved by using polymer nanocomposite with bi-nanoparticles. In this 
design, CdSe/CdS quantum dots are successfully embedded into PDMS film, and 
H2S gas sensing was performed based on the change in fluorescence [43]. Under the 
exposure of H2S gas, significant quenching in fluorescence spectra was observed. 
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Fig. 9.5 (a) Gas response of CdS-polyaniline nanocomposite sensor for different concentrations 
of H2S gas. (b) Selectivity characteristics of CdS-polyaniline nanocomposite-based H2S sensor. 
(Reprinted with permission from [42]. Copyright 2012: Elsevier)

The fluorescence quenching increases with the increasing concentration of exposed 
H2S gas. The H2S gas adsorption is very fast in this nanocomposite, and the recovery 
is also fast in the sensor.

PEDOT:PSS polymer over the CdS form nanocomposite, which has enhanced 
sensitivity towards LPG gas [44]. After exposure to LPG gas, it forms a layer around 
the nanocomposite and modulates the conductivity of the nanocomposite. The CdS- 
PEDOT:PSS nanocomposite-based gas sensor exhibits a gas response of 58.9% for 
900 ppm of LPG gas when operated at room temperature. Further, CdS is used to 
make a composite with polypyrrole for the fabrication of an ammonia sensor [45]. 
CdS-polypyrrole nanocomposite interacted with the reducing ammonia gas and 
adsorbed the gas. The adsorption of ammonia gas results in a change in the conduc-
tivity of the CdS-polypyrrole nanocomposite. A maximum gas response of 4.1 is 
obtained for 250 ppm of ammonia gas when 3% CdS is used in the nanocomposite 
[45]. The selective gas response towards ammonia and LPG is tailored by using 
silver sulphide in the nanocomposite of CdS and polypyrrole [46]. By varying the 
amount of silver sulphide, CdS and polypyrrole, a maximum selective ammonia gas 
response is obtained for silver sulphide and CdS of 1:1 ratio.

The gas response and selectivity towards any gas in the CdS-based nanocompos-
ites depend on many factors, including particle size of CdS, the morphology of the 
nanocomposites, surface defects, film thickness of nanocomposites, ratio of CdS and 
polymer, rate of chemical reaction at the surface, the diffusion rate of gases, etc. [47, 
48]. Therefore, the optimised gas response and the selectivity towards any gas are 
achieved by tailoring these factors. CdS nanoparticles are decorated over the surface 
of polyaniline nanorods to achieve a selective high gas response for ammonia gas 
[47]. The gas response is extremely high in the CdS-polyaniline nanocomposite 
compared to a pristine polyaniline-based sensor, as shown in Fig. 9.6a. The selectiv-
ity is also high towards ammonia, as shown in Fig. 9.6b. The sensing mechanism in 
pristine polyaniline and CdS-polyaniline nanocomposite is different due to the pres-
ence of CdS. The gas sensing in polyaniline is mainly through protonation and 
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Fig. 9.6 (a) Time-dependent ammonia gas sensitivity of Polyaniline-CdS nanocomposite sensor, 
and (b) Selectivity of the Polyaniline-CdS nanocomposite sensor towards ammonia gas. (Reprinted 
with permission from [47]. Copyright 2020: Elsevier)

deprotonation, which occurs due to the adsorption and desorption of ammonia gas. 
The reducing ammonia gas reacts with polyaniline and reduces to a non- conductive 
emeraldine base (from conductive emeraldine salt). The interaction with ammonia 
results in increased resistance and lower charge carrier density. In the case of the 
CdS-polyaniline nanocomposite, ammonia gas molecules are trapped and change 
the surface resistance of the CdS-polyaniline nanocomposite. The n-type CdS and 
p-type polyaniline form the bulk heterojunction and create a depletion region, as 
shown in Fig. 9.7 [47]. The depletion region is generally thin (in Fig. 9.7a, c) before 
ammonia exposure (in the air), but the depletion layer increases (in Fig. 9.7b, d) 
when ammonia gas is exposed. The ammonia gas increases the electron density and 
reduces the hole density, which results in an increased barrier at the interface and 
thus resistance.

Additionally, CdS-polyaniline nanocomposite-based sensor shows enhanced gas 
response for nitrogen dioxide compared to pristine polyaniline or CdS [49]. The 
interaction mechanism in the CdS-polyaniline nanocomposite for nitrogen dioxide 
gas is similar to ammonia gas, but nitrogen dioxide acts as an oxidising agent and 
reduces resistance. CdS-polyaniline nanocomposite-based sensor is also responsive 
to the formaldehyde gas [50]. CdS nanorods are grown over the polyaniline nanopar-
ticles using a hydrothermal method in a hexagonal wurtzite structure. CdS- 
polyaniline nanocomposite-based sensor exhibits a maximum gas response of 4.8 
for 5 ppm of formaldehyde gas.

9.3.3  CdTe-Polymer Nanocomposite

Like other II–VI semiconductors, CdTe is also used for the preparation of nanocom-
posite with polymers. CdTe-polymer nanocomposite improves the electronic and 
sensing performance over the pristine polymer or CdTe. It is observed that the 
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Fig. 9.7 (a) Band diagram for polyaniline and CdS in air, (b) band diagram for polyaniline and 
CdS in the presence of ammonia, (c) charge carriers (electron and hole) and ion in depletion region 
for polyaniline and CdS in air, (d) charge carriers (electron and hole) and ion in depletion region 
for polyaniline and CdS in the presence of ammonia. (Reprinted with permission from [47]. 
Copyright 2020: Elsevier)

CdTe-polypyrrole-based nanocomposite improves the sensitivity of the gas sensor 
towards acetone at room temperature [51]. The acetone sensing by the CdTe- 
polypyrrole nanocomposite is primarily due to the catalytic behaviour of CdTe QDs 
and adsorption in polypyrrole, which results in dipole-dipole interaction. The 
change in frequency for the different concentrations of acetone is shown in Fig. 9.8a. 
Here, frequency shift increases with an increase in the acetone concentration. The 
sensitivity and the detection limit of the CdTe-polypyrrole nanocomposite-based 
sensor are calculated using the calibration curve shown in Fig. 9.8b. Improved sen-
sitivity of 771 Hz/ppm for acetone is achieved in nanocomposite with a detection 
limit of 5 ppb and the lowest interference from ethanol and toluene. The agglomera-
tion of CdTe QDs on the surface of polypyrrole generally affects the sensing perfor-
mance of the nanocomposite-based sensor. Similar to the formation of bulk 
heterojunction between CdTe and polypyrrole in CdTe-polypyrrole nanocomposite, 
heterojunction of n-type CdTe and p-type polyaniline exhibits high-performance 
LPG gas-sensing characteristics [52]. The gas performance can be further improved 
by the formation of bulk heterojunction between CdTe and polyaniline in the CdTe- 
polyaniline nanocomposite.
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Fig. 9.8 (a) Frequency shift in CdTe-polypyrrole nanocomposite-based sensor under exposure of 
different acetone gas concentrations, and (b) calibration curve for CdTe-polypyrrole nanocompos-
ite sensor. (Reprinted with permission from [51]. Copyright 2020: Elsevier)

9.3.4  ZnSe-Polymer Nanocomposite

ZnSe has potential use in various electronic and sensing applications. It has a charac-
teristic property to enhance fluorescence when embedded in a P3HT thin film [53]. 
This improvement in optical properties in the ZnSe-P3HT nanocomposite will 
enhance the optical sensing of hazardous gases. ZnSe (i.e., ZnSe-NiO heterostructure) 
has exhibited NO2 sensing through chemiresistor structure and detected a low concen-
tration of NO2 at a temperature of 140 °C [54]. ZnSe-polymer nanocomposites have 
adsorption characteristics appropriate for gas-sensing applications. ZnSe QDs- starch-
g-PAA nanocomposites have also shown improvement in dye adsorption and photo-
catalytic degradation [55]. In literature, the gas sensing performance of ZnSe-polymer 
nanocomposites is not explored, but these nanocomposites have the potential to be 
used in the future gas sensor with improved performance and capability.

9.3.5  ZnS-Polymer Nanocomposite

ZnS is excellent gas sensor material that is supported by its chemical structure suit-
able for the adsorption of various gases. The incorporation of ZnS nanoparticles in 
the P3HT polymers also improves the electrical conductivity of the nanocomposites 
[56]. The conductivity improvement in the nanocomposite is possible by a reduction 
in trap sites and internal electrical field to HOMO/LUMO levels of ZnS and 
P3HT. ZnS is widely used for the fabrication of electronic sensors for different 
gases and organic vapours [57]. However, the ZnS-based gas sensors have limita-
tions for low gas sensitivity and poor selectivity. ZnS composites are used for fur-
ther improvement in gas sensitivity and selectivity. The gas response of 293% for 
1 ppm NO2 gas, when operated at 300 °C, is achieved with an inorganic composite 
of ZnS [58]. The nanocomposite of ZnS enhances the gas response two-fold as 
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Fig. 9.9 (a) Ammonia gas response of ZnS-PS and ZnS-PMMA. (Reprinted with permission from 
[12]. Copyright 2016: Springer). (b) Resistive response for carbon dioxide gas in Cu doped ZnS- 
PANI nanocomposite sensor. (Reprinted with permission from [60]. Published 2020 by Royal 
Society of Chemistry as open access)

compared to pristine ZnS. To reduce the operating temperature of the gas sensor, 
nanocomposites of ZnS with organic materials (polymers) are considered in the gas 
sensor fabrication. ZnS-PS and ZnS-PMMA nanocomposites have exhibited 
improvement in the fluorescence peak and significant quenching in the fluorescence 
under exposure to ammonia vapour [12]. The quenching in the fluorescence after 
exposure to ammonia gas is shown in Fig. 9.9a. Here, ZnS nanoparticle acts as cata-
lytic sites, and PS (and PMMA) provides better adsorption sites for ammonia gas. 
Further, PS/PMMA-CdSe/ZnS nanocomposite-based resistive sensor has shown 
improvement in the sensing of volatile organic compounds [59]. Gas sensing pri-
marily depends on coverage by the presence of polyethylene oxide and the concen-
tration of QDs. The highest sensitivity is achieved in the presence of polyethylene 
oxide and the maximum concentration of QDs. Furthermore, the PANI-Cu-doped 
ZnS nanocomposite has shown excellent sensitivity to carbon dioxide gas [60]. The 
porous microstructure of the Cu–ZnS-PANI nanocomposite is responsible for the 
enhanced sensing properties. The exposed carbon dioxide gas diffuses on the sur-
face of the nanocomposite. Moreover, the enhancement is also attributed due to 
surface defects in the nanocomposite. Similar to other nanocomposites, Cu–ZnS- 
PANI nanocomposite also has the advantage of the formation of bulk heterojunction 
for the enhanced gas response. The change in resistance to underexposure to carbon 
dioxide is shown in Fig. 9.9b. A maximum gas response of ~57% is obtained in a 
Cu–ZnS-PANI nanocomposite-based sensor for 80 ppm of carbon dioxide gas.

9.3.6  ZnTe-Polymer Nanocomposite

ZnTe-based nanomaterials such as quantum dots and nanorods are commonly used 
for electronic device fabrication. The ZnTe nanomaterials-based electronic devices 
exhibit improvement in optical and sensing performance. Further, the exciting 
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Table 9.2 Different types of II–VI semiconductor-polymer nanocomposites-based gas sensors

Nanocomposite materials (ratio) Target gas/vapour Sensor response Reference

CdSe:PQT-12 (1:2) 100 ppm NH3 51% [39]
CdS:polyaniline (1:2) 100 ppm H2S 48% [42]
CdS:Polyaniline:CSA (1:2:1.2) 100 ppm H2S 76% [48]
CdS-polypyrrole (0.03:1) 250 ppm NH3 4.2 [45]
CdS-polyaniline (1:2) 46 ppm NO2 847% [49]
CdTe-polypyrrole (1:10) 5 ppm acetone 4 kHz frequency shift [51]
ZnS:Cu:polyaniline (1:0.01) 80 ppm CO2 ~57% [60]

feature of the ZnTe-polymer nanocomposite has shown possibility in electronic and 
optical detection applications [61]. It is found that the ZnTe nanocomposites have 
improved electro-oxidation characteristics for ethanol [62]. This affinity for ethanol 
can be further explored for the sensing of different alcohol and other gases. 
Nonenzymatic determination of catechol is also done by using ZnTe nanocompos-
ites [63]. At present, ZnTe-polymer nanocomposites are not explored for gas- 
sensing applications, but their attractive structural features and affinities for 
adsorption can result in improved gas-sensing performance. The comparisons 
among major II–VI semiconductor-polymer nanocomposites-based gas sensors are 
listed in Table 9.2.

9.4  Conclusion

In this chapter, the II–VI semiconductor-polymer nanocomposites are briefly dis-
cussed. These nanocomposites have attractive features for improved electrical and 
sensing performance. Generally, Cd and Zn-based nanomaterials are utilised for the 
synthesis of nanocomposites for gas-sensing applications. It is also outlined that 
some of the II–VI semiconductor-polymer nanocomposites are less explored for 
possible applications in gas sensing. Further modification in the nanostructures of 
II–VI semiconductors is also possible for the preparation of high-performance 
nanocomposites. CdSe-polymer and CdS-polymer nanocomposites have been used 
largely for the fabrication of gas sensors. CdS-polyaniline nanocomposite has 
shown the highest gas response of 847% for 46 ppm nitrogen dioxide gas. On the 
other hand, a maximum gas response of 51% is obtained for 100 ppm ammonia gas 
in CdSe-PQT-12 nanocomposite-based sensor. In summary, II–VI semiconductor- 
polymer nanocomposites have shown improvement in gas-sensing performance. 
Additional advantages include tailored selectivity, mechanical flexibility, improved 
long-term stability, etc. The major drawback in II–VI semiconductor-polymer nano-
composites is the presence of less stable polymers. Highly stable polymers have a 
low response towards the target gases. The surface modification and selective win-
dow for the sensing can improve the lifetime of the nanocomposite-based gas 
sensors.
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Chapter 10
Nanomaterial-Based Electric 
and Electronic Gas Sensors

Andrea Gaiardo, Barbara Fabbri, and Matteo Valt

10.1  Introduction

Chemical gas sensors are measuring devices that – based on certain fundamentals, 
which combine detection principles, material science and processing technology – 
convert a chemical or physical property of a specific analyte into a measurable sig-
nal, whose magnitude is normally proportional to the type and the concentration of 
the gaseous compounds [1]. Nowadays, materials and devices for chemical gas sen-
sor production must be progressively downsized, eco-friendly, energetically effi-
cient, reliable, multifunctional and low-cost in order to meet market needs. Then, in 
order to meet these expectations, material and technology sciences research has 
advanced dramatically. In particular, materials have to feature effective functional-
ity and stability, while the final device must operate at low/room temperature (RT) 
and be simple to integrate into technological platforms [2–6].

Due to their high specific area, large number of active sites, controlled mor-
phology, change of unique physicochemical properties on exposure to gases, and 
high photoconduction abilities, nanomaterials (NMs) have found numerous uses 
in gas sensing [7, 8]. Furthermore, using improved nanosensing technologies to 
detect low gas concentrations in complex gas mixtures is a promising strategy [6]. 
Many potential definitions for NMs have been presented in recent years, including 
the one recommended by the European Union [9]. The properties of NMs are 
heavily influenced by the type and nature of nanostructures (NSs). In other words, 
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depending on the NSs, the same NMs may have different properties and be suited 
for different applications.

NMs are composed of submicron or nanoscale building blocks that exhibit size 
effects in at least one direction. Due to the enormous number of structures that have 
been produced in recent years, classification is required. Gleiter [10] proposed a 
first classification scheme. This NMs classification is based on crystalline forms and 
chemical composition, in particular, intercrystallite grain boundaries parallel with 
crystallites were regarded as building blocks. However, due to the lack of consider-
ation of zero- and one-dimensional (0D, 1D) structures like fullerenes and nano-
tubes, this method was incomplete. Later, V.V. Pokropivny et al. [11] proposed that 
NSs be categorised accurately based on dimensionality (Fig.  10.1), which they 
defined as a broad natural attribute combining size and form.

In fact, all NSs are made up of low-dimensional elementary units: zero- dimensional 
(0D structure), one-dimensional (1D structure) and two-dimensional structure (2D 
structure). Besides, three-dimensional structures (3D structures) are composed of one 
or more low-dimensional structures [1]. Then, the 3D units are excluded from the 
classification since they cannot be used to build low-dimensional NSs except the 3D 
matrix. 3D structures, on the other hand, can be deemed NMs if they contain 0D, 1D 
and 2D NSs. The kDlmn notation was established in the categorisation proposed by 
V.V. Pokropivny et al. [11], where k is a dimensionality of the nanostructure as a 
whole, while the integers l,m,n denote the dimensionality of the NSs building units. 
Because each of the numerals l,m,n represents a distinct type of unit, the total number 
of these integers must equal the total number of constituent units. The requirement 
leads to k ≥ l,m,n, and k,l,m,n = 0,1,2,3. It follows that a restricted number of NSs 
classes exists and they are summarised in Table 10.1 [11]. All kinds of known NSs in 
the literature belong to one of these classes. On these bases, the combined classifica-
tion can be further developed taking into account the nature and composition of mate-
rials such as, in this chapter, II–VI TMC semiconductors.

Fig. 10.1 Schematic illustration for the sensing mechanism of the Au NPs-ZnS hollow spheres- 
based sensor. (Reproduced with permission from Zhang et al. [23]. Copyright 2017: Elsevier)
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Table 10.1 The classification of NSs and typical morphology

Structure
Dimensions in the 
nanoscale Morphology

0D 3 Nanoparticle, quantum dot, nanocluster
1D 2 Nanowire, nanofibre, nanorod, nanotube
2D 1 Nanosheet, nanobelt, superlattice
3D Assembled by one or more 

kinds of NSs
3D hierarchical structures (nanoflower, etc.), hollow 
sphere, nano-mesoporous material

Core–
shells

0, 1, 2 or 3 Mesoporous, nanorod, quantum dot, etc.

Source: Adapted from Yuan et al. [1]. Published 2019 by MDPI as open access

Table 10.2 The types and characteristics of preparation methods of NMs

Method Advantaged Disadvantages Examples

Solid 
phase

Simple synthesis process, 
high yield, low pollution

Not homogeneous particle 
size distribution, high 
agglomeration

Ball milling, shear milling

Liquid 
phase

Simple synthesis process, 
controllable particle size

Low distribution, low 
uniformity

Sol–gel, hydrothermal, 
micro-emulsion, chemical 
bath deposition

Vapour 
phase

High purity powder, small 
particle size, low 
agglomeration

High cost, high 
requirements for 
instruments

Molecular beam epitaxy, 
chemical vapour 
deposition, sputtering

Source: Reprinted with permission from Yuan et al. [1]. Published 2019 by MDPI as open access

Their properties are determined by the atomic structure, composition, micro-
structure, defects and interfaces, all influenced by the thermodynamics and kinetics 
of synthesis. Advanced fabrication technology allows the microstructure and mor-
phology of NMs to be manipulated, paving a world of possibilities for NM-based 
functional devices and applications. In general, the various NM synthesis methods 
can be listed into three main categories: solid-phase method, vapour-phase method 
and liquid-phase method, based on the state of the reagents, as shown in Table 10.2.

So far, several techniques have been explored to fabricate NMs of desired size, 
shape and orientation. Top-down and bottom-up approaches are two types of tech-
nological techniques that play an important role in the device business as well as in 
nanoproducts.

Top-down techniques are naturally easier since they rely on either removing or 
breaking down the bulk material into nanosized structures or particles, or on minia-
turising bulk production procedures to obtain the necessary structure with the 
needed attributes. Examples of such techniques are mechanical methods, such as 
cutting, etching, grinding, high-energy wet ball milling, atomic force manipulation, 
gas-phase condensation, aerosol spray, etc., and lithographic methods, for example, 
photo-lithography, electron beam lithography. Top-down synthesis techniques are 
variations upon those previously utilised to make micron-sized particles. Despite 
top-down approaches allowing a large-scale production avoiding chemical 
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purification, they feature a broad size distribution (10–1000 nm) and a wide variety 
in shape or geometry of the particles. Additionally, it is challenging to control depo-
sition settings, and the methods are expensive. The primary drawback of the top-
down strategy, however, is the flaws in the surface structure. Indeed, these flaws 
would significantly affect the chemical and physical characteristics of NSs and 
nanomaterials. For instance, lithographically produced nanowires (NWs) may not 
have a smooth surface and have several impurities and structural flaws.

The bottom-up strategy (physical and chemical processing methods) is an alter-
native that may result in less waste and is therefore more cost-effective. It describes 
the process of building up a substance atom by atom, molecule by molecule or 
cluster by cluster. Two approaches can be used to categorise the reported bottom-up 
methods for the preparation of nanoparticles (NPs): physical processing, which is 
directed at a thermodynamic equilibrium (creation of supersaturation, nucleation 
and subsequent growth), and chemical processing, which is directed at a kinetic 
approach (limiting the number of precursors for the growth confining in a limited 
space). Physical techniques include physical vapour deposition (PVD), evaporation, 
sputtering, plasma arcing and laser ablation. Chemical techniques include chemical 
vapour deposition (CVD), the reverse micelle route, sol-gel synthesis, colloidal pre-
cipitation, hydrothermal synthesis, template-assisted sol–gel and electrodeposition. 
For the commercial manufacture of nanopowders, several of these techniques are 
still in development or are only now being started.

Although large-scale production is challenging and chemical NPs purification is 
necessary, bottom-up technique is low cost and offers a narrow size distribution 
(1–20 nm) of the NSs and better control of deposition settings.

In conclusion, the bottom-up technique is preferred for the synthesis of NPs over 
the top-down approach due to various advantages including fewer flaws, a more 
homogeneous chemical composition and better ordering [12].

10.1.1  Performance Parameters and Influence Factors 
for Nanomaterial-Based Electrical and Electronic 
Gas Sensors

High sensitivity, outstanding selectivity, quick reaction and recovery times and 
good long-term stability are anticipated of a top-notch gas sensor.

Four crucial factors, or the so-called ‘4S’, must be considered in order to assess 
the detecting abilities of gas sensors: sensitivity, selectivity to target gases, speed of 
sensor response/recovery and signal stability [13].

Sensitivity is the slope of the calibration curve, i.e., the ratio between the varia-
tion of a suitable physical quantity (such as resistance, conductance, circulating 
current, etc.) and the variation of analyte concentration. The variation of the sensor 
signal output, related to such physical quantity, during the exposure to the analyte is 
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known as response (R) (i.e. tested gas). The reaction can be described by the follow-
ing formula, denoting this physical quantity as X:

 

R
X X

X
�

�� �air

air  

(10.1)

where X and Xair are the values of the selected quantity when the sensor is exposed 
or not to the analyte, respectively. Usually, resistance is used to calculate the 
response of the sensing film since it depends on the type and concentration of the 
gas [14]. For the calculation of the sensing response of electrical and electronic gas 
sensor it is important to consider the type of the sensing NM used (e.g. n- or p-type 
semiconductor) and the physico-chemical properties of the target gas (e.g. oxidis-
ing/reducing molecule).

Selectivity is studied by comparing the cross-sensitivity to some different gases 
at given concentrations, which denotes the ability to identify the target gas.

Speed of gas sensors can be quantified using response and recovery time.
Stability refers to the capacity of reproducing results and outputting stable sig-

nals for gas sensors even after a long-term operation, which is always influenced by 
material components, humidity, working temperature and other factors.

Based on the dominance of size confinement, distribution and morphology, inter-
facial processes and quantum effects, the most ideal gas sensing qualities can be 
attained at the nanoscale. Table 10.3 shows a comparison of NMs from 0D to 3D 
features in the field of electrically-transduced sensing materials, starting from the 
aforementioned essential critical aspects to be taken into account in the assessment 
of NMs-based gas sensors performance.

10.1.2  Influence Factors: Advantages on Using II–VI 
Semiconductor Nanomaterials in Electric 
and Electronic Gas Sensors

The principle of gas sensing are complex and some important performance chal-
lenges have to be addressed:

• Humidity affects the interaction between the gas and the sensor. For real applica-
tions, the presence of humidity cannot be overlooked, since it provides a decrease 
of gas sensor sensitivity.

• When detecting a mixture of similar gases, the cross-sensitivity of gas sensors 
would be impacted by interfering gases that have the same chemical properties 
as the target gas.

• Long-term stability, or signal drift, is a relatively complex and unavoidable phe-
nomenon, which is produced by different surrounding conditions, including 
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Table 10.3 Types and characteristics of preparation methods of NMs [15]

Advantages Disadvantages

0D Atomic control of structure–property 
relationship
Large surface-to-volume ratio
Single-molecular electronic-based 
sensing
Tunable size and shape

Low conductivity
Difficulty with device integration
Limited stability of devices

1D High surface-to volume ratio
Excellent stability of the devices
High density of reactive sites
Good thermal stability
Compatible with device 
miniaturisation

Required chemical modification to enhance 
selectivity
Difficulty in establishing reliable electrical contacts
Difficult purification
Limited structure and precision control

2D Wide tunability of conductivity
Large surface-to-volume ratio
Thickness-dependent electronic 
properties
Excellent mechanical flexibility
Good functionalisation ability
Compatible with ultra-thin silicon 
channel technology

Lack of mass production of materials with large 
area, high and uniform quality
Lack of facile, effective and reliable strategies for 
device integration
Limited stability of some forms at ambient 
conditions

3D Strong analyte adsorption/binding
Good mechanical strength
Good thermal stability
Easy to interface with solid-state 
devices
Good design ability to improve 
selectivity

Low surface area (for non-porous materials)
Difficulty to miniaturisation
Slow dynamics of analyte transport

Source: Adapted with permission from Meng et al. [15]. Copyright 2019: ACS Publications

device aging and poisoning, environmental temperature and humidity and trans-
mission delay.

• RT operation has a significant disadvantage in terms of power consumption, 
application in hazardous settings and desire for affordable and portable devices 
due to the high operating temperature (200–500 °C) required to trigger chemical 
reactions on the active sensing material.

II–VI semiconductor compounds can be used as sensing materials in all types of 
gas sensors, including chemiresistors, surface acoustic wave (SAW) and 
heterojunction- based gas sensors. This versatility is provided by diverse significant 
properties:

 (i) In II–VI TMC semiconductors, the surface Fermi-level position or the band 
bending, can vary over a large range, which helps to obtain high sensor respon-
siveness through exposition to the surrounding gases. Then, II–VI compounds 
are frequently used in gas sensing applications due to their special ability to 
behave as either wide-bandgap (1.5–3.5  eV) or narrow-bandgap (0–1.5  eV) 
materials. Additionally, because they are ‘ionic’ materials, II–VI  semiconductor 
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compounds lack surface Fermi-level pinning. This means that they show little 
or no Fermi–level stabilisation at the interface [16].

 (ii) II–VI TMC semiconductors hold a favorable position among the diverse range 
of sensing materials just by virtue of their elemental composition. In fact, com-
pared to semiconductors based on oxides, the absence of oxygen in the crystal 
lattice results in a distinct catalytic mechanism on the surface reaction. The 
consistent signal drift experienced by the last and attributed to the in/out diffu-
sion of oxygen vacancies, which modifies the doping level, may also be 
resolved by this absence [2, 17].

 (iii) These materials work as functional semiconductors for chemical sensors pri-
marily by altering their resistance, photoconductivity, optical absorption and 
fluorescence as a result of adsorbate-induced modifications. Indeed, the prop-
erties of interest for chemical sensing with II–VI TMC NMs include strong 
resistance change or high quantum yields in combination with broad absorp-
tion spectra, narrow size-tunable photoluminescence and exceptional resis-
tance to both photobleaching and chemical degradation [18].

 (iv) II–VI TMC NMs can be used for surface functionalisation and composite for-
mation, giving the option to fine-tune the nanostructure morphology and crys-
tal structure using quick, low-cost techniques.

10.1.3  Approaches to Optimise Chemical Gas Sensing Devices

The current generation of sensing materials has progressed from MOSs, which 
are still the industry standard for gas sensors [19], to new two-dimensional (2D) 
materials like graphene and other ones [20, 21], as well as a variety of nanocompos-
ites [22]. Despite the remarkable advancements of MOS-based gas sensors, includ-
ing high sensitivity and quick reaction and recovery times, these NMs have revealed 
disadvantages, such as low selectivity and high operating temperatures, that limit 
their exploitation in many applications [19].

The investigation of semiconductors with tunable or narrow bandgap, high 
charge carrier’s mobility, high surface reactivity and low/room-temperature sensing 
performance has resulted from the hunt for materials that would overcome the con-
straints of MOS-based gas sensors. According to this viewpoint, some of the advan-
tageous features of II–VI TMC compounds would enable them to meet these 
requirements. Although gas sensors based on II–VI TMC compounds are sensitive 
to the same gases and vapours as MOS gas sensors, they do so with lower sensitiv-
ity, which makes it hard to replace MOS gas sensors despite the results of research 
on gas sensors to date. Illumination and temperature have a significant impact on the 
characteristics of II–VI semiconductor compounds. Indeed, despite high melting 
temperatures, sublimation and particularly irreversible oxidation occur at signifi-
cantly lower temperatures. As a result, for the most stable ZnS and CdS compounds, 
working temperatures of II–VI-based gas sensors cannot exceed 300–350 °C. This 
suggests that more research and development are necessary since II–VI 
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semiconductor compounds, at the current state-of-art, are still unable to address 
issues with selectivity and instability of gas sensors over the time [16].

II–VI TMC compounds should have pores with small grain sizes and nanostruc-
tures with small diameters for improved detection capabilities. Additionally, the 
thinner films have demonstrated greater sensitivity and faster response times. 
Response and recovery times often decrease as operating temperature rises. Surface 
modification, such as decorating with noble metal particles, enhances the sensing 
performance of II–VI semiconductor compounds, including improved sensitivity 
and selectivity, shorter response/recovery time, etc. In this regard, ZnS is exten-
sively researched by both decoration with metal nanoclusters and doping [23, 24]. 
For instance, Au NPs-ZnS hollow spheres (Au NPs-ZnS HSs) have recently shown 
outstanding gas sensing capabilities, including high response, quick response–
recovery times and strong repeatability, as well as increased responsiveness to a 
number of volatile organic pollutants (Fig. 10.1).

Utilising UV-visible radiation and taking advantage of the photoconductivity and 
photocatalytic capabilities of II–VI TMCs, the aforementioned issues concerning 
temperature dependence might be overcome. In general, the regulation of conduc-
tance by adsorbed oxygen is enhanced by illumination with the appropriate energy. 
The creation and recombination of electron-hole pairs in the semiconductor deter-
mines the response and recovery speed. The highest overlap between the emission 
spectra of the radiation source and the absorption of the sensing material is recom-
mended to maximise the energy efficiency of light-activated sensors.

Although it was already noted that nanocrystalline wide-gap MOSs are able to 
exhibit a photo-response when exposed to visible light [25], this effect is usually 
quite weak, due to the small absorption coefficient in the visible light range, leading 
to a limited absorption of the emitted photons. Semiconducting gas sensors with 
improved photo- and gas sensitivity in the visible region can be made essentially by 
using two different methods. The first approach is to employ a semiconductor, such 
as certain halides, sulphides and other compounds, as the sensing layer. This semi-
conductor must have a lower bandgap than an oxide and be able to absorb photons 
in the visible spectrum. CdS, one of the II–VI TMCs, has demonstrated strong pho-
toconductivity, making it a possible solution for the manufacturing of RT working 
devices, avoiding temperature effects on the sensing materials. It has been shown 
that a bandgap-resonant excitation (Fig. 10.2) maximises surface chemical activity 
as well as photoconductivity [26]. However, the photostability of sulfides may not 
be sufficient in the long term. In this regard, even though the number of scientific 
papers pertaining to such systems is rapidly rising [27], other semiconducting mate-
rials of the II–VI group with an energy bandgap in the visible range, such as ZnSe 
(2.70 eV) and ZnTe (2.26 eV), are more promising and underexplored in the gas 
sensing field. The second approach for increasing gas sensitivity is to sensitise 
wide-gap semiconductors to the visible radiation by doping, spectral sensitisation 
with dyes or particles of narrow-band semiconductors and with plasmon metal par-
ticles. However, so far, the literature does not provide data on the long-term stability 
of these sensitisation strategies [25].
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Fig. 10.2 Electrical response of CdS film to the tested gases vs. wavelength of the exciting radia-
tion. The vertical line corresponds to the bandgap energy. (Reproduced with permission from 
Giberti et al. [26], with the permission of AIP Publishing)

10.2  II–VI Semiconductor Nanomaterials for Chemical 
Gas Sensors

10.2.1  0D Nanomaterials

0D materials are sized at nanoscale level in all three dimensions. For example, in the 
system of quantum dots (QDs), all the electrons are confined within an ‘infinitely 
deep potential well’ and they cannot exit from this delimited region. Therefore, 
electron delocalisation is not observed. 0D NMs can be amorphous or single and 
polycrystalline, exhibiting diverse shapes and forms. Within 0D materials their 
length equals the width.

According to the quantum confinement theory, when an electron is promoted 
from the valence to the conduction band, an exciton is generated in the bulk lattice. 
The physical separation distance between electron and hole is defined as the exciton 
Bohr radius (rb). Within 0D materials (such QDs), the rb is of the same order of 
magnitude as nanocrystal diameter, giving rise to quantum confinement of the exci-
ton. Subsequently, if nanostructured materials possess sufficiently small dimen-
sions, the exciton quantum confinement results in discrete energy levels. Therefore, 
any modification of the atomic structure will result in a significant change of the 
nanocrystal dimensions and bandgap. Due to confinement of electrons and holes, 
the lowest energy optical transition from the valence to conduction band will 
increase in energy, subsequently increasing the bandgap. The discrete energy (En) 
for different NMs can be described by Eq. (10.2):
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where ħ is the Planck’s constant in J⋅s, m is the electron mass in amu, L is the orbital 
perimeter in nm and n dimensional coordinates, which are dimensionless units.

From the above equation, one can observe that the bandgap value may be easily 
fine-tuned by changing the diameter of the QD, if the dimensions are controlled at 
the size smaller than rb. This characteristic is one of the main advantages of QDs as 
their electrical and optical properties can be engineered by precise control of the 
nanoparticle size exhibiting great potential for applications in functional devices. 
The variation of these parameters can affect the rate of adsorption and desorption 
processes of gaseous molecules on the semiconductor surface playing a major role 
in the detection of different gases in the atmosphere. QD-containing devices offer 
several advantages over conventional thick-film-based sensors in terms of enhanced 
charge transport and surface area, opening new pathways for the development of 
next-generation portable and flexible sensing systems.

QDs are generally prepared by colloidal synthesis techniques or epitaxial growth. 
The last, provides an ordered growth of QDs, where the temperature, structure and 
crystallographic orientation of the substrate should be considered and controlled in 
detail. The colloidal synthesis method has been intensively developed to fabricate 
different QDs semiconductors. Colloidal synthesis is a liquid-phase condensation, 
wherein the chemical reactions supersaturate the precursors and cause nucleation of 
QDs. In this context, the precursor solutions and the environmental conditions of 
the chemical reactions are the key factors for the quality of the produced QDs [28].

The selection of suitable material is essential for enhancing the sensing proper-
ties of the final device. For example, ZnS has been extensively studied due to its 
excellent electrical, optical and catalytic properties. It has useful interstitial sulphur 
lattice defects, sulphur vacancies and trapped surface states, enhancing possible 
surface oxygen adsorption, which can further facilitate adsorbed O− ion species on 
the surface. These adsorbates can enhance interactions between the sensing materi-
als and gas molecules leading to the high gas sensing performance of the ZnS sensor 
(Fig. 10.3) [29].

II–VI group QDs nanocrystals are characterised by peculiar optical properties, 
such as broad absorption and sharp emission bands as well as size-dependent pho-
toluminescence in the visible spectral range. These characteristics can foster the use 
of QDs as photosensitisers to increase sensitivity to the visible light of semiconduc-
tors that are transparent in this region of the spectrum. For example, CdSe/CdS QDs 
resulted to be quite popular due to their bright emission with a wide excitation 
spectra and narrow emission bandwidths have been used as sensitisers for large 
bandgap semiconductors, such as TiO2 or ZnO (Fig. 10.4). These kinds of semicon-
ductors heterostructures can exploit visible light and a high surface-to-volume ratio. 
Thus, they are an attractive option for visible-light-activated sensors [30].

CdS QDs with their large specific surface area and good charge transport proper-
ties resulted in the sensitisation of Co3O4 microspheres towards H2S [31]. The  CdS/
Co3O4 composites showed high sensing response as well as very short response and 
recovery times at RT. However, CdS QDs can be easily oxidised and transformed 
into CdO at temperatures higher than 25 °C. Therefore, chemical stability of CdS 
QDs still needs to be enhanced in order to reduce possible oxidation phenomena. 
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Fig. 10.3 Transmission electron microscopy (TEM) images of ZnS QDs at different magnifica-
tions: (a) Agglomerated and overlapped QDs, (b) transient characteristics at 175  °C and (c) 
response and recovery time calculation of ZnS QDs-based acetone sensor. (Reproduced with per-
mission from Mishra et al. [29]. Published 2021 by MDPI as open access)

Fig. 10.4 Distribution of the particle size of (a) CdSe, (b) CdS@CdSe and (c) ZnSe@CdS nano-
crystals. The size distribution for the CdSe and CdS core in CdS@CdSE and ZnSE@CdS hetero-
structures is also presented. Low magnification TEM images of (d) CdSe, (e) CdS@CdSe and (f) 
ZnSe@CdS. (g) Sensor signal S = Rdark/Rdark0 and (h) effective photoresponse Peff = Rdark/R of ZnO/
CdSe, ZnO/(CdS@CdSe) and ZnO/(ZnSe@CdS) nanocomposites under periodic green light illu-
mination (λmax = 535 nm) with increasing (open symbols) and decreasing (filled symbols) NO2 
concentration in the gas phase. (Reproduced with permission from Chizhov et al. [30]. Published 
2019 by Frontiers as open access)

Results from other studies on composite structures based on CdSe and MOSs (ZnO, 
SnO2 and In2O3) indicated that their sensing properties can be improved by the irra-
diation with green light with good results towards NO2. Under this condition, the 
electron-hole pairs will be generated in the CdSe QDs and not in the wide bandgap 
oxide materials, where UV activation is needed.
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Hence, the photoactivated electrons in the CdSe will move to the conduction 
band of the MOS, here, the holes can recombine with electrons trapped by the che-
misorbed NO2 at surface. The composite materials based on CdSe QDs and MOS 
exhibited reproducible sensing characteristics in dark and under green light activa-
tion. Furthermore, the CdSe QDs–In2O3 structure showed a better sensing response 
towards NO2 compared to other compositions, which was attributed to the maxi-
mum band offset between the In2O3 and CdSe QDs. Nevertheless, the effects of 
environmental conditions on the sensing performance of II–VI semiconductor QDs, 
especially in stability, need to be further investigated [32, 33]. Table  10.4 sum-
marises some examples of sensors produced employing QDs.

10.2.2  1D Nanomaterials

1D semiconductor NSs are sized at nanoscale level in two dimensions. This family 
of materials include nanotubes (NTs), nanofibres (NFs), NWs, nanorods (NRs) and 
nanofilaments (NFLs). In these systems, electrons are confined within two dimen-
sions. 1D NMs can be amorphous or crystalline, single or polycrystalline, ceramic, 
metallic or polymeric like 0D materials. In addition, these materials can be employed 
as stand-alone or embedded within another medium. Within this class of material, 
their length is larger than the width. Following the quantum confinement theory, one 
can obtain that En for 1D NMs can be described by Eq. (10.3):

Table 10.4 Summary of the sensing performance of 0D NSs of II-VI TMCs

Material
Synthesis route/
morphology Gas

Cg 
(ppm)

Toper 
(°C) S

τres/τrec 
(s) References

ZnS Hot-injection method/
QDs

(CH3)2CO 20 175 20 5.5/6.7 [29]

ZnO/ZnSe@
CdS

Solvothermal/ZnO 
decorated QDs 
core-shell

NO2 0.12 RT # # [30]

ZnO/
CdS@CdSe

Solvothermal/ZnO 
decorated QDs 
core-shell

NO2 0.12 RT # # [30]

Co3O4/CdS 
QDs

Solvothermal/Co3O4 
decorated QDs

H2S 100 RT 12.7 0.6/1.0 [31]

CdS Solvothermal/NPs ButOH 5 250 20 >500
/>500

[33]

CdS Solvothermal/NPs CO 10 RT+ 
VIS

20 >500/
>500

[26]

ZnO/CdSe Solvothermal/ZnO 
decorated QDs

NO2 0.12 RT # # [30]

Cg concentration of target gas, (CH3)2CO acetone, ButOH butanol, τres, τrec response and recovery 
times, S sensor response, Toper operating temperature
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Therefore, an appropriate comparison that explores the transition from QDs to 
2D confinement can be found on rods. This transition is revealed in the bandgaps 
and their diameter dependencies, both of which are larger in 3D-confined dots than 
in 2D-confined rods. In addition, rods should exhibit 3D confinement in the short 
limit and 2D confinement in the long limit. As an example, Li et al. have experimen-
tally estimated the minimum length at which presently known CdSe quantum rods 
have achieved the 2D confinement of a quantum wire [34].

Size dependencies of the bandgaps in CdSe dots, rods and wires should all scale 
linearly with 1/d2, on a first approximation. This assertion is based on overly simple 
particle-in-a-box calculations of the kinetic confinement energies of electrons and 
holes but can serve as a rule-of-thumb to provide a convenient common basis for 
comparing quantum confinement energies in corresponding sets of dots, rods and 
wires [35].

Most processes employed to synthesise one-dimensional structures are incom-
patible with the electrical characterisation of individual NSs. For this scope, an 
additional processing is necessary to remove the NWs, NRs or NTs from their 
growth substrate and then transfer them onto a suitable platform that allows the 
characterisation of single wires using them as a sensing element. Thus, one of the 
major problems to overcome in the manufacturing of 1D structure-based sensors is 
their integration with electrodes. Single 1D structures device is often realised using 
a ‘pick and place’ approach. 1D structures are, at first, dispersed into an adequate 
solvent such as methanol, ethanol, isopropanol or water in very low concentrations. 
Then, a drop of dilute suspension of 1D structures is placed on the substrate and 
evaporated under heating or low vacuum. Finally, NWs with manipulator tips can be 
moved from a template substrate [36]. Otherwise, for example, Zhu et al. [37] have 
utilised a solvothermal method to prepare 1D single-crystalline CdS NWs, which 
have shown interesting gas sensing performance towards ethanol. The inset of 
Fig. 10.5a shows that the CdS NWs possess a smooth surface with uniform width. 
However, diameters and lengths of NWs are in the generally in the range of 
30–110 nm and several micrometers, respectively.

Jiang et  al. [38], have utilised a thermal co-evaporation method to prepare 
aluminium- doped n-type ZnS NWs. Park et al. [39], had prepared Au-functionalised 
ZnS NWs using a combination of thermal evaporation, sputtering and thermal 
annealing for the preparation of gas sensing devices for the detection of NO2. The 
dynamic responses of the materials to different concentrations of NO2 at a working 
temperature of 300 °C in dark and under UV illumination conditions were investi-
gated. The same research group [40] had thermally evaporated ZnSe nanopowders 
to prepare multiple-networked ZnSe NWs for the detection of NO2 at RT under UV 
illumination. The dynamic response toward 5 ppm NO2 gas at RT showed a direct 
correlation between the ZnSe NWs responses and the UV illumination intensity. 
The SEM image in Fig.  10.5b shows a fibre-like morphology with widths and 
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Fig. 10.5 (a) Response–recovery curves of CdS NWs gas sensor toward 20, 50, 100 and 200 ppm 
ethanol, respectively, (inset) High-resolution transmission electron microscopy (HRTEM) image 
of a CdS NW. (Adapted with permission from Zhu et al. [37]. Copyright 2014: AIP Publishing). 
(b) Electrical response of ZnSe NW gas sensors under UV (365 nm) illumination for different UV 
illumination intensities, (inset) scanning electron microscopy (SEM) image of ZnSe NWs. 
(Reproduced with permission from Park et al. [40]. Published 2014 by Beilstein as open access)

Table 10.5 Summary of the sensing performance of 1D NSs of II–VI TMCs

Material
Synthesis route/
morphology Gas

Cg 
(ppm) Toper (°C) S

τres/τrec 
(s) References

CdS Solvothermal/NWs EtOH 100 206 14.9 0.4/0.2 [37]
Au/CdS Solvothermal/NWs EtOH 100 230 110 15/5 [41]
CdSe Thermal evaporation/

nanoribbons
EtOH 50 200 + VIS 1 # [42]

Au/ZnS Thermal evaporation/
NWs

NO2 5 300 313 
(%)

# [39]

ZnO/
ZnS

Hydrothermal/
core–shell

ButOH 100 300 28 4/2 [43]

In2O3/
ZnS

Hydrothermal + 
spinning/NWs

EtOH 500 300 28 28/225 [44]

ZnSe Chemical synthesis/
NWs

NO2 0.05 RT 101 
(%)

# [40]

Cg concentration of target gas, EtOH ethanol, ButOH butanol, τres, τrec response and recovery times, 
S sensor response, Toper operating temperature

lengths varying in the range of 30–100 nm and 300 nm, respectively. A summary of 
the sensing performance of devices based on 1D structure can be found in Table 10.5.

10.2.3  2D Nanomaterials

2D materials are sized at the nanoscale in one dimension. Some examples include 
ultrathin films and multilayer material. 2D NMs can exist as amorphous or crystal-
line and can be used as single or multilayer structures and are normally deposited on 
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a substrate and/or integrated into surrounding matrix material. Like in 1D struc-
tures, electrons in 2D materials are subject to confinement and delocalisation. 
Therefore, the quantum confinement theory indicates that En for 2D NMs can be 
described by the following equation:
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Electrons in this class are confined within one quantised dimension and still free 
to move in directions parallel to the layers. Hence, in this model, the optical absorp-
tion can be seen as a series of steps, with one step for each quantum number. Thus, 
as we imagine increasing the number of layers, we will make a smooth transition to 
the bulk behaviour. These latter characteristics greatly impact on the final device 
experimental sensing performance having a pivotal role in the surface kinetics [45].

Development of synthetic methods that allows the deposition of the 2D NSs 
directly onto the device can promote and improve signal reproducibility in analyti-
cal measurements [15]. As an example, Ghimpu et al. [46] uses radio frequency mag-
netron sputtering to obtain a thin layer of CdS that is deposited onto tubular graphitic/
aerographite microstructures capable to detect ethanol at RT (Fig. 10.6a, b). In addi-
tion, the group of Li et al. [47] presented a highly ordered CdS nanoflake array, 
fabricated by CVD, grown directly on the substrate.

The sensing performance of the as-prepared material shows that the sensor 
exhibited high response to 5 ppm of NO2 under green LED illumination with good 
selectivity and small humidity interference (Fig. 10.6c, d). However, some techno-
logical difficulties need to be addressed for the fabrication of 2D NMs-based 
devices. For example, if 2D NMs are composed of large nanosheets, with the use of 
thick-film technology employed for the deposition of the sensing layer, the possible 
formation of strongly agglomerated 2D nanosheets exists [36]. A summary of the 
sensing performance of devices based on 2D structure can be found in Table 10.6.

10.2.4  3D Nanomaterials

0D, 1D and 2D NMs show great potential for gas sensing applications. However, 
due to the lack of dispersibility control and structure liability, they also have some 
shortcomings in terms of sensitivity, repeatability and response speed [3]. 
Furthermore, the deposition of films composed of low-dimensional NMs usually 
leads to the stacking of NPs and to a strong decrease in available active sites, which 
are physically covered by the neighbouring NPs [48]. In order to overcome these 
problems, 3D NSs incorporate low dimensional particles for the optimisations of 
the gas sensing performances [48–50]. Generally, the most common 3D NSs can be 
divided in two macro-categories: (1) 3D NSs assembled from low-dimensional 0D, 
1D and 2D building sub-units, commonly leading to 3D hierarchical structures or 
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Fig. 10.6 (a) SEM image of a device based on an individual tubular microstructure of aerograph-
ite covered with a thin layer of CdS (NPs). (b) Gas response at RT of an individual CdS/aerograph-
ite microtube to 100 ppm of different vapours and gases. (Reprinted with permission from Ghimpu 
et al. [46]. Copyright 2019: Elsevier). (c) SEM images of CdS nanoflake arrays (NFAs) gas sensor. 
(d) Response–recovery curve of the sensor to different NO2 concentrations. The inset in (d) shows 
the response of the sensor to various gas concentrations. (Reprinted with permission from Li et al. 
[47]. Copyright 2018: Elsevier)

Table 10.6 Summary of the sensing performance of 2D NSs of II–VI TMCs

Material Synthesis route/morphology Gas
Cg 
(ppm)

Toper 
(°C) S

τres/τrec 
(s) References

CdS Individual microtube/
Aerographite

EtOH 100 RT 22(%) 9/>500 [46]

CdS CVD/nanoflake array NO2 5 RT 89(%) 44/113 [47]

Cg concentration of target gas, EtOH ethanol, τres, τrec response and recovery times, S sensor 
response, Toper operating temperature

hollow spheres; (2) 3D nano- and mesoporous structures [51, 52]. These 3D archi-
tectures result in great gas permeability and a very high specific area, providing the 
opportunity to tune the sensing behaviour by modifying the dimension and shape of 
the structure. Furthermore, the development of 3D NMs with specific designs leads 
to an increase of the carriers mobility, involving an improvement of the electrical 
properties as well as the enhancement of the reaction kinetics on the material sur-
face [51]. 3D NSs can be developed by using either bottom-up or top-down 
approaches, enabling the integration of these materials into processes for manufac-
turing advanced devices [12].
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10.2.4.1  3D Spatial Ensembles of 0D, 1D and 2D NSs

The imitation of the natural world is one of the most widely used approaches for the 
development of spatial ensembled 3D NSs, this results in synthesis of the so-called 
bio-inspired NMs that exhibit remarkably improved chemical and physical proper-
ties [52–55]. The peculiar characteristics of these structures have enabled the inves-
tigation of 3D bio-inspired NMs for many applications, including catalysis, 
electronic devices, self-cleaning structures and many others [52–54]. Concerning 
the gas sensing field, both pure and composite bio-inspired NSs have been investi-
gated, highlighting very interesting sensing performance. For this specific applica-
tion, the bottom-up approach has been preferentially used for the development of 
the II–VI NSs [24, 48, 56–58], and in particular the hydrothermal synthesis paving 
the way for an optimal NS size and morphology control by modified synthesis 
parameters. For instance, Fu et al. [48] used a facile hydrothermal method for the 
synthesis of a novel leaf-inspired CdS micro−/nanostructure, designed for gas- 
sensing application (Fig.  10.7a). The so-obtained hierarchical structures showed 
fascinating sensing performance including high sensitivity, low detection limit and 
short response/recovery times towards typical volatile organic compounds 
(VOC), including ether, methanol, acetone and isopropanol (Fig. 10.7b). The com-
parison with the sensing performance of conventional CdS spherical NPs revealed 
an enhancement of the leaf-like 3D NSs ability for the diffusion and adsorption/
desorption of gases, resulting in a strong improvement of the sensing performance 
at a working temperature of 210 °C.

In order to avoid the above-mentioned problem of stacking, Liu et al. [56] grew 
on interdigital electrodes a CdS ultrathin NFA via CVD, maintaining, at the same 
time, the peculiar advantages of low dimensional NSs (Fig. 10.7c). The develop-
ment of CdS NFA led to multiple advantages from the gas sensing viewpoint, 
including: (i) development of nanoflakes with an ultrathin thickness, which can be 
tune by modifying the grow parameters; (ii) exposition of the high energy {0001} 
CdS facets, providing a high number of active sites. The CdS NFAs layer showed a 
high selectivity towards isopropanol at 225  °C (Fig.  10.7d), with better sensing 
performance than the typical CdS NPs-based sensing films. Alongside the 3D hier-
archical structures, hollow micro- and nanospheres have strongly attracted the 
research interests for the development of electronic and electrical gas sensors, due 
to their unique physical and chemical properties such as high surface-to-volume 
ratio, high concentration of active sites and good surface permeability allowing 
rapid diffusion of gas molecules [23, 58].

ZnS has been the most investigated II–VI TMC semiconductor for the develop-
ment of gas sensors based on HSs, thanks to its crystal structure that enables simple 
and low-cost syntheses of this particular 3D structure.  Brunauer-Emmett-Teller 
(BET) analysis highlighted a very high surface area of 26.98  m2/g for the so- 
prepared microsphere. The sensing characterisation revealed a good selectivity of 
the ZnS sensor towards ethanol, with a very fast response of 1–2 s at a lower work-
ing temperature (160 °C) than other ZnS NSs investigated so far. Zhang et al. [23], 
from their side, increased the carrier density and enhanced the surface reactivity of 
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Fig. 10.7 (a) Field emission SEM image of a leaf-like CdS micro−/nanostructure and (b) calibra-
tion curves of CdS sensing responses vs. VOCs. (Reproduced with permission from Fu et al. [48]. 
Copyright 2012: Royal Society of Chemistry). (c) SEM image of CdS NFAs (inset is an atomic 
force microscopy image of a nanoflake thickness) and (d) dependence between CdS nanoflake 
thickness and sensitivity towards isopropanol. (Reproduced with permission from Liu et al. [56]. 
Copyright 2017: ACS Publications)

the ZnS HSs (Fig. 10.8a) by functionalisation with Au NPs. The significant improve-
ment of the sensing performance for the VOCs detection, compared to pristine ZnS 
HSs (Fig. 10.8b), can be attributed to the spillover and catalytic effect of Au NPs. A 
summary of the sensing performance of devices based on 3D spatial ensembles of 
0D, 1D and 2D NSs can be found in Table 10.7.

10.2.4.2  3D Nano- and Mesoporous Structures

The classification of these NSs is based on the size of pores, which should be smaller 
than 100 nm and 50 nm for nano- and mesoporous materials, respectively. The mor-
phology of nano-/mesoporous semiconductors is particularly beneficial for the 
development of electrical and electronic gas sensors with optimised sensing perfor-
mance, owing to the possibility to tune the grain size, surface area and surface 
chemical properties of the materials by controlling the pore sizes [59, 60]. Basically, 
nanostructured nano-/mesoporous materials with nanometer-sized crystals lead to 
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Fig. 10.8 (a) TEM image of ZnS HSs. (b) Sensing responses of Au NPS-ZnS HSs and ZnS HSs- 
based sensors vs. 100 ppm of different VOCs. (Reproduced with permission from Zhang et al. [23]. 
Copyright 2017: Elsevier)

Table 10.7 Summary of the sensing performance of 3D spatial ensembles of 0D, 1D and 2D NSs 
of II–VI TMCs

Material Synthesis route/morphology Gas
Cg 
(ppm)

Toper 
(°C) S

τres/τrec 
(s) References

CdS Hydrothermal/leaf-like IPOH 100 210 63 6/15 [48]
CdS Chemical vapour deposition/

ultrathin nanoflake array
IPOH 100 225 40 12/# [56]

PPy/
Ag2S:CdS

Sonochemical/hybrid 
nanocomposite

NH3 100 RT 0.65 20/# [57]

ZnS Hydrothermal/hollow 
microspheres

EtOH 100 160 4.5 1/21 [58]

Au/ZnS Hydrothermal/hollow spheres EtOH 100 260 34.4 6/8 [23]

Cg concentration of target gas, EtOH ethanol, IPOH isopropanol, τres, τrec response and recovery 
times, S sensor response, Toper operating temperature

fast adsorption/desorption processes during gas measurements, due to the total 
exposures of sensing sites to target gases [61]. Furthermore, these 3D NSs exhibit 
unusual dynamics of charge carries photo- and/or thermo-activated, giving rise to a 
superior efficiency on the receptor/transduction mechanism [62, 63]. 

Although nano−/mesoporous structures of II–VI TMCs have been sporadically 
investigated for gas sensing applications so far, and the few published studies have 
highlighted interesting sensing features. For instance, Xing et al. [64] used a bot-
tom- up approach to synthesise mesoporous ZnS hierarchical NSs through a low- 
cost hydrothermal method (inset Fig. 10.9a). The characterisation highlighted that 
polyvinylpyrrolidone (PVP) plays a significant role in the formation of the mesopo-
rous NSs. The obtained nanostructured materials showed a surface area of about 
58 m2/g and an average pore size of 5–30 nm. The mesoporous ZnS active layer 
highlighted a high sensitivity vs. gasoline among the different gases analysed, at the 
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Fig. 10.9 (a) Dynamic response of Pr-SnS2/ZnS sensing material vs. different concentrations of 
NH3 at 160  °C (inset is the high-magnification SEM image of Pr-SnS2/ZnS hierarchical NSs). 
(Adapted with permission from Zhang et al. [65]. Copyright 2019: Elsevier). (b) Sensing responses 
of CdTe/ZnO@PSi-based sensors vs. 1 ppm of NO2 at different working temperatures (inset is the 
field emission SEM image of the porous CdTe/ZnO@PSi structure). (Adapted with permission 
from Jaiswal et al. [66]. Copyright 2019: Elsevier)

optimal working temperature of 290 °C. The better sensing performance of meso-
porous ZnS than ZnS solid nanospheres was attributed to the higher amount of 
exposed active sites of the porous structure.

The investigation of Zhang et al. [65] demonstrated that the hydrothermal method 
can be used also for the development of advanced 3D mesoporous morphologies 
based on II–VI and IV-VI heterojunction. In that study, pristine SnS2/ZnS and 
Pr-doped SnS2/ZnS hierarchical nanoflowers (inset Fig.  10.9a), with a very high 
specific surface area and small pore sizes, were successfully synthesised and depos-
ited as active materials on tube-shaped ceramic substrates. The gas sensing charac-
terisation proved that the Pr-SnS2/ZnS active layer showed higher response and 
faster response/recovery time than pristine SnS2/ZnS (Fig. 10.9a), due to the syner-
gistic effect of the SnS2/ZnS heterojunction and Pr3+/Pr4+ doping [65].

Concerning the top-down approaches, Jaiswal et  al. [66] produced a CdTe- 
functionalised ZnO hierarchical nanostructure via magnetron sputtering deposition 
on a silicon substrate previously porousised through electrochemical anodisation 
(inset Fig. 10.9b). The so-obtained CdTe/ZnO@PSi layer was investigated as an 
active material for conductometric gas sensors, highlighting better sensing perfor-
mance than pristine ZnO@PSi vs. NO2 at a relatively low working temperature 
(90 °C) (Fig. 10.9b). The improvement of the sensing performance is due to the 
CdTe functionalisation, which led to multiple advantages including: (i) high sensi-
tivity of CdTe to NO2 even at RT; (ii) the increase of active sites due to the CdTe 
spillover effect; (iii) electron sensitisation effect of the nanostructured material; (iv) 
creation of the p-n heterojunction between CdTe and ZnO. A summary of the sens-
ing performance of devices based on 3D nano- and mesoporous structures can be 
found in Table 10.8.
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Table 10.8 Summary of the sensing performance of 3D nano- and mesoporous structures of 
II–VI TMCs

Material
Synthesis route/
morphology Gas

Cg 
(ppm)

Toper 
(°C) S τres/τrec (s) References

ZnS Hydrothermal/
mesoporous hierarchical 
NSs

Gasoline 100 290 25 7/5 [64]

Pr-SnS2/
ZnS

Hydrothermal/
mesoporous hierarchical 
nanoflowers

NH3 50 160 14.03 6/13 [65]

ZnSe/
ZnO

Thermal oxidation/
mesoporous 
heterojunction

NO2 8 200 10.42 98/141 [67]

CdS/PbS/
SnO2

Hydrothermal/
mesoporous composite

H2 100 200 1125% 10.6/36.9 [68]

CdTe/
ZnO@
PSi

Electrochemical 
anodisation + sputtering/
hybrid hierarchical NS

NO2 1 90 19.8% 13/54 [66]

Cg concentration of target gas, EtOH ethanol, τres, τrec response and recovery times, S sensor 
response, Toper operating temperature

10.2.5  Core/Shell Nanostructures

Core-shell (C-S) nanostructure is a particular type of nanocomposite material, 
whose special features are particularly beneficial for gas sensing applications. In 
particular, C-S structure allows to maximise the interfacial area between two or 
more materials, characteristic missing in other composite materials [69]. This is 
particularly advantageous for electrical and electronic gas sensors based on semi-
conductors, allowing to optimise the formation of the p-p, p-n or n-n heterojunction. 
In addition, the peculiar structure of the C-S can be used to protect the core nano-
material from the surrounding environment, stabilising its physical and chemical 
properties over time [70]. A very important role in the sensing properties of a C-S is 
played by: (i) type of materials involved in the C-S; (ii) thickness of the shell, in 
which a thickness close to the Debye length of the shell material results in the opti-
misation of the sensing response; (iii) size and morphology of the nanostructure 
[71]. Concerning the latter, it should be pointed out that C-S can be applied to all 
types of low-dimensional materials, i.e., 0D, 1D, 2D and 3D NMs [69].

With regards to the use of II–VI TMC semiconductors in C-S for gas sensing 
applications, the use of hybrids of TMCs and MOSs resulted to be a promising 
strategy in improving the sensing performance of TMCs-based gas sensors. So far, 
the most investigated nanocomposite is the one composed by ZnO core and ZnS 
shell, due to the stability of the hybrid material and the bandgap offset between ZnO 
and ZnS. Furthermore, ZnO@ZnS core-shell can be synthesised in a simple way 
through several methods, including solution-based chemical synthesis, sulfurisa-
tion, hydrothermal method and thermal evaporation [72–75]. Y. Li et al. [72], pro-
posed the synthesis of ZnO NPs through hydrothermal method, followed by the 
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formation of the ZnS shell by adding thioacetamide to the solution containing the 
ZnO NPs (Fig. 10.10a). In their investigations, the authors highlighted that the sen-
sitivity and selectivity of the prepared ZnO@ZnS C-S can be tuned by modifying 
the thickness of the ZnS shell and the sensor operating temperature. On the one 
hand, a good selectivity and high sensitivity was observed vs. NO2 at 130 °C using 
a thin shelled structure of about a few nm, due to the presence of the Schottky junc-
tion between ZnO and ZnS, and the wide electron depletion layer (Fig. 10.10b) [72]. 
On the other hand, the increase of the working temperature (325 °C) and the thick-
ening of the ZnS shell led to an increase of the sensing response towards the reduc-
ing gases, especially to ethanol (Fig.  10.10c) [76]. The sulfurisation of ZnO 
nanorods directly grown on substrates has been investigated to tune the ZnS shell 
thickness for gas sensing applications [74, 75]. For example, Yang et  al. [74] 
exploited gaseous H2S to sulfurise the surface of ZnO nanorods grown on a poly-
imide substrate. Pd nanoclusters were synthesised on the NWs to further improve 
the surface area and reactivity of ZnO@ZnS C-S. The Pd-ZnO@ZnSe nanocom-
posite showed good stability, sensitivity and selectivity on the detection of H2S, 
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Fig. 10.10 (a) TEM image of ZnO@ZnS C-S. (Reproduced with permission from Li et al. [72]. 
Copyright 2021: Elsevier). (b) Selectivity diagram of ZnO@ZnS core-shell to 100 ppm of different 
gases at 325 °C. (Reproduced with permission from Li et al. [76]. Copyright 2021: Elsevier). (c) 
Comparison of dynamic sensing responses of the Pd-ZnO@ZnSe vs. H2S concentrations at three 
different bending conditions. (Reproduced with permission from Yang et al. [74]. Copyright 2019: 
ACS Publications). (d) Dynamic response of the Zn/Sn-1-based sensor to different concentrations 
of NO2 at 160 °C (inset is the SEM image of Zn/Sn-1 C-S). (Adapted with permission from Liu 
et al. [77]. Copyright 2020: Elsevier)
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with a sensing response of 4491% vs. 10 ppm at 200 °C (Fig. 10.10d). Pd nanoclu-
sters were synthesised on the NWs to further improve the surface area and reactivity 
of ZnO@ZnS C-S. The Pd-ZnO@ZnSe nanocomposite showed good stability, sen-
sitivity and selectivity on the detection of H2S, with a sensing response of 4491% vs. 
10 ppm at 200 °C (Fig. 10.10d).

II–VI tellurides have also been investigated as potential materials to be used as 
cores for C-S-based gas sensors [77]. Aiming to exploit the difference in the work 
function between ZnSe and SnO2, which usually causes an increase in the electron 
content on the surface of the sensing layer, Liu et al. [77] synthesised mesoporous 
ZnSe@SnO2 C-S using a two-step hydrothermal process. The characterisations 
highlighted that the Zn:Sn ratio during the step of the SnO2 shells formation strongly 
influenced the porosity and surface area of the final C-S. The mesoporous material 
obtained with a 1:1 ratio of Zn:Sn (Zn/Sn-1) showed the highest surface area, result-
ing in the active material for conductometric gas sensor with the best sensing per-
formance among others developed and tested in that work. The electrical 
characterisation highlighted a great selectivity and sensitivity of (Zn/Sn-1) vs. NO2, 
with a sensing response of 6.94 to 2.4 ppm at 160 °C. A summary of the sensing 
performance of devices based on C-S NSs can be found in Table 10.9.

Table 10.9 Summary of the sensing performance of core/shell NSs of II–VI TMCs

Material
Synthesis route/
morphology Gas

Cg 
(ppm) Toper (°C) S

τres /τrec 
(s) References

ZnO/ZnS Hydrothermal + 
sulfurisation in solution/
mesoporous C-S NPs

NO2 1 130 41.12 # [72]

ZnO/ZnS Thermal evaporation/C-S 
NWs

NO2 1 300 239% # [73]

Pd-ZnO/
ZnS

Hydrothermal + 
sulfurisation in gas/C-S 
NWs

H2S 10 200 4491% 61/62 [74]

ZnO/ZnS Hydrothermal + 
sulfurisation in 
solution/C-S NWs

H2 1000 300 20% # [75]

Zn/ZnS Hydrothermal + 
sulfurisation in solution/
mesoporous C-S NPs

EtOH 100 325 118.3 3/8 [76]

ZnS/
In2O3

Hydrothermal/rough C-S 
microspheres

EtOH 100 260 11.7 21/34 [78]

ZnSe/
SnO2

Hydrothermal/mesoporous 
C-S microspheres

NO2 2.4 160 6.94 64/52 [77]

WS2- 
CdSe/
ZnS

CVD-r + commercial QDs 
C-S/
nanowalls + QDs C-S

NO2 1 RT + UV 95.7% 26.8/# [79]

Cg concentration of target gas, EtOH ethanol, τres, τrec response and recovery times, S sensor 
response, Toper operating temperature
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10.3  Summary and Outlook

This chapter proposes a critical analysis of the state of the art concerning the devel-
opment and use of II–VI TMC semiconducting NMs, from 0D to 3D, for the devel-
opment of electric and electronic gas sensors. Although poorly investigated in the 
gas sensing field so far, preliminary studies published over the last 10 years have 
shown peculiar sensing properties of II–VI TMCs, which are particularly suitable 
for the development of conductimetric and Schottky diode-based gas sensors. The 
possibility to easily control the morphology and crystal structure of TMC NMs 
allows for tailoring sensing behaviour for the detection of specific target gases. The 
great gas adsorption capacity of TMCs, together with the high surface-to-volume 
ratio of the low dimensional morphologies, provide a multitude of reactive sites 
leading to high sensitivity of TMC gas sensors. Due to their peculiar catalytic and 
optoelectronic properties, the sensing properties of II–VI TMCs can be enabled 
either in thermo- or photo-activation. The latter leads to the detection of gases at RT, 
particularly sought after for the development of gas sensors with low-power con-
sumption. In most cases, the best sensing performance arises from the combination 
of different NMs, allowing the exploitation of multiple factors influencing the 
reception and transduction phenomena underlying gas sensing mechanisms. By het-
erojunction constructing, defect state controlling, doping/loading, functionalisation, 
etc., the composites and hybrid structures allow for tailoring sensing behaviour. 
Despite the obvious progress, the effective applicability of these devices for in-field 
applications has not been demonstrated yet. Furthermore, there are still some key 
issues towards the development of more practical gas sensor devices:

 (i) An appropriate selectivity towards specific gas targets has not been achieved 
yet, especially for low concentrations. A strong signal with low cross- sensitivity 
is necessary for several gas sensing applications, including air quality 
monitoring.

 (ii) The sensitivity of TMC gas sensors is strongly affected by the presence of 
humidity, leading to unreliable sensing responses especially for high concen-
trations of water vapour.

 (iii) The effective lifetime and stability over the time of TMC gas sensors has not 
been investigated in detail. However, the oxidation occurring on the surface of 
TMC NMs especially at high working temperatures could lead to drift of the 
baseline resistance and to a decrease of sensing responses over the time.

 (iv) The gas sensing mechanism commonly proposed for II–VI TMC gas sensors is 
inspired by the MOS sensing model, due to a lack of in-depth knowledge con-
cerning the receptor-transducer mechanism of TMCs. Qualitative and quantita-
tive analyses on a physical and chemical level, including operando 
measurements, are necessary to investigate the dominant influencing factors of 
the mechanism. Furthermore, the combination of experimental analysis and 
computer simulation are necessary to provide theoretical guidance on the 
adsorption between target gases and sensing layers.
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Bearing in mind that many of the above-mentioned problems are common to all 
gas sensing materials developed to date, excellent active materials for electrical and 
electronic gas sensors are still in high demand. Some of the peculiar sensing perfor-
mance shown by TMCs are noteworthy and could open up for a future integration 
of these materials into commercial devices. However, since not enough information 
has been gathered so far, it will be necessary a thorough investigation.

In brief, we hope that this chapter will provide a comprehensive understanding 
of the current state of the art on II–VI TMC gas sensing materials and their applica-
tions. With the advent of innovative nanotechnologies relevant to sensing materials 
and devices, there is no doubt that II–VI TMC will play a role in the future develop-
ment of high-performancing gas sensors.
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Chapter 11
II–VI Semiconductor-Based Humidity 
Sensors

Ghenadii Korotcenkov, Michail Ivanov, and Vladimir Brinzari

11.1  Introduction in Humidity Measurements

Due to the unique properties of water, humidity strongly affects living organisms, 
including humans, and materials [30]. Water molecules in the air change the length 
of organic materials, the conductivity and weight of hygroscopic materials and 
chemical absorbents, and the overall resistance of virtually any material. It changes 
the color of chemicals, the refractive index of air and liquids, the speed of sound in 
air or electromagnetic radiation in solids, and the thermal conductivity of gases as 
well as liquids and solids [58]. The efficiency and safety of many manufacturing 
processes, including the production, drying and storage of paint, paper, matches, 
furs, leather, wood products, foodstuffs, pharmaceuticals, ceramics, printing materi-
als and semiconductor devices, are also highly dependent on the level of humidity 
in the surrounding atmosphere. Moreover, the industries mentioned above are just a 
few of the industries that need to control humidity. The amount of water vapor in the 
air also affects our safety, human comfort and quality of life, health, and living con-
ditions of all living organisms, including microorganisms. In agriculture, the mea-
surement of humidity is important for the plant protection (dew prevention), the soil 
moisture monitoring, etc. In the medical field, a humidity control should be used in 
respiratory equipment, sterilizers, incubators, pharmaceutical processing, and bio-
logical products.

Humidity measurements at the Earth’s surface are also required for meteorologi-
cal analysis and forecasting, climate studies, and for many special applications in 
hydrology, aeronautical services, and environmental studies, because water vapor is 
key agent in both weather and climate. As is known, water vapor is the most abun-
dant greenhouse gas. Along with other greenhouse gases, water vapor is transparent 
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to most solar energy. However, at the same time water vapor absorbs the infrared 
energy emitted upward by the earth’s surface, preventing the earth from cooling at 
night. However, it should be borne in mind that air humidity is not constant. Changes 
in the water vapor content in the atmosphere not only varies with the time of day and 
latitude but also is affected by seasonal changes. The amount of water vapor in the 
air also depends on the air temperature, and this change can occur in a very wide 
range. Therefore, to predict changes caused by humidity, humidity control becomes 
mandatory in all areas of our activities, from meteorological observations and 
industrial control to create comfortable conditions for our lives and understand the 
nature of changes in the climate [16, 31, 46, 50, 53, 54, 59].

People began to realize the importance of the process of measuring humidity 
many years ago. Back in the fifteenth century, Leonardo da Vinci built the first 
device to measure air humidity. According to other sources, the German Nicolaus de 
Cusa invented the first hydrometer in the same fifteenth century. It was wool gravi-
metric hygrometer. There is also evidence that accurate measurement of relative 
humidity was very important even in ancient China and Japan [22].

Currently, many different devices, using different principles, have been devel-
oped to measure the level of relative humidity (RH) [31, 32]. For example, there is 
a variety of optical hygrometers, fiber-optic and planar optical humidity sensors 
[31]. However, in this chapter we will only consider solid-state II–VI semiconductor- 
based sensors operating on the basis of electrical and electronic principles [32, 46, 
50, 54]. These devices, first of all, include capacitance-, conductometric-, and mass- 
sensitive humidity sensors. It is important to note that for the development of humid-
ity sensors based on II–VI semiconductors, the most stable ZnS, ZnSe, and CdS 
compounds were mainly used. Goodell et  al. [19] have shown that even ZnS 
nanoparticles (~3 nm) in humid atmosphere are stable at low temperatures. At a 
high humidity level close to 100% RH, structural changes become noticeable only 
after prolonged treatments (18 h) at temperatures~50 °С. Goodell et al. [19] believe 
that at these temperatures, increased surface coverage with water allows the 
nanoparticles to rearrange within the aggregate, creating more contacts between the 
particles. These additional contacts provide an additional mechanism to reduce sur-
face energy and stabilize the more crystalline structure.

11.2  General View on the Mechanisms of Humidity Sensing

Unfortunately, the interface of water and the II–VI compounds is not well under-
stood yet, which makes it difficult to understand the processes occurring on the 
surface of these compounds when interacting with water vapor. We found only a 
few direct experimental reports on water adsorption on II–VI semiconductor sur-
faces [20, 24, 26, 62, 63]. We also found several publications presenting the results 
of theoretical modeling of the processes of interaction of water molecules with the 
ZnS surface [5, 39, 63] and CdS [21]. However, given that the principles of opera-
tion of gas sensors based on metal oxides and II–VI semiconductors are identical, it 
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can be assumed that the mechanisms of humidity sensing for these materials will 
also be identical. Other developers of II–VI semiconductor-based humidity sensors 
[7, 61] share the same opinion. This is quite understandable, since metal oxides 
formally refer to II–VI compounds in terms of their electronic and chemical 
properties.

According to existing concepts, the sensor response to water vapor is due to three 
processes, which are chemisorption, physisorption, and capillary condensation of 
water vapor [14, 32–34]. The chemisorption effect dominates at low humidity lev-
els, and is manifested in the formation of OH groups on the surface of solids with a 
corresponding electronic exchange between chemisorbed particles and the bulk of 
the semiconductor. As in metal oxides, the OH group on the stoichiometric surface 
of chalcogenides is bonded to the metal atom, and a hydrogen, as a proton, is bonded 
to the surface chalcogen atom [60]. FTIR measurements performed by Goswami 
and Sen [20], experimentally supported this statement. They believe that S–H and 
Zn–O bonds are dominated on the surface of ZnS after water interaction with 
ZnS. With a further increase in the level of humidity and the formation of a continu-
ous layer of OH groups, physisorption begins to dominate, which manifests itself in 
the formation of a multilayer of water, where both H+ and H3O+ act as charge carri-
ers [42, 43]. At the stage of chemisorption, a change in conductivity can be associ-
ated with both a change in the surface potential of crystallites and the height of the 
intercrystalline potential barrier, which limits the flow of current in polycrystalline 
materials, and surface migration of protons, carried out by hopping from site to site 
across the surface. When the surface is covered by water, proton transport is pre-
dominant. The results of research carried out by Choudhari et al. [7] are direct con-
firmation of the ongoing changes in the mechanism of conductivity with a change in 
humidity. By studying the impedance of ZnSe films in the range of 20–100% RH, 
they found that at low levels of relative humidity, the impedance is purely resistive, 
while at high levels of relative humidity, the impedance is purely capacitive. 
According to Choudhari et al. [7], at high humidity, water molecules condense in 
intergrain space, and therefore, ZnSe films behave like an electric two-layer 
capacitor.

As for the capillary condensation of water vapor, the role of this process in 
changing the properties of the material increases sharply in the presence of pores in 
these materials, especially in the nanometer range [1]. It was found that in the pres-
ence of narrow capillaries, vapor condensation occurs at pressures below the normal 
saturated vapor pressure. The Kelvin radius characterizes the critical size of pores 
for a capillary condensation effect. In the case of water, the condensation of vapor 
into the pores can be expressed by a simplified Kelvin equation [49]:
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where γ is the surface tension of vapor in the liquid phase, VM is molecular vol-
ume, θ is contact angle, and ρ is the density of vapor in the liquid phase. In this 
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equation, the thickness of the adsorbed layer was ignored. It is seen that the Kevin 
radius increases with the relative humidity, and the rate of change (the slope) 
increases with relative humidity as well. This means that the pores with smaller 
diameter are filled first, while bigger pores are filled later. At that the larger the θ, 
the larger the Kevin radius.

11.3  II–VI-Based Humidity Sensors

11.3.1  Conductometric RH Sensors

Conductometric or resistive RH sensors in their design and principles of operation 
are almost identical to conductometric gas sensors, discussed in previous Chapters. 
The only difference is the operating temperature. Conductometric RH sensors gen-
erally operate at room temperature. The main results related to the study of conduc-
tometric RH sensors developed on the basis of II–VI compounds are shown in 
Table 11.1.

Analyzing the results presented in Table 11.1, we can conclude that in the devel-
opment of humidity sensors based on II–VI compounds, all approaches used in the 
development of sensors based on metal oxides were used. As can be seen from 
Table 11.1, sensors based on films formed by thick-film technology [7, 9, 25, 37, 
61], individual nanowires (NWs) [12, 28], NWs array [25, 36, 40, 47, 56, 64], and 
composites [6] were tested. There have been also attempts to develop paper-based 
sensors [3, 23].

11.3.1.1  Thin Film RH Sensors

Naturally, the simplest way to manufacture humidity sensors is to form a sensitive 
layer on a dielectric substrate using the thick-film technology. The experiment has 
shown that for the synthesis of nanoparticles used for preparing humidity-sensitive 
layer, a variety of methods can be used, from hydrothermal synthesis [7, 37] to 
chemical bath deposition [9, 25] and co-precipitation [3, 6]. Sensors manufactured 
using this approach, regardless of the synthesis technology of II–VI semiconductor 
nanoparticles (NPs) used, have demonstrated high sensitivity. For most sensors, 
when the humidity changes in the range of 20–95% RH, the resistance changes up 
to 3 · 103 times (see, for example, Fig. 11.1a). The best sensor samples also demon-
strated fast response and recovery after contact with water vapor (Table  11.1). 
Further testing after additional measurement cycles demonstrated good reproduc-
ibility of the sensor response (Fig.  11.1b). These are good parameters for 
conductometric- type humidity sensors [31, 32], which testify that the electrical 
response of II–VI semiconductor nanoparticles is very sensitive to changes in 
humidity, and these materials can indeed be used to develop humidity sensors.
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Table 11.1 Parameters of conductometric humidity sensors based on II–VI semiconductor 
compounds

Material Method Structure RH, % R0, Ohm
S, 
R0/RRH τres/τrec, s References

ZnS:Au, sphere
(D ~ 200 nm; 
t-10–20 nm)

HT Film 11–95 N/A 45 ~18/30 [37]

ZnS NPs
(t ~ 50 nm)

CBD Film 30–95 8 · 109 ~102 N/A [25]

ZnSe NR
(d ~ 200 nm; 
l ~ 1–2 μm)

SSCR Film 20–85 3 · 109 ~4 · 102 50/80 [61]

ZnSe NPs
(t ~ 7–21 nm)

HT Film 20–100 ~109 ~103 8/13 [7]

CdS NPs CBD Film 15–85 ~1011 ~5 · 102 60/30 [9]
CdSNPs
(t ~ 3 nm)

CP Film, 
composite 
CdS-PANI

11–95 ~105 ~104 8/− [6]

ZnS:Cu
(1%) NPs

Pur. Film, 
ZnS:Cu/paper

30–90 N/A ~1.3 180/150 [23]

CdS NPs
(t ~ 3 nm)

CP Film, CdS/
paper

5–99 N/A ~1.5 55/− [3]

ZnS NWs
(d ~ 120–160 nm)

VLS NWs array 33–84 3 · 103 ~103 14/8 [56]

ZnS NWs
(d ~ 60–120 nm)

VLS NWs array 30–97 N/A 3 · 103 N/A [47]

ZnSe NWs TcE NWs array 10–95 2·109 ~103 <10/10 [36]
CdSSe NWs CVD NWs array 25–80 ~106 ~2 N/A [40]
CdSSe NWs CVD NWs array 25–80 2·107 ~4 N/A [64]
ZnS:Al NWs
(d ~ 60–120 nm)

TcE Ind-NW 50–90 2 · 106 2 · 102 N/A [28]

CdS NW
(d ~ 50–150 nm)

CVD Ind-NW 30–90 ~5 · 106 ~102 1.5/2.5 [12]

CBD chemical bath deposition, CP chemical precipitation technique, CVD chemical vapor deposi-
tion, d diameter of the nanowires, D diameter of the spheres, HT hydrothermal, Ind-NW individual 
NW, l length, N/A not available, NR nanorod, NW nanowire, PANI polyaniline, Pur. Purchased, 
SSCR solid-state chemical reaction, t crystallite size, TcE thermal co-evaporation method, VLS 
vapor–liquid–solid

Only sensors based on ZnS spheres synthesized by the hydrothermal method, 
despite the small size of the crystallites that form the spheres, had a noticeably 
lower sensitivity to humidity. Based on the analysis of TEM images of the ZnS 
spheres, which are an agglomeration of densely packed crystallites, it can be 
assumed that exactly this specific structure of nanospheres is the reason for such 
behavior of humidity sensors. Due to the dense structure of the sphere walls, “dead” 
zones are formed inside them, which do not participate in interaction with water 
vapor. In this regard, only crystallites from the outer layer participate in the gas- 
sensing effect. This means that the sensitive layer is too thin to make a significant 
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Fig. 11.1 (a) Static and (c) dynamic conductometric responses of ZnSe nanorod-based films to 
humidity, (b) SEM image of ZnSe nanorod. (Reprinted with permission from Yan et  al. [61]. 
Copyright 2009: Elsevier)

Fig. 11.2 (a) Humidity-sensing responses of the ZnS and ZnS-Au sphere-based sensors, (b) SEM 
image of ZnS nanospheres with diameter ~ 200 nm. (b, c) PL spectra of the ZnS and ZnS-Au 
spheres. Each PL spectrum was divided by two Gaussian deconvolution curves, which were cen-
tered at approximately 425 nm (blue line) and 525 nm (brown line). (Reprinted from Liang and 
Liu [37]. Published2014 by Springer as open access)

contribution to the change in the conductivity of the sensitive layer formed by the 
nanospheres. Surface modification by noble metals can improve the sensitivity of 
these sensors (Fig.  11.2a). In particular, Liang and Liu [37] established that the 
ZnS:Au sensors exhibited twofold increase in sensitivity compared with sensors 
based on a pure ZnS nanocrystalline spheres. Unfortunately, the authors did not 
offer an acceptable description of the mechanism of the observed sensing of sen-
sors. The studies carried out do not answer the question – how do gold clusters on 
the ZnS surface affect the proton conductivity of the surface layer? There is only an 
assumption that the observed changes are associated not with the appearance of 
gold clusters, but with the peculiarity of the used process of its deposition. It is pos-
sible that it is the process of plasma sputtering used to deposit gold can damage the 
ZnS surface to a certain extent, and thus alter the surface characteristics of the ZnS, 
involved in interaction with water vapor. This assumption is confirmed by the 
change in the photoluminescence spectrum after the deposition of gold (Fig. 11.2b).

G. Korotcenkov et al.



287

Thin film humidity sensors also include sensors developed by Hsueh et al. [25]. 
They have integrated ZnS thin film humidity sensors with MgF2/ZnS/CuIn1−xGaxSe2 
(CIGS)/Mo photovoltaic cell to create the so-called self-powered device. Its struc-
ture and connections between elements of the sensor are showed in Fig. 11.3. Soda- 
lime glass (SLG) was used as a substrate. Both ZnS layers of this double-sided 
device were deposited simultaneously by chemical bath deposition method at 
80 °C. All interdigitated electrodes were deposited on the back of the ZnS film by 
sputtering. 100-nm-thick MgF2 was also deposited on the top of the photovoltaic 
(PV) cell as the anti-reflection layer by thermal evaporation.

Testing of the developed devices has shown that the backside ZnS humidity sen-
sor can function using power from the front CIGS photovoltaic (PV) cell. The curve 
in Fig. 11.4 reflects the effect of humidity on the sensor readings under illumination 
corresponding to 1 sun. Repeated measurements showed good reproducibility of the 
sensor response. The measured currents were very stable with negligible fluctua-
tion. This suggests that the developed device is indeed a self-powered humidity 
sensor. However, when the illumination changes in the range of 1–0.1 of sun illumi-
nation, the signal decreases almost threefold (Fig.  11.4). It was found that the 
observed change is a consequence of the change in the open-circuit voltage (Voc). 
When changing solar illumination from 1 sun to 0.8, 0.6, 0.4, 0.2, and 0.1 sun, Voc 
varied from 0.6 to 0.59, 0.58, 0.57, 0.55, and 0.52 V, respectively. Since, due to the 
high resistance of the ZnS film (107–109 Ohm), the PV cell operates in open-circuit 
mode, the sensor supply voltage corresponds to Voc. Therefore, due to the change in 
Voc, the measured currents also changed. True, the change in sensor signal signifi-
cantly exceeds the change in open- circuit voltage. In all likelihood, in the course of 
measurements, illumination of the humidity sensor also occurs, contributing to the 
change in the resistance of the ZnS film. It follows that for correct humidity mea-
surements, it is necessary not only to control the sensor resistance and the open-
circuit voltage of the PV cell but also to use some calibration curves that take into 
account the effect of lighting on the sensor readings. This creates certain difficulties 
for the use of such sensors.

Fig. 11.3 Schematic diagram of the bifacial self-powered device with an integrated CIGS PV cell 
and ZnS humidity sensor. (Idea from Hsueh et al. [25])
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Fig. 11.4 The current measured at RH 95% with varied illumination. (Data extracted from Hsueh 
et al. [25])

Fig. 11.5 (a) Schematic illustration of the transformation from the CdAl-LDH to the CdS. (b) 
Response of the sensors of CdS/PANI, CdS/SDS, CdAl-LDH/PANI, and PANI to humidity: SDS 
sodium dodecyl sulfonate, CdAl-LDH co-intercalated Cd, Al layered double hydroxides. (Reprinted 
with permission from Chen et al. [6]. Copyright 2018: Elsevier)

As for the most sensitive humidity sensors based on 2–6 compounds and fabri-
cated as the thin films, such sensors are devices developed by Chen et al. [6]. The 
main element of these sensors is the layers of CdS/PANI composite with sandwich 
structure (Fig. 11.5a). CdS/PANI composite was synthesized by in situ sulfuration 
process of polyaniline (PANI) and sodium dodecyl sulfonate (SDS) co-intercalated 
Cd, Al layered double hydroxides (CdAl-LDH/PANI). Sensors based on CdS/PANI 
composite showed good sensitivity to humidity, low hysteresis (0.5% under 54% 
RH) (Fig. 11.6b), and fast response/recovery processes compared with PANI-based 
sensors. When the relative humidity increased from 11% to 95%, the impedance 
quickly decreased by four orders of magnitude after just 8 s and response improved 
by three orders of magnitude compared to pure PANI (see Fig. 11.6b). It is also 
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Fig. 11.6 (a) The impedances of sensor based on CdS/PANI varied with a humidity series at dif-
ferent frequencies and the insert plots the repeated response and recovery characteristics of CdS/
PANI composite; (b) Humidity hysteresis of CdS/PANI sensor at the working frequency of 100 Hz. 
(Reprinted with permission from Chen et al. [6]. Copyright 2018: Elsevier)

important to note that the logarithmic impedance of the CdS-PANI layer formed on 
the Ag-Pd interdigitated electrodes was linear with respect to relative humidity and 
had a weak frequency dependence, as well as good repeatability in cyclic tests 
(Fig. 11.6a).

According to Chen et al. [6], reported characteristics of CdS/PANI-based humid-
ity sensors are attributed to the unique construction of CdS/PANI composite, which 
can form orderly interwoven network structure between CdS and PANI.  At that 
sensor response of such a structure mainly arises from the interaction of water vapor 
with PANI.  Polyaniline (PANI) is conjugated conducting polymer that exhibits 
good conductivity and electrochemical reversibility. It was confirmed that the 
change in the conductivity of PANI under influence of humidity is associated with 
the “proton effect.” Water is well known for its protonation, and the released proton 
interacts with universally conjugated C=C double bonds in polyaniline. The electri-
cal conductivity of PANI under the influence of water vapor can be viewed as a 
jump of electrons, which is facilitated by the exchange of protons. Chen et al. [6] 
believe that sandwich construction of composite is favorable for enhanced mobility 
of the anion or the charge transfer across the polymer chains. In addition, the sand-
wich structure provides polymer molecules with a confined and stable environment, 
which improves humidity and thermal stability [6].

11.3.1.2  Nanowire-Based Sensors

Currently, the use of 1D nanostructures in the development of various devices is a 
very popular direction. As can be seen from the results presented in Table 11.1, 1D 
nanostructures are also used in the development of II–VI semiconductor-based RH 
sensors. The main result of these studies is confirmation of the fact that the use of 
both individual nanowires (NWs) and an array of NWs helps reduce response and 
recovery times, as well as hysteresis. For example, Du et al. [12] reported that their 
humidity sensors based on individual CdS nanowires had response and recovery 
times ~1.3 and 2.4 s, correspondingly. It should be noted that the same situation was 
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observed for humidity sensors based on the metal oxide 1D nanostructures [17]. 
High gas permeability in the absence of nanopores is the main explanation for the 
observed effect. Fast response is an important advantage of NW-based RH sensors. 
The absence of pores in 1D structures also excludes the possibility of capillarity 
condensation of water vapor, which allows such sensors to operate at very high 
humidity levels. However, the absence of intercrystalline barriers and nanopores in 
such structures leads to the fact that the noticeable sensitivity to humidity in these 
devices is shifted toward higher humidity levels in comparison with traditional sen-
sors based on nanocrystalline materials. These statements are clearly visible in 
Fig. 11.7, where the results, obtained by Okur et  al. [47], are presented for ZnS 
nanowire-based humidity sensors. The sensors are capable of operating up to 97% 
RH, but an acceptable sensor response is only observed above 30% RH.

Nanowire-based sensors also show good repeatability (Fig. 11.8b). However, as 
noted in Korotcenkov [34], with the existing technology for growing 1D structures, 
one cannot expect good reproducibility of the sensor parameters. This is confirmed by 
the results given in Fig. 11.8a. It can be seen that the resistance of individual nanow-
ires varies within a fairly wide range. This variation in parameters creates additional 
difficulties when replacing sensors in real devices used in different applications.

Zhang et al. [64] and Lu et al. [40] tried to optimize the structure of nanowire- 
based humidity sensors (Fig. 11.9a). However, their attempts were not successful. 
Given the specific properties of polyimide (PI), such as high temperature resistance, 
good mechanical and adhesive properties, good chemical resistance, low dielectric 
constant, long-term stability in the presence of moisture, and insulation, Zhang 
et al. [64] and Lu et al. [40] proposed to apply polyimide to the surface of the CdSSe 
nanowire array (Fig.  11.9c). As a result, they obtained the structure shown in 
Fig. 11.9d. The humidity-sensing response of these sensors is shown Fig. 11.9e. The 
manufactured sensors showed a linear dependence of resistance on humidity and a 

Fig. 11.7 Variation in sensor values of ZnS nanowires versus 22%, 33%, 43%, 55%, 75%, 84%, 
and 97% RH. (Reprinted with permission from Okur et al. [47]. Copyright 2012: Elsevier)
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Fig. 11.8 (a) Relative humidity influence on the resistances of sensors based on the individual 
CdS nanowire for ten devices; (b) Current response of a CdS NW sensor to dynamic switches 
between dry air (5%) and moist air of 75% RH at Vbias = 3 V. The CdS NWs were synthesized via 
a CVD method in a Cd-enriched atmosphere. The CdS NWs had the diameter in the range of 
50–150 nm and the length of typically tens of micrometers. (Reprinted with permission from Du 
et al. [12]. Copyright 2014: Elsevier)

Fig. 11.9 (a) (a1–a3) the SEM images of CdSSe nanowire array chips. Scale bar: 20 μm. (b) The 
image of the humidity sensor with interdigital electrodes. (c) Cross-sectional SEM image of PI 
coated CdSSe nanowire chip. Scale bar: 30 μm. (d) Schematic diagram of the sensor; (e) The 
humidity-sensing response and sensor resistance at different relative humidity values. (Reprinted 
from Lu et al. [40]. Published 2019 by IOP as open access)

fairly good stability of characteristics. The resistance of the sensors, regardless of 
the humidity level, was stable for 1000 s. However, the magnitude of the sensor 
response was significantly less than that of sensors with an open surface of the 
CdSSe nanowire array (see Table 11.1). Sensor response appears to have been very 
slow too.

According to the authors of these articles, the functional layer for humidity mon-
itoring is PI, which, due to the expansion caused by humidity in the PI layer, puts 
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pressure on the conductive layer of the nanowire, causing a change in its conductiv-
ity and thus provides humidity measurement. In principle, this mechanism of sensi-
tivity to humidity is realistic, since swelling of the PI occurs in a humid atmosphere 
[51]. According to Sager et  al. [51], a humidity extension coefficient is only 
60–80 ppm/%RH. However, it is not known if this expansion is sufficient for the 
observed effect to occur, since it is not clear how this expansion will affect the 
underlying layer of NWs array. Besides, experiments carried out by [2] showed that 
only an amount of 1.5–6% water (by mass) can be absorbed by the polymer material 
in 100% RH air. That is, the change in PI film weight is also not significant. It 
should also not be forgotten that polyimide, depending on the manufacturing tech-
nology, can have good permeability for gases and water vapors. Therefore, the very 
effect of the sensitivity to humidity of sensors developed by Zhang et al. [64] and 
Lu et al. [40] may be a simple consequence of the permeability of the polyimide. In 
this case its small value only indicates that the polyimide coating, due to its low 
permeability, significantly limits the penetration of water vapor to the CdSSe 
nanowire array.

11.3.1.3  Paper-Based RH Sensors

He et  al. [23] and Bhattacharjeea et  al. [3] suggested an interesting approach to 
developing flexible humidity sensors. For the manufacture of sensors, they used 
filter paper on which CdS [3] or ZnS:Cu [23] nanoparticles were applied by drop 
casting or spin coating. Previously, this approach has already been used in the devel-
opment of gas and humidity sensors [18, 29, 41, 45]. He et al. [23] have shown that 
paper-based sensors have excellent flexibility and can operate under different bend-
ing conditions (see Fig. 11.10). However, such sensors, regardless of their design 
features and the material used, had low sensitivity and long response and recovery 
times. The reasons for the low sensitivity even when using CdS NPs with a size of 
~3 nm are not explained by the authors. It can only be assumed that this behavior is 
associated with the influence of the paper used as a substrate, or with design flaws 

Fig. 11.10 (a) Schematic image of the paper-based sensor, (b) Image of изогнутого сенсора 
fabricated on the paper. (Reprinted from [23]. Published 2019 by MDPI as open access)
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Fig. 11.11 Image (a) of this figure shows the fabrication steps (i–iii) of the sensor along with the 
FESEM image of the paper surface, TEM image of the CdSNPs, a cross-sectional schematic dia-
gram along with a photographic image of the sensor, and a FESEM image of the paper embedded 
with CdSNPs. The scale bar in the sensor image is of 1.5 mm. (Reprinted with permission from 
Bhattacharjeea et al. [3]. Copyright 2019: Elsevier)

in the manufactured sensors. In one case (see Fig. 11.10a), the resistance of the 
paper makes a significant contribution to the total resistance of the sensor, sharply 
limiting the change in resistance of the sensor in a humid atmosphere. In another 
case (Fig. 11.11), due to the special structure of the paper, CdS nanoparticles do not 
form a continuous layer necessary to create a channel for the flow of charge carriers, 
which is controlled by the properties of only CdS nanoparticles. It should not be 
forgotten that the paper itself is involved in the processes of adsorption and desorp-
tion of water vapor and can significantly affect the response kinetics of sensors 
developed using layers of II–VI semiconductor compounds formed on its surface.

11.3.2  Capacitance RH Sensors

In the simplest case, a capacitance-type sensor is made of two parallel plates. In 
such structure the capacitance between the two electrodes is given by equation

 
C

A
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where εr and ε0 are the relative and vacuum permittivity constants, respectively, A is 
the plate surface area, and d is the plate distance. From this equation, it is evident 
that only three ways exist to effect a change in the capacitance of that device: (1) 
alter the distance d between the two plates, (2) alter the overlapping area A between 
the two plates, and (3) change the dielectric permittivity between the plates [27]. 
This means that capacitive sensors can detect only those gases and vapors that affect 
these parameters. In principle, water vapor when interacting with various materials 
can exert such influence. In particular, the filling of pores in sensing material with 
water during its condensation can give rise to a multiple increase in the dielectric 
constant at the corresponding porosity of the material. As is known, the dielectric 
constant of air is 1 and that of water is 81. The dielectric constants of CdS and ZnS 
are ~9–10. That is why, by measuring the change in capacitance, it is possible to 
determine the presence of water vapor in the air. The principles of operation and a 
more detailed description of the design of capacitive gas and humidity sensors can 
be found in Ref. [4, 27].

Parameters of capacitance RH sensors based on II–VI compounds are listed in 
Table 11.2. It is seen that all these sensors were developed using metal oxide-based 
composites [15, 44, 48]. Their testing showed that the highest capacitance response 
(CRH/C0) was possessed by sensors based on CdS-ZnO heterostructures with a spe-
cific structure formed on the basis of silicon nanoporous pillar array (NPA) (see 
Fig. 11.12). ZnO nanorods were formed using chemical vapor deposition (CVD) 
method, and CdS nanoparticles with average diameter of ~70 nm were synthesized 
using successive ion layer adsorption reaction (SILAR) method. With a change in 
humidity in the range of 3–95%, the capacity of such sensors changed by more than 
2  · 103 times (Fig. 11.13a). The results also show that the response of the sensor 
prototypes decreases with increasing frequency. It may be due to the comparability 
of the relaxation time of the related processes with the period of applied measuring 
AC voltage. According to Feng et al. [15], fast response/recovery times and low 
hysteresis of CdS/ZnO/Si-NPA-based sensors were attributed to the combined 
effect of the channel network created by Si-NPA (see Fig. 11.12a), which provided 
an efficient path for the penetration and removal of water vapor from the sensitive 
layer, and the physical and chemical properties of CdS, which facilitate adsorption/
desorption processes.

Table 11.2 Parameters of capacitance humidity sensors based on II–VI semiconductor compounds

Material Method RH, % S (Cmax/Cmin) τres/τrec, s References

CdS-ZnO ZnO-CVD
CdS-SILAR

3–95 ~2000 (20 Hz) 110/32 [15]

CdSe-F8 CdSe (QDs)-chemical 10–95 ~8 (120 Hz) 9/7 [44]
ZnS:Cu(1%)-PANI ZnS:Cu - HT 30–90 ~1.5 (N/A Hz) 42/24 [48]
ZnS:Cu(0.1%)-paper ZnS:Cu – purchased 20–90 30 (10 kHz) 180/140 [23]

F8 polymeric semiconductor poly-(9,9-di-n-octylfluorenyl-2,7-diyl), HT hydrothermal method, 
PANI polyaniline
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Fig. 11.12  The structural schematic diagrams and SEM images of (a) Si-NPA, (b) ZnO/Si-NPA, 
and (c) CdS/ ZnO/Si-NPA. (Reprinted with permission from Feng et al. [15]. Copyright 2017: 
Elsevier)

Fig. 11.13 (a) The capacitance variation of CdS/ZnO/Si-NPA with RH level measured with dif-
ferent frequencies. (b) The hysteresis of CdS/ZnO/Si-NPA between RH increasing and decreasing 
processes. (Reprinted with permission from Feng et al. [15]. Copyright 2017: Elsevier)
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Table 11.3 Comparison of various parameters of capacitive humidity sensor based on polymer 
II–VI semiconductor composites

Material

C, pF Sensitivity, 
∆C/∆RH
(pF/RH), %

Res./ 
Rec.
time (s) Hysteresis(%) References30%RH 90%RH

PANI 16 23.2 12 53/30 17.8 [48]
PANI/1% 
Cu-ZnS

18 25.1 12 42/24 1.5

PANI/3% 
Cu-ZnS

22.1 24 3.2 47/29 2.7

PANI/5% 
Cu-ZnS

21.6 23.2 2.5 55/30 2.9

Ag/F8/Ag 16 65 
(75%RH)

110 15/7 N/A [44]

Ag/F8-CdSe/
Ag

12.1 89 116 9/7 ~5

As for the sensors based on polymer-based composites, their sensitivity to 
humidity was significantly lower. Moreover, given the concentration of CdSe and 
ZnS in the composite, at which some optimizing effect was achieved (see Table 11.3), 
II–VI compounds apparently do not determine the capacitive properties of the 
formed structures, but only affect the porosity of humidity-sensitive matrix. In this 
case, the polymer is the sensitive element in this matrix and its properties mainly 
determine the characteristics of humidity sensors. In particular, PANI is conducting/
semiconducting stable polymer, the conductivity of which is largely dependent on 
its oxidation state. The increase in the capacity of capacitive moisture sensors based 
on PANI is mainly explained by an increase in the dielectric constant due to the 
absorption of water molecules, as well as by doping of PANI with water molecules. 
This doping, in addition to increasing the concentration of charges, also increases 
the polarizability of PANI.

11.3.3  QCM-Based RH Sensors

Quartz crystal microbalance (QCM) is a piezoelectric device based on the piezo-
electric effect of materials. Typically, piezoelectric sensors are a quartz crystal disc 
coated on both sides with gold electrodes that serve as sensing surfaces. Quartz is 
the most commonly used piezoelectric material because of its low cost and stability 
against thermal, chemical, and mechanical stress. It was found that the quartz crys-
tal microbalance technique is very sensitive to mass changes on the nanogram scale 
(∼1  ng/cm2) by measuring the change in the resonance frequency (Eq.  11.3). It 
responds to a given increase of mass simultaneously, regardless of the species 
adsorbed. Based on this, it can be concluded that these sensors are not selective. 
However, water in the range of commonly measured humidity levels (30–90% RH) 
can be adsorbed in much larger quantities than gases. Therefore, we can assume that 
QCM-based humidity sensors have some selectivity. The change in resonant 
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Table 11.4 Parameters of QCM-based humidity sensors developed using II–VI semiconductor 
compounds

Material Method Thickness
f0, 
MHz

RH, 
%

∆f, 
Hz τres/τrec References

СdS NPs
(30–40 nm)

CBD 200 nm 8 17–85 ~1000 <6 min [8]

ZnCdSSe NWs CVD NWs array 10 10–95 ~1300 21/8 s [55]
ZnS NWs 
(120–160 nm)

VLS NWs array 8 30–
100

~200 14/18 s [56]

ZnS NWs 
(60–120 nm)

VLS NWs array 
(100 nm)

8 22–97 ~900 <50 s [47]

CBD chemical bath deposition, NPs nanoparticles, NWs nanowires, VLS vapor–liquid–solid method

frequency depends on the change in mass of the sensitive layer (Δm) on the surface 
of the quartz crystal and can be calculated using the Sauerbrey linear frequency 
change relation [52]:

 

�
�

f
f m

A
�
2 0

2

��
,

 

(11.3)

where f0 is the resonant frequency of the fundamental mode of the QCM crystal, 
A is the area of the gold coated electrodes on the quartz crystal, ρ is the density, and 
μ is the shear modulus of the quartz substrate. Hence, it follows that the sensitivity 
of the sensors is determined by the adsorption properties of the material applied to 
the surface of the quartz crystal.

Quartz crystal microbalance (QCM)-based sensors are the most common type of 
mass-sensitive sensors used for both gas sensor [57] and biosensor applications [38]. 
The same situation is observed in the development of humidity sensors. Only QCM-
based mass-sensitive sensors using II–VI compounds as sensitive layer have been tested 
as humidity sensors. The main parameters of these sensors are given in Table 11.4.

The results given in Table 11.4 indicate that QCM-based humidity sensors based 
on II–VI compounds have parameters suitable for practical use. It is seen that the 
change in the resonant frequency with a change in humidity in the range of 10–90% 
RH can exceed 1000 Hz. This means that the change in humidity in the specified 
range can be controlled with high accuracy.

An important result of these studies is also the confirmation of the significant 
role of the size effect in humidity sensing by QCM devices [55]. As is seen in 
Fig. 11.14, the sensor coated with ZnCdSSe NWs shows greater frequency shift 
than the others coated with thin film, nanosheets (NSs) and nanobelts (NBs). This is 
expected because the size of the NWs significantly less than the size of NSs and 
NBs (see, for example, Fig. 11.15). This means that such structures with the same 
weight of the sensitive layer have more of the specific and total surface, which cre-
ates the basis for greater water adsorption. The increase in sensor response with 
decreasing crystallite size or diameter of NWs, NSs, and NBs formed by the sensi-
tive layer also correlates well with the conclusions drawn by Zhang et al. [63] in the 
process of analyzing the results of molecular dynamics (MD) simulations of the 
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Fig. 11.14 Frequency shift response of different sensors fabricated with materials in different 
morphology respect to relative humidity of the environment. (Reprinted with permission from 
Turkdogan [55]. Copyright 2019: Springer)

Fig. 11.15 SEM images of ZnCdSSe (a) nanowires and (b) nanosheets. (Reprinted with permis-
sion from Turkdogan [55]. Copyright 2019: Springer)

interaction between water molecules and zinc sulfide nanoparticles (3–5 nm). They 
concluded the followings. First, ZnS nanoparticles can adsorb more water mole-
cules per unit of surface area because of the significantly increased curvature and 
more open surface configuration. Second, the water binding energy is higher in 
nanoparticles than in bulk crystals (although compared with isolated nanoparticles, 
aggregation can reduce the binding energy) because the intermolecular interaction 
of water on the curved nanoparticle surfaces is not as strong as in flat bulk surfaces. 
This means that a larger number of water molecules can be adsorbed by ZnS 
nanoparticles with a higher bond strength on the nanoparticle surface compared to 
bulk ZnS.
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Fig. 11.16 (a) Repeatable sensing curve of the NW coated QCM gathered between ~95% RH and 
~ 40% RH. (b) Hysteresis characteristic of NW coated QCM sensor. (Reprinted with permission 
from Turkdogan [55]. Copyright 2019: Springer)

Testing of sensors based on nanowires revealed another advantage of such sen-
sors, which we noted when considering conductometric gas and humidity sensors. 
This advantage is high-speed performance. Figure 11.16b shows the response curve 
of the ZnCdSSe NW-based sensor as a function of time under the humidity levels of 
40% RH and 95% RH. It was found that average response time of the sensor was 
around 21  s, while the recovery time was around 8  s in average. Such rates of 
response/recovery are very promising for practical application. They are not inferior 
to the best results described in the literature, or even surpass them (see Table 11.3). 
Okur et al. [47] also reported that their NW-based sensors were characterized by fast 
response and recovery.

Another promising characteristic of NW-based sensor is the small hysteresis. As 
shown in Fig. 11.16b, a hysteresis loop under increasing and decreasing humidity is 
only ~3% under 85% RH.  This favorably distinguishes NW-based sensors from 
conventional capacitive humidity sensors based on porous materials, in which hys-
teresis is mainly associated with the processes of adsorption and desorption of water 
vapor from nanosized pores. As is known, there are no nanoscale pores in the 
NWs array.

In the manufacture of QCM-based humidity sensors based on II–VI compounds 
for the deposition of a sensitive layer on a quartz crystal, thick-film technology 
methods were usually used, such as immersion of gold coated QCM in the reaction 
solution [8], and drop casting method [47, 55, 56]. As a rule, after the deposition of 
a sensitive layer and its drying at room temperature, the formed layers were not 
further subjected to additional heat treatment to improve their adhesion to the metal-
lized quartz substrate. This can be considered as a significant drawback of this tech-
nology, since in the absence of good adhesion, the sensitive layer may peel off 
during operation. Unfortunately, there are no data in the literature confirming the 
long-term stability of such sensors and thus refuting our statement.
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11.4  Outlooks

If we compare humidity sensors based on II–VI semiconductor compounds with 
sensors developed on the basis of other materials [31–33], then we can state that 
their parameters do not differ much from the best samples. However, based on this, 
we have no right to assert that humidity sensors based on semiconductors II–VI will 
certainly appear on the humidity sensor market. Firstly, they cannot replace sensors 
already on the market, in particular metal oxide sensors, since the use of II–VI semi-
conductors does not improve performance and does not contribute to an increase in 
sensor selectivity compared to metal oxide sensors. Secondly, the parameters of 
II–VI semiconductor compounds are highly dependent on lighting and temperature, 
which complicates their operation. In addition, despite the high melting points, sub-
limation and especially irreversible oxidation occur at significantly lower tempera-
tures [10, 11]. As a result, when operating such sensors, we cannot use heat treatment 
to restore the original characteristics of sensors after long-term operation, as can be 
done for metal oxide sensors [35]. The available information also does not provide 
grounds for asserting the long-term stability of the parameters of the sensors, espe-
cially when they are used in high humidity conditions. There is simply no such 
research. In most works, testing was limited to a time of no more than 20 minutes 
[64]. As a result, we do not know what processes can occur in II–VI semiconductor- 
based humidity sensors during operation, and how the aging effect will affect the 
parameters of the sensors. Too high resistance of ZnS and CdS can also create dif-
ficulties when using conductometric humidity sensors [13]. For example, sensors 
developed by Choudhari et al. [7] had resistance more than 109 Ohm.
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Chapter 12
II–VI Semiconductor-Based Optical Gas 
Sensors

Savita Sharma, Ayushi Paliwal, Pragati Kumar, and Nupur Saxena

12.1  Introduction

The increasing world population has put an unbound challenge on technology 
developers to meet the basic requirements of mankind. In fact, with the develop-
ment of civilization, the basic requirements have been changed from just food, 
clothes and shelter to numerous aspects like plenty of energy, transportation, quality 
education, information and communication systems and many more. This modern-
ization of society and various technologies developed are increasing pollution day 
by day and are responsible for the weakening of the ecosystem of the earth. The 
dissolving of various harmful gases and volatile organic compounds (VOCs) from 
industries, power stations, automobiles, constructions, households, etc., into the 
environment, is actually devastating the eco-balance and is a serious concern for 
health, our soil and water, lives of different species, our heritage and as a whole our 
“Green Planet”. According to various agencies like Intergovernmental Panel on 
Climate Change (IPCC), United States Environmental Protection Agency (EPA) 
and Union of Concerned Scientists (UCS), USA, etc., the major source of climate 
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Fig. 12.1 Human-caused greenhouse gas emission (a) Sector-wise emitters. (Adapted with per-
mission from Zhou et al. [1]. Copyright 2014: Intergovernmental Panel on Climate Change), and 
(b) Country-wise share of CO2 emission. (Adapted with permission from Each Country’s Share of 
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change is the emission of human-caused greenhouse gases as shown in Fig. 12.1. Of 
course, energy sector is the prime emitter (~ three-fourths of total emissions) fol-
lowed by agriculture. Among all energy sectors, the most-emitter is power genera-
tion, second is transportation followed by manufacturing (Fig. 12.1a) [1]. It is not 
surprising that more than 60% of entire greenhouse gas emission comes from only 
10 countries whereas just less than 3% is caused by over 100 least emitting coun-
tries (Fig. 12.1b) [2].

The monitoring of the human caused greenhouse gases and other harmful gases 
is utmost required for the sustainable environment and a number of sensors based 
on different methods and materials are available in the market viz. MEMS pellis-
tors, infrared gas sensors, catalytic pellistors, thermal conductivity gas sensors, 
metal oxide gas sensors, electrochemical gas sensors, evaluation kits, indoor air 
quality sensors, etc. Moreover, optical methods of gas sensing are equally popular 
and important because of their room temperature operation, no power consumption, 
etc., and owing to very interesting optical properties of the materials depending on 
their shape, size, morphology and sensor architectures.

12.1.1  Optical Methods for Gas Sensing

Most of the gas sensors available are of mainly the electrical type, that is, based on 
either chemiresistance or electrochemical methods and it is not an exaggeration that 
chemiresistive property dominates hugely covering more than 85% of all the gas 
sensors [3, 4]. The optical sensors are enviable to present an efficient alternative to 
the conventional gas sensors owing to various advantages over the electrical ones, 
viz. high sensitivity, room temperature operation, low power consumption, etc. 
Besides, they offer remote sensing; contact-less detection, that is, without the 
requirement of any leads or probes for excitation or measurement; reversibility, that 
is, the same sensor can be used for number of times; selectivity of gas species, etc.

To realize optical gas sensors, a number of optical methods have been employed 
in which the response of different optical signals is observed with respect to “ON” 
and “OFF” of gases of definite concentration. The optical wavelength usually spans 
from visible to infrared for II–VI compound semiconductors, if only bulk is consid-
ered. With time, there has been lots of developments in synthesis and characteriza-
tion methods of semiconductors particularly and hence a variety of materials, their 
size, shape, structure and morphology has been emerged that resulted in tunable 
optical properties. In particular, the optical methods for gas sensing may be catego-
rized as presented in Fig. 12.2.

In luminescence-based gas sensors, the emission from the material is recorded in 
the absence and presence of gas or volatile organic compound (VOC). Further, the 
emission may be of different types: photoluminescence (PL), chemiluminescence, 
cataluminescence (CTL), etc. The observed response may be in terms of intensity, 
FWHM, or peak position.
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Fig. 12.2 Various types of optical methods for gas sensing

Whereas the general technique for the sensing mechanism of a little bit amount 
of gas using SPR phenomenon is that there is a discrepancy in refractive indices 
occurring at the faces of the metallic medium. The variation in refractive indices can 
be because of the given factors:

 (i) Conversion of the refractive indices from air of the bulky medium to a greater 
refractive index gaseous medium

 (ii) Conversion of the refractive indices of the gaseous medium because of the twist 
in solid-state chemistry over the metal by adsorbed gas molecules

In every case, the performance parameters of the sensor vary accordingly.

12.1.2  Performance Parameters and Figures of Merit

There are various parameters viz. response, sensitivity, figure of merit (FOM), 
detection accuracy (DA), and response time to analyse the sensor characteristics. 
Certain parameters are common in all methods of sensing, however, the definition 
may differ from method to method.

The sensor response in PL and fluorescence is generally defined as [5].
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where Sgas and Sair are the integrated area or intensity under the PL/fluorescence peak 
in gas and air, respectively, if the sensing is done by negative or positive lumines-
cence/fluorescence quenching.

In case of ratiometric fluorescent sensors, the ratio of the intensity of two fluores-
cence peaks or emission wavelengths R is obtained and then divided by Rmax to get 
the normalized response of the sensor [6].

The limit of detection (LOD) is defined as the minimum quantity or concentra-
tion of the analyte which can be measured by the sensor. It is usually obtained by 
finding a linear relationship between the concentration of the analyte and the 
response of the sensor [7].

The SPR sensors use two separate interrogation techniques: angular interroga-
tion and wavelength interrogation. The resonance angle (θres)/wavelength(λres) cor-
responding to the refractive index of the sensing medium ns is found in the case of 
angular/wavelength interrogation. The sensor’s sensitivity is defined as the change 
in θres/λres per unit change in the detecting medium’s refractive index. The sensor’s 
sensitivity is defined as follows: If the resonance angle/wavelength is altered by 
Δθres/Δλres for a change of Δns in refractive index of sensing medium, the sensor’s 
sensitivity is defined as follows [8]:

 
For angular interrogation res
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The sensitivity of a functionalized SPR sensor is determined by the change in 
resonance wavelength or resonance angle caused by a constant change in the sens-
ing medium’s refractive index. The sensor’s sensitivity increases as the shift 
increases. The sensitivity of surface-functionalized SPR chemical and biosensors is 
determined by the difference between the effective and surface refractive index 
changes generated by surface interaction/binding.

The detection accuracy (DA) of a system is defined as the precision with which 
it can detect a sensing sample; in this case, the SPR sensor, resonance angle/wave-
length, and thus the sensing sample’s refractive index. The characteristic parameter 
of the SPR-based sensor is the resonance angle/wavelength. The spectral breadth of 
the SPR response curve determines the precision with which a characteristic param-
eter can be detected. The detection accuracy is proportional to the breadth of the 
SPR curve. As a result, the sensor’s detection accuracy can be expressed as an 
inverse function of the breadth (FWHM) of the SPR curve corresponding to 50% 
reflectivity or normalized output power. For instance, in spectral interrogation, if the 
FWHM of the surface Plasmon curve is Δλ0.5, the sensor’s detection accuracy can 
be represented as
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The ratio of the sensitivity (S) and the width (FWHM) of the SPR curve is defined 
as the figure of merit (FOM) of the SPR [9]. Consequently,

 
FOM

FWHM
=

S

 
(12.5)

Response time is the time it takes for a sensor to reach its real output after being 
exposed to its input. The sensor is excellent if the response time is short. The 
response time of an SPR sensor is defined by how quickly the SPR dip changes 
location to a stable point in response to changes in sensing samples in the proximity 
of the sensing surface.

Aside from this, there are a number of other factors to consider when it comes to 
commercialization. Shelf life, reusability, microscopic size, cost, and so on are all 
factors to consider.

12.1.3  Suitability of II–VI Materials for Optical Gas Sensors

II–VI compound semiconductor materials are very well explored for their gas sens-
ing characteristics owing to the peculiar optical and electrical properties in bulk as 
well as in nanodimensions. In particular, the nanostructures of these materials domi-
nate optical gas sensing applications as they exhibit size-dependent emission, 
absorption and other optical properties, that is, they can emit different colours with 
the same excitation wavelength. Besides, their shape can also be tailored to a great 
extent and hence the optical properties can be tuned.

The easy and economic synthesis methods for bulk production of these materials 
is one of the major factors for the dominance of II–VI materials in the field of opti-
cal gas sensing. Besides, II–VI materials can be synthesized in colloidal form suit-
able for thin film deposition via spin coating/drop casting, etc.

The most important factor for the suitability of II–VI materials is their direct 
band gap, that is, the existence of direct electronic transition between the conduc-
tion band and the valence band. This significantly reduces the lifetime of the decay 
to ns thereby swiftly absorbing and emitting light falling on it. When the intensity 
of excitation light is more as in case of laser-based optical gas sensing setups, this 
swift action prevents the saturation of emission, and a bright PL can be obtained, 
especially from quantum dots (QDs). This bright PL enables us to fabricate better 
optical sensors as it is too vulnerable to any slight change in its environment. 
Besides, QDs have excellent photostability as compared to organic dyes, that is, 
they can resist prolonged excitation of even UV light with very less degradation of 
emission intensity.
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12.2  Photoluminescence-Based Gas Sensors

Enhanced luminescence is the most cited property of the II–VI compound semicon-
ductor nanostructures and hence it opens multichannels for vast range of applica-
tions. Luminescence is a very responsive kind of signal, that is, it can be affected by 
very small changes in the environment of the material and hence it has a tremendous 
range of applications. Many types of sensors have been devised using the lumines-
cence property of II–VI materials and their composites viz. temperature sensor, pH 
sensor, ion sensor, gas sensor, bio-sensor, humidity sensor, etc. [10–15]. In all, lumi-
nescence-based sensing is one of those major areas that has been harnessed effec-
tively and it is still an interesting topic of research.

There have been great efforts for obtaining enhanced and sustained emission 
from II to VI materials. Various morphologies have been explored and their lumi-
nescence properties have been studied. Different morphology have their own pros 
and cons, some are better for emission but not so good for sensing and vice versa. 
Here, we present a morphology-based classification of II–VI materials for their 
application as a luminescence-based gas sensor. II–VI materials are easy to synthe-
size in various dimensions viz. 1D nanowires, nanorods; single or core-shell (CSh) 
QDs; embedded 1D, QDs, CShs in matrix; composites, etc. These all morphologies 
are designed and studied for a high surface-to-volume ratio so as to achieve more 
area to adsorb the gas and enhanced emission so as to achieve efficient signals for 
sensing.

12.2.1  1D Nanostructures as Luminescence-Based Gas Sensor

The morphologies with quantum confinement exhibit enhanced, sharp, and stable 
emission due to the confinement of electrons, and this property can be utilized for 
realizing sensors. One-dimensionally confined nanostructures such as nanowires 
and nanorods offer a very high surface-to-volume ratio as their entire surface can be 
directly exposed to gas, and hence many researchers have approached to utilize their 
properties for luminescence-based gas sensing [5, 16–18].

The H2/O2 sensing based on PL was reported by Yadav et al. [5] using thermal 
chemical vapour deposited (CVD) 50–100 nm ZnO NWs. A special vacuum cham-
ber of dimensions 5 × 6 × 2 cm3 was designed with heater to control the sample 
temperature during the measurements. The concentration of the gas in the chamber 
was adjusted using a mass flow controller attached to the chamber.

ZnO NWs exhibited two major peaks in the PL spectrum: a dominating oxygen 
vacancy defect (OVD) emission at ~2.39 eV and a weak NBE emission in the UV 
range at ~3.27 eV and both the peaks responded in the presence of H2/O2. However, 
the intensity of only the prominent green emission is considered for sensing studies. 
They reported a high sensor response of 54% and 9% towards H2 and O2, 
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Fig. 12.3 (a) SEM image of ZnO nanowires. (b) Schematic design of photoluminescence-based 
contact-less gas sensing setup. Room temperature photoluminescence spectra obtained from ZnO 
nanowires in (c) hydrogen and (d) oxygen gas environment. The insets show variations in UV peak 
intensity. Variation of sensing response for a different flow rate of (e) H2 and (f) O2 gases measured 
at room temperature. (Adapted with permission from Yadav et al. [5]. Copyright 2016: American 
Institute of Physics)

respectively, for 50 sccm gas which increases significantly with the rise in sample 
temperature as shown in Fig. 12.3.

Ip et al. [18] investigated the effects of the adsorption of different gases H2, O2, 
N2 and Ar on the photoluminescence (PL) property of ZnSe nanowires (NWs). 
These nanowires were synthesized by metal-organic chemical vapour phase deposi-
tion (MOCVD) on Au spin-coated over Si(001) wafer. The nanowires were passiv-
ated in order to study the effect of surface treatment. For this purpose, the deposited 
NWs were first etched in a solution of H2SO4:H2O2:H2O in 1:20:1 ratio at 5 °C for 
6 s to eliminate surface oxides followed by dipping in a 20% (NH4)2S solution at 
room temperature for various time. The PL intensity was found to be increased 
more than six times for 3 hours of immersion time, and then it decreases for longer 
dipping. For this particular study, samples with 60 min passivation time were used 
for further investigations. A special vacuum chamber was designed with a sample 
mount to allow optical access to 325 nm or 442 nm line of He-Cd laser as well as IN 
and OUT of gas. No qualitative difference was observed in the PL spectrum with the 
two lines of the He-Cd laser.

Two major peaks were observed in the PL spectrum of ZnSe NWs; the prominent 
near band edge (NBE) emission at ~2.67 eV and a broad deep level emission (DLE) 
at ~2.1 eV. It was observed that the passivation as well as the gas ambience (H2, N2, 
O2, Ar) of ZnSe NWs affects the NBE peak enormously while DLE remains 
unchanged. The gas response to H2 gas was positive with respect to measurements 
in vacuum, whereas other gases responded negatively. No significant peak broaden-
ing or shifting was observed in any ambience. The authors reported the response of 
the NWs qualitatively in the transient studies and found that the NWs responded 
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Fig. 12.4 (a) Comparisons of the PL spectra of ZnSe nanowires in vacuum and in different gases 
at 760 Torr (H2, Ar, N2 and air, anti-clockwise from upper left). The intensities have been normal-
ized to facilitate a clearer comparison. The variations in the intensities of spectra of nanowires in 
vacuum reflect the inhomogeneous nature of the sample. (b) Response of the intensity of the NBE 
emissions to the cyclic changes of pressure in different ambient gases. Periods of vacuum (∼ 10 
mTorr) and of gas-filled (760 Torr) conditions are labelled by V and by the species of gas used. 
(Adapted with permission from Ip et al. [18]. Copyright 2005: Institute of Physics)

almost instantly to the increase and decrease of H2 pressure. However, in case of Ar 
and N2, the rise time was almost the same as for H2, whereas the fall time was con-
siderably higher as depicted in Fig. 12.4.

12.2.2  Surface-Modified Single and Core-Shell (CSh) QDs 
for Luminescence-Based Gas Sensor

Morphologies like single or CSh QDs are highly preferred for luminescence-
based gas sensing owing to sharp emission peaks vulnerable to any ambient [19]. 
This property of QDs has been desperately harnessed by various researchers to 
develop ultra-sensitive optical gas sensors; for example, Sergeev et al. [20] stud-
ied the luminescence properties of glutathione-modified Mn:ZnS QDs in presence 
of various toxic compounds like phenol, methylamine, isopropanol, methane and 
benzene and found that fluorescence quenching efficiency for the methane (mix-
ture of 10% CH4 and 90% Ar) was relatively very high than in the other toxic 
compounds, indicates good selectivity and specificity of Mn:ZnS QDs for meth-
ane. They observed a gradual reduction in peak intensity centred at 590  nm 
assigned to Mn ion as a function of increasing concentration of CH4, whereas the 
peak centred at 410 nm and originated from ZnS QDs shows the opposite trend. 
In another work [21], they have investigated that in the mixture of 10% CH4 and 
90% Ar, it is CH4, that is responsible for major changes in fluorescence intensity. 
Further, they have deconvoluted emission spectra by fitting of Gaussian peaks and 
found that the major contribution to emission intensity change is of Zn vacancies 
and interstitials. In subsequent work [22], they have studied the sensor as a func-
tion of CH4 concentration at various thermostanding times and found that the 
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degree of changes in the sensory response depends on the nature of the emission 
centre and thermostanding time up to 6 hours significantly affects the emission 
response. Mn:ZnS QDs capped with l-cysteine were also used for acetone sens-
ing. They observed quenching in phosphorescence emission of QDs with addition 
of acetone (varying from 0.5 up to 600 mgL−1). The Stern–Volmer equation rep-
resents linear fit in the variation of emission intensity with acetone concentration 
up to a maximum concentration of 600 mgL−1 [23]. The statistical and dynamic 
luminescence measurements were carried out to study the nitrogen (N2) and N2+ 
oxygen (O2) sensing behaviour of Mn-doped ZnS with varying concentration of 
Mn [24]. They observed in statistical luminance measurement that with the excita-
tion of 355 nm all the samples except pure ZnS and 10% Mn-doped ZnS show 
emission whose intensity decreases with an excitation wavelength of 280 nm. The 
dynamic measurements showed sensing behaviour only for 280  nm excitation. 
They observed that the average decay time (calculated from number of lumines-
cence decay curves) reduces as an increasing function of both dopant concentra-
tion and excitation intensity under exposure of two gasses.

PL of bare QDs suffered a setback due to surface defects on the QDs as well as 
agglomeration of QDs with ageing due to which PL observed was weak and tempo-
ral photostability was less. To overcome these problems, different methods were 
developed to synthesize high-quality, uniform sized, monodispersed and smoother- 
surfaced QDs. Among all developed methods, two techniques were the most impor-
tant and applied to date. One of them was to encapsulate the semiconductor core 
with another semiconductor shell with larger energy gap. This was called core/shell 
(CSh) structure and was very effective in suppressing the electron leakage from the 
core semiconductor thereby increasing the PL intensity significantly and improving 
the temporal stability of QDs.

Thin films of CdSe/CdZnS, CdSe/ZnS and CdSeTe/ZnS core/shell QDs 
deposited on glass substrate were used to detect the O3 up to concentrations 
0.1 ppm and a reversible PL feature were observed, that is, PL intensity dimin-
ishes rapidly under the exposure to O3 in air, and it reversibly recovered when 
gases are exhausted. Contrary, PL intensity remained unaffected under all com-
ponents of natural air like O2, N2, Ar, carbon dioxide (CO2), hydrogen (H2), etc. 
The maximum change in PL intensity was observed for the green emitting QDs 
of smallest size [25]. In a subsequent study, same group tested CdSe/ZnS and 
CdSeTe/ZnS QDs film for the gaseous alkylamines sensing and observed revers-
ibility in PL spectra similar to a previous study [26]. The ratiometric O2 sensing 
was carried out using pyrenyl functionalized CdSe/ZnS QDs. It was observed 
that the emission spectrum of both pyrene (λem = 378 nm) and QD (λem = 632 nm) 
are fully independent of each other and strongly influenced (particularly func-
tional ligand assist) by O2 concentration. Further, the optical output of the nano-
sensor is evaluated from the ratio of two peaks(I632/I378), plotted as a function of 
O2 pressure (Fig.  12.5) and the quenching rate constant is calculated as 
kq = 1.1 × 1010 M−1 s−1 [27].
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Fig. 12.5 Emission spectra (𝛌exc = 275 nm) of CdSe/ZnS QD- pyrene in CH3Cl in the presence of: 
0 (1), 0.213 (2) and 1.013 (3) bar O2. The inset shows the linear correlation between the ratiometric 
PL responses. (Adapted with the permission Amelia et al. [27], Copyright 2011: The Royal Society 
of Chemistry)

12.2.3  Embedded 1Ds and QDs, Composites, CSh in Matrix, 
and Other Special Forms

In order to overcome the problem of surface defects of bare and CSh QDs, another 
method was developed at the same time when CSh was established. This method 
was to cap the QDs or CShs with some appropriate material to deactivate the unsat-
urated surface bonds. This resulted in enormous enhancement in PL intensity and 
brightness along with a reduction in the possibility of agglomeration. Embedding 
1Ds, QDs and CShs in some matrices is a very powerful tool to enhance mechanical 
strength, dispersion, photostability and temporal stability.

A novel multifunctional hybrid nanocomposite is formulated for photolithogra-
phy using either luminescent CdSe or PbS colloidal QDs embedded in a polyisoprene- 
based photoresist (PIP) was developed for the fabrication and testing of 
2-mercaptoethanol (MET) and ethylenediamine (EDA) in gaseous form. The fabri-
cated sensor response to the analyte-QD interactions was significantly short and 
sensitive due to the high diffusion of analysed through the polymer matrix. Both the 
nanocomposites showed the similar feature of luminescence quenching behaviour 
as a function of time for EDA sensing whereas for MET sensing they showed an 
opposite trend in luminescence behaviour. It was luminescence quenching for 
CdSe-based nanocomposites and luminescence stimulation for PbS-based nano-
composites (Fig. 12.6a, b) [28].

The sensing properties of CdSe NCs incorporated into polymer thin were tested 
for oxygen, triethylamine (TEA), benzylamine (BZA), butylamine (BTA), etc. [29]. 
They observed huge degradation in PL of NCs thin film with respect to NCs solu-
tion, however, PL stability can be recovered by photo-irradiation of films for 5 to 
10  min in both air and Ar. Additionally, they have not noticed any signification 
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Fig. 12.6 Real-time response upon the exposure to a 10−4 M aqueous solution of MET and EDA 
(and the corresponding fitting curves) and water (a) CdSe-PIP and (b) PbS-PIP nanocomposite 
sensor. (Adopted with permission from Rodríguez-Cantó et al. [28]. Copyright 2015: The Royal 
Society of Chemistry)

Fig. 12.7 PL properties of CdSe NCs as a function of photo-irradiation time under (a) Ar and (b) 
TEA. Change PL intensity of CdSe NCs exposed in TEA under (c) either continuous or short and 
(d) with and without the existence of a monolayer of oxides on the surface of the NCs. (Adapted 
with permission from Nazzal et al. [29]. Copyright 2003: American Chemical Society)

variation in the shape, size, and position of emission spectra even the continuous 
and long exposure of photo irradiation of 2 h (Fig. 12.7a). Under the exposure of 
different gases, the PL properties of activated NCs are species-specific as no and 
maximum (Fig.  12.7b) changes were noticed for BTA and TEA, respectively. 
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Further, they noticed that the percentile change in PL intensity depends on photo- 
irradiation time and type along with the oxidation status (Fig. 12.7c, d).

CdSe/SiO2NPs embedded in a borosilicate porous glass matrix were also tested 
for gas sensing application and found good sensitivity in the form of luminescence 
quenching for NH3 relative to other gaseous species. Further, they studied the effect 
of relative humidity on the sensing properties for NH3 and observed that relative 
humidity of >80% only slightly affect the emission intensity [30]. The gas sensing 
properties of CdSe/ZnS QDs embedded in a borosilicate porous glass matrix were 
investigated and observed a reversible PL quenching and shortening in lumines-
cence decay time under the exposure of ammonia (NH3) gas [31].

A special form of highly porous material CdSe aerogel was investigated for TEA 
sensing using –ve PL quenching. The study was compared with a previous study on 
CdSe QDs and found that the PL intensity enhancement is dependent on the concen-
tration of analyte and is linear in the range 4.7 × 103–75 × 103 ppm with reversible 
nature [32]. An intensified PL was achieved by integrating CdSe QDs and anodic 
aluminium oxide (AAO) nanopore arrays by Zhao et al. They studied the applica-
tion of this optically active element for sensing of different hydrocarbons like ben-
zene, xylene and toluene. The investigation revealed the enhanced and selective 
sensing of xylene within the limit of 10–9400 ppm [33].

Table 12.1 summarizes the luminescence-based optical gas sensors fabricated 
using II–VI compound semiconductors with different morphologies.

From Table 12.1, it may be concluded that ZnO, ZnS and CdSe are the most 
preferred II–VI semiconductors in luminescence-based optical gas sensing owing to 
their high emission properties in QDs state. Besides, chemical route is more suitable 
for synthesis as it provides various parameters to play with for the desired morphol-
ogy, size, shape and thereby the desired emission properties. However, some physi-
cal routes are also explored, for example, thermal evaporation and PLD, etc. But 
these are massive techniques that enhance the cost of the device. Colloidal QDs, 
CShs, embedded in the matrix can be easily synthesized though much economic 
chemical routes and morphologies can be varied as well. Hence, different chemical 
methods have been explored for the synthesis of various II–VI nanostructures for 
optical gas sensing applications.

As far as the mechanism of luminescence-based optical gas sensors is concerned, 
in general, two peaks are observed in the PL spectra of II–VI semiconductors. Out 
of which, one belongs to band edge emission and the other belongs to both bulk and 
surface-related defects. The peak parameters, that is, intensity, peak position, and 
peak width, of either of these peaks can be influenced by the adsorption/desorption 
of gas. When the gas interacts with the surface of material, it either traps or releases 
electrons which expands or reduces the electron depletion layer via charge transfer 
and affects the emission peak. A few observations can be summarized as a factor 
affecting the sensor performance:

 (a) The surface-to-volume ratio: the higher the ratio, the better the sensitivity as 
more gas molecules can be adsorbed on the surface.

 (b) The packing density: the lower the density, the better the sensitivity as porosity 
becomes better with lower packing density and gas adsorption can take place at 
a larger surface area. However, this factor should be optimized for intense PL 
and porosity.
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 (c) The size of nanostructure: the size lower than Bohr’s radius is preferable so as 
to achieve strong confinement with a better surface-to-volume ratio and sharp, 
reproducible and sustainable emission. The size of the nanostructure affects the 
emission properties of the material directly and thereby the gas sensing 
characteristics.

 (d) Surface defects: surface defects like defects due to oxygen vacancies, dangling 
bonds, etc., play a decisive role in some materials for gas sensing. Hence, the 
more the defects, the more chances for the adsorption of analyte gas.

12.3  Fluorescence-Based Gas Sensors

Fluorimetry is a non-conventional method that can allow us to sense any analyte by 
the naked eye. Fluorescence-based gas sensors typically work in four ways: quench-
ing, ratiometric, colourimetric or a combination of these [34]. In this section, these 
sensors will be discussed in detail.

A ZnS-supramolecular organogel (composed of cholesterol derivative-based 
low-molecular-mass gelators (LMMGs)) hybrid film with surface morphology of 
uniform cross-linked nanofibres was synthesized for accurate and rapid detection of 
organic amines in the vapour phase and found that the developed sensor exhibiting 
good sensitive for organic monoamine and diamine vapours, particularly for 
EDA. The sensitivity improved with the increased quantities of ZnS loading. The 
fluorescence lifetimes suggested that the involvement of both mainly static and 
dynamic quenching with dominating sensing mechanism of static quenching [35].

Self-assembled CdTe QDs/poly(diallyldimethylammonium chloride) (PDDA) 
multilayer films (QDMF) were synthesized by layer-by-layer (LBL) technique to 
study the gas sensing properties. The developed sensor was suitable for sensing 
VOCs based on fluorescence quenching and was highly sensitive and selective for 
formaldehyde (FA) [7].

12.3.1  Ratiometric and Colourimetric

Xia et al. [36] designed a simple and sensitive colourimetric sensor array-based red- 
emitting CdTe QDs and green-coloured fluorescein that exhibited RGB-type colour 
change for visual detection of trace VOCs. They used six different common thiols- 
capped CdTe QDs as quenching units and fluorescein as the colour reference, the 
proposed method could discriminate FA with high selectivity and identified the 
existence of potential interference from acetaldehyde as illustrated in Fig. 12.8a–c 
[36]. The colourimetric and ratiometric fluorescence sensor was introduced based 
on the surface ligand crafting of CdTe/CdS quantum dots (QDs) by 3-(6-hydrazinyl-
1,3-dioxo-benzoisoquinolinyl) propanoic acid (HBQP) as illustrated in Fig.8d for 
determination of VOCs. It was noted that the fluorescence intensity of QDs 
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Fig. 12.8 Selectivity of CdTe QDs array for FA detection: (a) colour change patterns of main co- 
existing indoor gases (1–6: mercaptosuccinic acid (MSA), N-acetyl-cysteine (N-A-cys), 
3- mercaptopropionic acid (MPA), glutathione (GSH), l-cysteine (l-Cys) and thioglycolic acid 
(TGA)-capped CdTe QDs, respectively); (b) interference with FA (5  ppm) determination at 
50 ppm of interference reagents, the total Euclidean distance was evaluated by the method shown 
in supplementary and (c) LDA cluster analysis for distinguishing main co-existing indoor gases. 
(Adopted with permission from Xia et al. [36] © 2016 Nature publishing group) (d) The schematic 
of the QDs preparation, crafting by HBQP and the sensing mechanism. (Adopted with permission 
from Ahmad et al. [37]. Copyright 2020: Elsevier)
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diminishes steadily, while it increases for HBQP. The developed sensor was found 
the highly sensitive and selective for FA [37].

12.4  Other Optical Methods of Gas Sensing

As an alternate method of sensing, chemiluminescent CdSe/ZnS QDs were 
employed to study the O3 gas-induced luminescence in QDs by Saren et al. [38]. In 
their investigation, they compared the chemiluminescence with PL and found that 
both are analogous and a significant wavelength shift occurs in the PL spectrum 
with O3 treatment cycles.

A novel and highly sensitive gas sensor was proposed based on a special kind of 
chemiluminescence, that is, cataluminescence (CTL) from cetrimonium bromide 
(CTAB) templated nano-CdS. The sensor so developed was found highly selective 
and sensitive for alcohols in particular methanol. They studied the effect of working 
temperature and airflow rate on CTL and observed that both CTL intensity and 
signal-to-noise (S/N) ratio increases with an increase in temperature up to 330 °C at 
a constant airflow rate of 300 mL/min, whereas both CTL intensity and S/N ratio 
increase up to air flow rate of 250 mL/min and beyond that decreases at contact 
temperature of 330 °C [39]. Xia et al. [40] utilized CTL from nano/micro CuO/ZnO 
composite to sense VOCs. The sensor so developed was highly selective for acetic 
acid with satisfactory stability, better sensitivity and linearity.

Alternatively, an optical absorption-based gas sensor harnessing In-doped ZnO 
NRs for the detection of carbon monoxide (CO) was demonstrated by Tan et al. 
[41]. They obtained a highly responsive and RT working sensor with an optical 
absorbance change of 0.067 a.u. for a low concentration of CO of 10 ppm at the 
sensing wavelength of 373 nm. Besides, the sensor exhibited the fastest response 
and recovery time of 70.3 ± 1.9 s and 6.3 ± 0.5 s, respectively [41].

12.5  Surface Plasmon Resonance-Based Gas Sensors

Surface plasmon resonance (SPR) is one of the most important optical techniques 
that find various applications in a variety of domains. The first use of the SPR tech-
nique was reported in 1983. SPR was first detected by Wood to describe narrow 
dark bands in the light spectrum. Metals show a surface plasmon effect because they 
have high concentrations of free electrons. Recently, SPR has become a very impor-
tant technique in describing a relationship between different molecules.

In this technique, a light source passes through a prism reflected from the back-
side of the sensors’ surface and is collected into a detector. At a certain incident 
angle, light that is coming from the source is absorbed by electrons of the metal 
surface, this angle is known as resonance angle and causes the electrons to resonate. 
These resonating electrons are called as the surface plasmon, this results in a loss of 
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intensity of the reflected beam. This loss of intensity can be seen as a dark band in 
the detector and a dip can be seen in the SPR reflection intensity curve. The loss of 
the reflected light intensity becomes maximum at a particular angle is known as the 
SPR angle.

SPR is a useful technique to see the changes in the refractive index on the surface 
of the metal. Whenever there is a change in the refractive index of the metal surface, 
the angle at which the intensity of light becomes minimum will changes and shift to 
another position. This principle of angle shift can be used in a variety of applica-
tions, like detection of chemical, physical and biological specimens, both in gaseous 
or liquid phase as shown in Fig. 12.9.

SPR-based gas sensors fabricated using II–VI compound semiconductors are not 
very much studied. Among all II–VI compounds ZnO finds many applications in 
SPR-based physical, chemical and biological sensors. A few gas sensors utilizing 
the SPR method on II–VI compounds are discussed here.

The thin film of Au NPs embedded in ZnO with varying concentrations of Au 
NPs was used to detect the pollutant gases. The SPR peak shift in absorption spectra 
was used to sense the gases and found that film sensors were detected H2, CO and 
NO2 gases. The dynamic response of sensor under the exposure to H2 gas is shown 
in Fig. 12.10a [42]. The prism/Au/ZnO/air system was used to detect various gases 
based on the shifting in a dip of SPR resonance angle (θSPR). The sensor was tested 
by measuring the gas sensing response for target gases like NO2, CO, CO2, NH3, H2 
and LPG and found that the system was highly selective and sensitive (0.091 °/ppm) 
with very fast response of 1 s towards a wide concentration range (0.5–100 ppm) of 
CO gas at room temperature. The reflectance spectra illustrate (Fig.  12.10b) the 
concentration-dependent shift in θSPR under the exposure of CO gas, which follows 
linear variation as illustrated in Fig. 12.10c [43]. The photoelectrochemical charg-
ing effect of the Au-NPs in the Au-CdS NP array was employed to fabricate an SPR 
sensor for acetylcholinesterase (AChE) inhibitors. The sensitivity limit of detection 
for inhibitor was found to be 1 × 10−6 M [44]. The electrospinning process and 
UV-ozone etching treatment were carried out to test CdSe-CdS/Ag/PMMA 
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Fig. 12.10 (a) Comparison of the dynamic response at 400 nm for Au embedded ZnO-based sen-
sor during one air–1% H2–air cycle at 300 °C. (Adapted with permission from Gaspera et al. [42]. 
Copyright 2012: Elsevier). (b) SPR reflectance data obtained for the prism/Au/ZnO structure on 
exposure of different concentrations of CO gas and (c) Variation of SPR dip angle (θSPR) and Rmin 
for the SPR sensing system with different concentrations of CO gas (calibration curve). (Adapted 
with permission from Paliwal et  al. [43]. Copyright 2017: Elsevier). The response plots of the 
CdSe-CdS/Ag/PMMA composite scaffold under the exposure of 10,000 ppm of (d) typical VOCs 
and (e) alcoholic solvents. (Adapted with permission from Wu et al. [45]. Copyright 2020: Elsevier)

composite scaffolds for the detection of typical VOCs and alcoholic solvents. It was 
noticed that the composite scaffolds achieved a spectacular non-selective detection 
limit of 100 ppm for butanol and 500 ppm for chlorobenzene within a minute. The 
response plots and response time of the composite scaffold under the exposure of 
VOCs and alcoholic solvents are shown in Fig. 12.10d and 12.10e, respectively [45].

12.6  Fibre Optic-Based Gas Sensors

Fibre optic-based gas sensors are becoming increasingly important in many indus-
trial areas due to remote sensing power, internal explosion safety, high sensitivity of 
electrical fields and compliance with harsh environments. Gas sensor applications 
are extensive and vivid. Gases such as NOx in coal-fired power plants, H2S in waste-
water treatment plants and ethanol for making wine in industrial processes are mea-
sured. The fibre optic-based gas sensors are usually demonstrated using thin 
nanofilms or nanostructures embedded in a cylindrical waveguide, coating over an 
optical fibre and recording emission, resonance-based such as surface plasmon res-
onance, lossy mode resonance, etc. [46–55]. A number of optical fibre configura-
tions have been employed to device II–VI compounds-based optical gas sensors 
such as:
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 (a) Single-mode fibre (SMF) [56]
 (b) Multimode fibre (MMF) [57]
 (c) D-shaped fibre [58]

Along with utilizing various investigating techniques like

 (i) Non-dispersive infrared sensors (NDIR) [59]
 (ii) Interferometry [60]
 (iii) Longer periods of fibre gratings LPFG [61, 62]
 (iv) Surface plasmon resonance [63, 64]
 (v) Lossy mode resonances [65].

As far as resonance-based sensors are concerned, these are achieved by the coat-
ing of thin films or nanostructures onto the optical fibres. In 1993, the first-ever 
optical sensor was discovered based on the surface plasmon resonance (SPR) 
method and these sensors have been set up as a gold standard. In these sensors, the 
gas molecules interacted with thin film then the resonance wavelength was con-
verted, which can be straightway lined up with gas concentration. On the other 
hand, lossy mode resonance (LMR)-based sensors are obtained when the optical 
fibre optical mode detects the change in the shape of a thin film. Conversion gives 
rise to a high-frequency band of a certain wavelength which is known as a resonance 
wavelength. One more resonance wavelength is acquired when the second mode is 
directed at a thin film and can be continued in other ways, leading to the emergence 
of high-pitched sounds. However, there are certain similarities and differences 
between these two resonance-type sensors (Fig. 12.11).

Among II–VI compound semiconductors, ZnO is the most promising candidate 
for all types of fibre optic-based sensors. A few of these sensors are discussed here:

The surface of ZnO NSs was passivated with chalcogenide (CdS and CdSe) NPs 
and deposited on the cladding-modified optical fibre to sense the gas vapours. The 
CdS NPs decorated ZnO demonstrate a high vapour sensing behaviour for NH3 and 
the sensing of it was enhanced nearly thrice than the core/shell-like ZnO/CdSe NSs. 
It was attributed to the effective interaction of the incident light and the sensing 
media, the change in the refractive index of the modified cladding regime, the rate 
of vapour adsorption and the effective charge-carrier transport between the so- 
formed hetero-junction interfaces [67].

The sensing properties of cadmium telluride (CdTe) QDs film were examined 
under exposure to volatile organic compounds (VOCs); ethanol, 2-propanol and 
acetone and noted the quenching of fluorescence under VOCs. The rate and amount 
of fluorescence quenching depend on the type of VOCs [68].

An optical fibre sensor was developed using CuInS2/ZnS QDs for CO2 sensing. 
It was noted that emission wavelength shift due to changes in the absorption of a pH 
indicator (α-naphtholphthalein) with a changing CO2 concentration and the associ-
ated wavelength shift was found to be 630 pm/%CO2 [69]. The gas sensing proper-
ties of CdTe/CdS core/shell QDs coated core fibre on the basis of the fluorescence 
quenching mechanism of QDs were studied and noticed that this fibre was highly 
selective and sensitive for Nitric oxide (NO) with a detection limit of 10−11 M [70]. 
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Fig. 12.11 (a) Generation of LMR and SPR with a nanocoated optical prism (Kretschmann con-
figuration) and a nanocoated D-shaped optical fibre. (b) Conditions for LMR and SPR generation 
in both configurations. (Adopted with permission from Del Villar et  al. [66]. Copyright 2017: 
Elsevier)
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CdS-coated clad-modified fibre optics were tested for the detection of toxic gases 
like NO2, SO2 and CO2-based of luminescence quenching mechanism and found 
high sensitivity and selective for NO2 gas [57]. Optical fibre in conjunction with 
ZnTe QDs was investigated for sensing application of VOCs and found that the 
sensitivity of the sensor increases with the use of QDs for both alcohol and ammo-
nia [71].

12.7  Conclusion

In summary, this chapter discussed about the importance and need for optical gas 
sensors based on II–VI compound semiconductors. The optical sensors are pre-
ferred over other kinds of gas sensors owing to their various advantages like high 
sensitivity on the analyte gas, fast response and insensitivity to any change in envi-
ronmental conditions, etc. There are a number of optical methods that can be har-
nessed to realize gas sensors and some of these methods are very particular for 
II–VI semiconductors like luminescence and fluorescence spectroscopies owing to 
the band gap and colour tunable properties of these semiconductors. Besides, a 
number of optical methods like emission, absorption, and surface plasmon reso-
nance can also be realized for gas sensing using fibre optics along with the tradi-
tional interferometry, waveguides, cladding and clad modification techniques. The 
optical gas sensors based on these different methods were elaborated in view of 
morphologies, forms and complexity of II–VI compounds.

At the same point, apart from the multifold advantages of II–VI compound 
semiconductor- based optical gas sensors, these sensors possess few drawbacks like 
incompatibility with existing technologies, complexity in miniaturization along 
with high cost due to their processing, maintenance and instability issues. Moreover, 
the temporal stability of 1Ds, QDs, CShs and their thin films is badly affected if 
exposed to harsh conditions. For example, photoactivation, photooxidation and 
photo corrosion are the synergetic effects of light, moisture and oxygen on the char-
acteristic emission of the most preferred Cd-based QDs and are irreversible. In pho-
toactivation, the PL intensity of CdSe QDs is observed to be enhanced under 
illumination in presence of moisture. The combined effect of oxygen and light is 
photooxidation where the surface of QDs gets oxidized resulting in trap states. The 
third one affects most badly by causing reduction in the size of QDs core, PL 
quenching, spectrum broadening and blue-shifting of band edge emission when 
exposed to oxygen and light for a long time. In order to overcome these issues, if the 
shell of another semiconductor or matrix-like SiO2 is used, then it is an additional 
requirement and also the sensing mechanism changes that affect the sensitivity of 
the sensor. Besides, the toxic nature of Cd ions makes these semiconductors vulner-
able to green environment and applications as the handling of Cd ions can cause 
multiple diseases like itai-itai, lung damage, flu-like sickness (chilling, fever and 
muscular pains), etc.
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Nevertheless, optical gas sensors are the high-end market product in this busi-
ness and find applications in remote air quality and environment monitoring, NOx 
sensing in coal-fired thermal power plants, H2S sensing in wastewater management 
plants and ethanol sensing in wine manufacturing industries. These sensors are also 
used in accurate and safe detection of gas leakage in industries, stores, etc. Moreover, 
there are still many areas like rigorous synthesis process, cost, response time and 
tedious instrumentation in view of the optical gas sensors based on II–VI com-
pounds that need to be addressed through further research and development in this 
important field.
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Chapter 13
Spectroscopic Gas Sensing Systems

Zhenhui Du and Jinyi Li

13.1  Introduction

Spectroscopic gas sensing, namely gas detection by analysis of the characteristic 
spectra of molecules, is becoming more popular in wide variety of areas including 
urban and industrial emission [1], environmental monitoring [2], chemical and 
industrial process control [3], medical diagnostics [4], homeland security [5] and 
scientific research [6]. Traditional approaches of spectroscopic gas sensing based on 
incoherent light sources are non-dispersive infrared (NDIR), differential optical 
absorption spectroscopy (DOAS), Fourier transform infrared spectroscopy (FTIR), 
photometry, etc.

NDIR is a technique to determine gas concentration by detecting a few absorp-
tion lines across a restricted wavelength range with fixed narrow-band filters in the 
infrared spectral region. A typical NDIR instrument uses a double-beam methodol-
ogy and consists of a light source (e.g. halogen lamp, LED, etc.), filters, gas cells 
and infrared detectors. The sensing wavelength is carefully selected by the existing 
output range of infrared sources and within the ‘atmospheric windows’ to reduce 
spectral interferences. NDIR gas analysers have the merits of real-time response for 
easy algorithms, low-cost, compact, robust, in situ and stable and long-term opera-
tion needs minimum recalibration, which allow for measurement of a variety of 
components including CO2, CO, CH4, NO, SO2, etc. However, NDIR gas analysers 
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are suffered from low sensitivity and selectivity, and susceptible to ambient humid-
ity and fluctuation of temperature and pressure.

DOAS, pioneered by Noxon [7], is a method to determine concentrations of trace 
gases by measuring their specific narrow-band absorption structures in the UV and 
visible spectral regions. DOAS can simultaneously detect multiple gases in an open 
optical path or in sampling mode. A typical DOAS instrument consists of a continu-
ous light source (e.g. a Xe-arc lamp, a deuterium lamp, sunlight, etc.) and an optical 
setup to send and receive the light through the objective gases. The received light is 
sent to a grating spectrometer and converted to spectrum data. The narrow part of 
the absorption spectrum is separated and used to calculate the concentrations of the 
multiple species. By means of a typical length of the light path in the atmosphere 
ranges from several hundred metres to many kilometres, DOAS can measure con-
centrations of many different trace gases, including photochemical smog formation; 
O3, NO2, HCHO, HONO, H2O, NO3, SO2, BrO, IO, OIO; and several aromatic 
hydrocarbons.

FTIR is an analytical technique used to measure the absorption of infrared radia-
tion by the samples versus wavelength, in which both open optical path measure-
ment and sampling sensing are available. The infrared absorption bands identify 
molecular components and structures. A typical FTIR spectrometer uses an interfer-
ometer to modulate the wavelength from a broadband infrared source. The signal 
obtained from the detector is an interferogram and is analysed with a computer 
using Fourier transforms to obtain a single-beam infrared spectrum. FTIR-based 
gas analyser is capable of low detection limits of ppb to ppm for multiple gas spe-
cies in many gas analysis applications, such as toxic gas detection, monitoring 
industrial facilities, accidental releases and hazardous waste site emissions.

Practically, spectroscopic gas sensing with coherent light sources, for example, 
tunable lasers, ushered in a new era for their advantages of non-contact, fast response 
time, high-sensitivity and -selectivity, potential calibration-free, low maintenance 
requirements and long-life cycle. While, laser absorption spectroscopy (LAS) in the 
mid-infrared region (MIR, 2.5–25 μm) is attractive due to the strong fundamental 
ro-vibrational bands and the highly specific molecular signature, which allows both 
identification and quantification of the molecular species [2, 8]. Thanks to newly 
developed MIR devices, including quantum cascade lasers (QCLs) [9], interband 
cascade lasers (ICLs) [10] and II–VI semiconductor lasers [11], LAS technology 
progressed rapidly and developed high-performance, compact and rugged gas 
sensors.

In this chapter, we introduce primarily on LAS for trace gas detection. After a 
brief overview of the principle in Sect. 13.2, we discuss the spectroscopic gas sens-
ing system configurations, including pump suction system, open path sensing sys-
tem, gas diffusion sensors and spectroscopic imaging system. We discuss 
spectroscopic applications with II–VI lasers in Sect. 13.4. Section 13.5 is the con-
clusion and prospects.
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13.2  Principle

At its most basic, the interaction of light with matter, for example, gaseous mole-
cule, two physical processes happen, absorption and scattering. Absorption is a 
basis of spectral analysis, quantitatively based on the Beer–Lambert law, which 
gives the relationship between the incident and the transmitted radiation through a 
gas cell or an open pathway filled with molecular gas sample:

 
I I L C� � � �� � � � �� � � �� �� �0 exp

 
(13.1)

where I0 and I are the incident and transmitted radiant powers, respectively; σ is the 
absorption cross-section of the molecule in cm2/molecule; L is the absorption path 
length in cm; C is the density of the molecule in molecule/cm3. Usually, the absorp-
tion cross-section σ is also used to describe the absorption intensity. The line 
strength is retrieved by spectrally integrating the absorption line shape and applying 
the ideal gas law,
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where KB, T (K) and P (Pa) are the Boltzmann constant, gas temperature and total 
pressure of the gas sample, respectively; Xi is the amount fraction of i species; A 
(cm−1) is integral absorbance; riso is a correction factor for isotopic fractionation of 
the gas sample.

13.2.1  Direct Absorption Spectroscopy

Direct absorption spectroscopy (DAS) is that a tunable narrow linewidth laser is 
tuned across the objective spectral line, and the light absorption in a sample is mea-
sured as a function of the wavelength. With the measured incident and transmitted 
laser powers, one could deduce the absorption intensity or gas concentration, and 
further the state parameters of the gas, for example, temperature or pressure.

DAS is the most common technique for simple-optical configuration, −signal 
processing and potential absolute measurement. However, DAS often suffers from 
low sensitivity (absorbance ~10−3–10−4) for the interference from low-frequency 
noise (i.e. 1/f noise) in the system and laser power fluctuation.

There are basically two ways to improve the spectroscopic sensitivity: (1) to 
reduce the noise in the signal, (2) to increase the absorption. The former can be 
achieved by using modulation techniques, for example, wavelength modulation 
spectroscopy (WMS) and frequency modulation spectroscopy (FMS), with a typical 
sensitivity of absorbance ~10−5–10−6. Whereas the latter can be obtained by placing 
the gas inside a cavity in which the light passes through multiple times to increase 
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the interaction length, for example, multiple-pass and cavity-enhanced absorption 
spectroscopy (CEAS) [12]. Both ways of reducing noise and increasing absorption 
can be further applied in the same system, for example, cavity-enhanced wave-
length modulation spectrometry and noise-immune cavity-enhanced optical hetero-
dyne molecular spectroscopy (NICE-OHMS) [13].

The absorbed energy during interaction of light with matter may possibly be 
converted to acoustic waves, that is, photoacoustic (PA) effect. By recording a pho-
toacoustic spectrum, the amplitude of the acoustic wave is measured with the aid of 
a microphone as a function of the wavelength of the incident radiation, that is, pho-
toacoustic spectroscopy. Photoacoustic spectroscopy is one of the most powerful 
techniques for gas sensing that covers a broad range of applications. The detection 
scheme photoacoustic spectroscopy can be excited by the absorption of modulated 
or pulsed radiation with very high sensitivity and selectivity.

13.2.2  Wavelength Modulation Spectroscopy

WMS is that a periodic sawtooth ramp ridden by a high-frequency sinusoidal is 
applied to the laser injection current, thus the laser wavenumber, v(t) = vc + va cos ωt, 
is scanned across the transition of gas to be detected, where νc and να, are the laser 
centre wavenumber and modulation depth, respectively; ω is the radian frequency. 
In case of ideal conditions, ignoring all kinds of interferences, the modulated 
absorption signal is detected by a photodiode and then processed using a lock-in 
amplifier (LIA) to demodulate the signal at the harmonics (1f, 2f, 3f, etc.). The sec-
ond harmonic component (WMS-2f) is commonly used for calculating the concen-
tration of target gas. In case of optically thin, that is, (v)L · C ≤ 0.05, the ideal 2f 
signal is modelled as:
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where α is the absorption coefficient and θ = ωt is the phase angle. When incident 
laser intensity I0 and optical path L are constant, the amplitude of WMS-2f signal is 
proportional to the gas concentration.

Traditionally, tunable diode laser absorption spectroscopy (TDLAS) analyses a 
discrete narrow absorption line of small molecule for the detection of a single gas. 
The modulation index of the laser plays a pivotal role in WMS. A modulation index 
of 2.2 is recognized as the optimum to achieve the maximum SNR for WMS with 
an isolated spectrum line with Lorentzian, Gaussian or Voigt profile.

However, for larger molecules, for example, volatile organic compounds (VOCs), 
there are so many lines overlapping each other that results in the spectral features 
being broad and smooth except for occasional spikes [8, 14]. These spectral features 
are distinct from that of the discrete narrow absorption lines. Since the WMS-2f 
signal profile of broadband absorption with a modulation index of 2.2 is absolutely 
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improper and may lead to broadening and overlapping by the adjacent spectrum, 
interference and optical fringes as well, detection of trace gas with broadband 
absorption is much more difficult. The overlapping may deteriorate and even dis-
able the WMS measurement, especially for broadband spectra. So, the modulation 
index determination should balance the spectral discrimination and the SNR in 
WMS for a broadband spectrum.

Reference [14] provides a parameter of spectral discrimination (SD) and a crite-
rion for optimizing the modulation index for broadband spectrum. Thanks to the 
recently developed broadband modulation absorption spectroscopy, one could 
detect some larger molecules (e.g. VOCs) or multiple gases with a simple system 
configuration by using a single semiconductor laser [14]. Further requirements of 
multi-gas sensing could be benefited from the broad tunable coverage of laser with 
II–VI semiconductors.

Practically, apart from the WMS-2f signal descript in Eq. (13.3), the detected 
signal consists of random noises and the derivation of optical fringes. The optical 
fringes appear as unpleasant spectral features which are usually mixed with the 
target absorption and constitute one of the major obstacles in trace gas detection. In 
a well-designed and well-fabricated spectroscopic system, the optical fringes should 
be well reduced, and only small residual fringes remain with sinusoidal waveforms 
[15]. While, random noise is little time-varying wiggles superimposed on the true 
underlying signal, with a small standard deviation. Thus, the detected signal could 
be described as:
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where αj(t) and ωj(t) are the instantaneous amplitude and frequency of jth fringe 
component, respectively; Aideal 2f is the WMS-2f signal modelled by Eq. (13.3).

The profiles of second harmonic of absorption, fringes and noise will inherit the 
feathers of their origination. These profile differences among WMS-2f, harmonic of 
optical fringes and noise will be novel breakthrough point to distinguish and elimi-
nate the interference from the signal [14].

13.2.3  Frequency Modulation Spectroscopy

FMS is a method of optical heterodyne spectroscopy capable of rapid measurement 
of the absorption or dispersion associated with narrow spectral features. The absorp-
tion or dispersion is measured by detecting the heterodyne beat signal that occurs 
when the FMS optical spectrum of the probe wave is distorted by the spectral fea-
ture of interest. Recently, dispersion spectroscopy, namely chirped laser dispersion 
spectroscopy or heterodyne phase-sensitive dispersion spectroscopy attracts the 
attention of both immunities to optical intensity changes and superb linearity in the 
measurement of concentration.
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13.3  System Configurations

A typical LAS consists of a laser, a photodetector and an optical configuration for 
light interaction with gas. For modulation-based LAS, there are additionally a mod-
ulator and a demodulator, the latter usually by a lock-in amplifier (LIA).

The laser is the key component of LAS, which usually needs to be continuously 
tunable, mode-hop-free, reliable, low-intensity noise and single-frequency with nar-
row linewidth (typically <1 MHz). The spectral resolution of a TDLAS system is 
largely depended on the dynamic spectral characteristics during the laser tuning 
[16], and then determines the selectivity of gas sensing for a gas mixture. Recently 
developed single-frequency tunable lasers, for example, distributed feedback (DFB) 
QCL, DFB ICL and single-frequency II–VI semiconductor lasers are all excellent 
candidates for MIR spectroscopic gas sensing systems.

High-sensitive and low-noise detectors are essential for trace gas detection. 
Mercury–cadmium–telluride (MCT, or HgCdTe) semiconductor-based detector is 
popular for its higher speed and wide MIR spectral response. The limitation of the 
MCT detector is the need for cooling to reduce noise due to dark current. 
Alternatively, newly developed quantum heterostructure detectors could take a vital 
part in future infrared detection.

The optical configuration provides interaction between light and gas samples, 
and the interaction length directly relates to the detection sensitivity. Thus, a long 
interaction length is desired to achieve high sensitivity. Long path absorption cell 
and open long path are commonly used in LAS to measure low-concentration com-
ponents or to observe weak spectra in gas. Traditional multipass cells (MPCs), such 
as White or Herriott cell, are still widely used, but the requirements of compact, 
small sample volume and fast response time have stimulated the development of 
new type of gas cells. Recently, modified MPCs, circular multi-reflection (CMR) 
cells and hollow waveguides (HWGs)-based gas cells hint at the glorious perspec-
tive of compact integrated sensors. On the other hand, the need for open-path gas 
detection, for example, leak detection, aroused the development of standoff remote 
sensing with or without a retroreflector. Here in this section, the laser spectroscopic 
gas sensing systems are classified and reviewed according to the optical configura-
tion that they utilize.

13.3.1  Pump Suction System (Sampling Sensing System)

Gas cells have been introduced for path length enhancement to achieve high sensi-
tivity in spectroscopic analysis systems. In actual applications, a gas cell based- 
system usually requires a pump for sampling gas, namely pump suction 
sampling system.
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13.3.1.1  Multipass Cell-Based System

MPCs are commonly used in laboratories or in industrial process applications for 
more than 70 years, where the simplest designs are the two-mirror Herriott design 
or the three-mirror White cell. Conventional MPCs commonly have disadvantages 
in high requirement of alignment stability, long gas exchange time, high cost and 
large physical size. Recent publications present also more sophisticated designs, 
such as modified MPC, circular multi-reflection (CMR) cell and quasi-chaotic cell 
designs. MPC technology has evolved rapidly in the aspects of compactness, small 
sample volume and fast response time. Herein modelling on C. Robert’s classifica-
tion [17], the MPC optical systems are summarized and classified into six categories 
as shown in Table 13.1.

13.3.1.2  Hollow Waveguide-Based Sensor

HWGs, capillary tubes with metal/dielectric internal coatings, are promising for 
transmitting laser beams owing to the advantages of flexibility, high power thresh-
old, low transmission loss, absence of end reflections and broadband ranging from 
X-ray to ultraviolet, visible, infrared and terahertz. They are ideal candidates for gas 
cells in spectroscopic system, which could be classified to three categories: ① Ag/
AgI-coated HWGs (Ag/AgI-HWG); ② photonic bandgaps HWGs (PBG-HWG); ③ 
substrate-integrated HWGs (iHWG), respectively [2, 30, 31], as shown in Fig. 13.1. 
Compared with modified MPCs and CMR cells, HWGs have advantages of easy 
configurations, compact structure and higher path-to-volume ratio. Hence, HWGs 
can easily be integrated into the spectroscopic gas sensing system, as shown in 
Fig. 13.2, for environmental monitoring [32, 33] and breath analysis [4, 34].

In spectroscopic gas sensor, an HWG is exploited as both light waveguide and 
gas transmission cell. However, the capillary structure of HWG makes it necessary 
to pay extra attention to the following issues when used for accurate gas measure-
ment, including transmission characteristics of laser beam propagating in HWG, 
effective optical path [35], influence of adsorption effect of polar molecules on gas 
measurement [36, 37] and non-uniform distribution of pressure during gas flowing 
in HWG [38]. Additionally, it is worth noting that filling PBG-HWG with analyte 
gas for sensing is difficult owing to considerable back-pressure building up in the 
hollow structure. However, techniques to improve the sample filling time have been 
proposed, which include increasing the pressure difference across the fibre to drive 
the gas through and introducing holes to allow gas flow or diffusion along the wave-
guide’s length.
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Fig. 13.1 Schematic structure (a) Ag/AgI-coated hollow waveguide; (b) photonic bandgap hollow 
waveguide (PBG -HWG); (c) substrate-integrated hollow waveguide (iHWG). (Reprinted with 
permission from Ref. [18]. Copyright 2017: Peking University Press)

13.3.2  Diffusion Sensors

Different from pump suction sampling system, diffusion-type gas sensor can avoid 
the need for a gas valve and pump. A diffusion-type gas sensor can be obtained by 
reforming the system via removing the sealing cover of the gas cell or replacing it 
with an air-permeable shell. These kinds of sensors are widely used to monitor the 
target gas in the atmospheric environment, or loaded on an unmanned aerial vehicle 
or a mobile vehicle to perform highly sensitive detection of the target gas in the area 
of interest. However, the open-path-cell optical system is very easy to cause con-
tamination of the multi-reflective lens and requires frequent maintenance.

On the other hand, an alternative diffusion-type laser gas sensor has been devel-
oped for point measurement, which is similar to a semiconducting metal oxide gas 
sensor or catalytic sensor in shape and size but better in selectivity and sensitivity. 
Most recently, a novel compact intrinsic safety full range methane (CH4) 
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Fig. 13.2 Overview of the most prevalent hollow waveguide-based laser gas sensing principles. 
The laser source includes the following: NIR-TDL near-infrared tunable diode laser, ICL interband 
cascade laser, QCL quantum cascade laser, EC-QCL external cavity coupled QCL, OPO optical 
parametric oscillator. The detector includes the following: pyroel pyroelectric detector, DTGS deu-
terated triglycine sulphate detector, thermo thermopile detector, MCT mercury cadmium telluride 
semiconductor detector, QCD quantum cascade detector. (Reprinted with permission from Ref. 
[18]. Copyright 2017: Peking University Press)

microprobe sensor based on the TDLAS technique has been proposed for leaking 
detection in explosion risk environment, such as natural gas industries, petrochemi-
cal enterprises and coal mines. A minimized diffused laser CH4 probe sensor with 
sensitivity of ppm is shown in Fig. 13.3 [39].

13.3.3  Open Path Sensing

13.3.3.1  Open Path Detection with Retroreflectors

A simple standoff open-path TDLAS can be realized by means of a transceiver 
coupled with a retroreflector, which retrieves path-averaged gas concentrations by a 
long-path transmission measurement. A schematic diagram is shown in Fig. 13.4 to 
describe typical TDLAS systems with three different modes of operation, that is, 
DAS, WMS and FMS. The optical signal is directly collected through the photode-
tector and then processed by the computer, as shown in Fig. 13.4a. DAS relies on a 
measurement of a small change of a signal on top of a large background. Any noise 
introduced by the light source or the optical system will deteriorate the detectability 
of the technique. Since DAS is vulnerable to the effects of background noise, it is 
seldom used for standoff detection applications.
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Fig. 13.3 Photograph of CH4 probe sensor. Length (a), (b) diameter and (c) structure of the probe. 
(Reprinted with permission from Ref. [39]. Copyright 2021: Elsevier)
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Alternatively, modulation spectroscopy is widely used to improve SNR.  As 
shown in Fig. 13.4b, WMS is characterized by the use of a large modulation depth 
generating a large number of sidebands, and a modulation frequency is much 
smaller than the linewidth of the target gas (f < 1 MHz). The modulated laser is then 
collimated and passes through a gaseous medium through an off-axis parabolic mir-
ror (OAPM) with a small hole and then illuminates onto an opposite optical reflec-
tor. The reflected laser propagates back to the gaseous medium and is concentrated 
by the OAPM onto a photodetector. The detector signal is demodulated in two LIAs, 

13 Spectroscopic Gas Sensing Systems



348

respectively, with reference-in signals of one- and two-times modulation frequency. 
The first (1f) and second harmonic (2f) signals are obtained simultaneously and then 
processed in a computer or an embedded processor for WMS-2f/1f calibration-free 
measurement to avoid the influence of light intensity fluctuations in open-path 
detection. While in the case of FMS, the modulation depth is small, but the fre-
quency is very high (f > 100 MHz), which is the same magnitude as the line width 
of the target gas. Therefore, a radio frequency (RF) signal generator is usually uti-
lized to generate such a high modulation signal, and a bias tee is used to superim-
pose the RF signal with the scanning signal to drive the laser, as shown in Fig. 13.4c. 
The frequency-modulated laser reflected by the mirror at a far end carries both 
absorption and dispersion information of the target gas, which is detected by a high- 
speed detector. The detector signal is sent to a radio frequency lock-in amplifier 
(RF-LIA). The absorption component and dispersion component are obtained by 
in-phase and quadrature-phase demodulation in the RF-LIA, respectively, to retrieve 
gas concentration [40]. Although FMS has lower 1/f noise, it has a higher cost of 
LIA and other optoelectronic devices than WMS as a result of the requirement for 
higher modulation frequency. Therefore, WMS techniques are most widely used in 
TDLAS for standoff gas detection [41, 42].

Obviously, the scheme is like the TDLAS with a gas cell system, except that the 
open path is used to replace the multipath gas absorption cell. Moreover, there is 
almost no extra loss in detection capability compared with the latter, due to the use 
of optical reflectors. A broadly tunable laser, for example, ECQCL or II–IV laser, 
could be used for standoff gas-phase chemical detection over hundred-metre dis-
tances using a corner-cube retroreflector, from which multiple gases could be moni-
tored in real time.

With open-path spectroscopic gas sensing, a safeguard concept of an optical 
fence is developed for the protection of outdoor facilities, such as for leakage detec-
tion and warning in the oil depot [43], as shown in Fig. 13.5. The transceiver of the 
system is directed in sequence to inexpensive retroreflectors placed at opposite ends 
of the facility and measures the transmittance along each of the optical paths, as 
shown in Fig. 13.5. If a threat cloud crosses the ‘optical fence’, the sensing system 
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Fig. 13.5 Optical fence system for threat cloud detection and facilities protection by constructing 
an ‘optical fence’ with (a) laser transceiver scanning mode and (b) laser transceiver fixed mode. 
(Reprinted from Ref. [42]. Published 2020 by MDPI as open access)
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will detect its presence. In addition to sequentially interrogating multiple-beam 
paths, it is also practicable to configure a system of mirrors such that the laser beam 
crosses the facility in such a way that the transceiver does not require to move. 
Moreover, the system is suitable for the protection of large indoor areas, such as 
airports. Advantages of this method include the capability of detecting a diversity of 
gases with high sensitivity over large distances (several kilometres). Furthermore, 
the system needs no consumables and leads to low maintenance compared to a net-
work of point sensors.

Note that the WMS signal is intensity-dependent and requires normalization for 
the received light power, which might be a major source of significant measurement 
errors in particular at low-light conditions. In order to mitigate this limitation of 
WMS, Wysocki and Weidman introduced a novel technique, named chirped laser 
dispersion spectroscopy (CLaDS) [44], for quantitative trace gas detection based on 
molecular dispersion measurements. Rather than measuring absorption, ClaDS 
detects refractive index changes that occur in the vicinity of a molecular transition. 
The essence of phase detection makes it highly immune to amplitude noise and 
transmission fluctuations, which means ClaDS is particularly suitable for open-path 
remote or standoff sensing.

13.3.3.2  Standoff Sensing Without Retroreflectors

Although the TDLAS systems can achieve highly sensitive detection in open-path 
with the help of retroreflectors or other cooperative targets, they are not feasible for 
mobile or multidirectional measurements. This is because the direction of the beam 
is defined by the system layout and has to be realigned when the system is moved. 
In the last decade, special attention has been devoted to the research and develop-
ment of a real standoff sensing with backscattered light with non-co-operators, 
called backscatter-TDLAS. Here in this section, we focus on this kind of standoff 
open-path system that retrieves path-averaged gas concentrations by collecting the 
backscattered light from a distant non-cooperative topographic target.

In backscatter-TDLAS, a transceiver projects the laser beam onto a remote non- 
cooperative surface instead of an optical reflector and only receives a small fraction 
of the passively scattered laser light returned from the surface. The biggest chal-
lenge of this technique is the collection of weak backscattered light to ensure ade-
quate detection of SNR. The commonly used optical structure for backscatter-TDLAS 
can be generally divided into two categories. The first approach uses a large- 
diameter Fresnel lens [45], as shown in Fig. 13.6a. The simple structure is condu-
cive to integrating a compact, lightweight and low-cost handheld system for 
short-path standoff detection. A 5 cm diameter receiver is adequate to collect suffi-
cient scattered light for ~10 m distance standoff detection [45]. The second approach, 
which utilizes a large-aperture telescope [46], as shown in Fig. 13.6b, can be used 
for long-range standoff detection. On the other hand, the overall performance of the 
instrument greatly depends on the optical properties of the backscattering target. 
Most recently, backscattering properties and hemispherical reflectance of some 
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Fig. 13.6 Typical transceiver units of the TDLAS system with the non-cooperative target (a) with 
a single Fresnel lens and (b) with a large-aperture telescope. (Reprinted from Ref. [42]. Published 
2020 by MDPI as open access)

common topographic targets have been measured in the visible, NIR and MIR spec-
tral ranges [47], which is useful for optimizing active standoff TDLAS detection 
and DIAL with hard-target, as well as for increasing their overall efficiency.

The typical application of backscatter-TDLAS is to detect hazardous chemicals 
leakage in the field of pipelines, for example, CH4, H2S, etc. The characteristic 
absorption of CH4 at 1.65 μm band is a superior choice for commercial sensors, 
because of the rugged and easy-to-align fibre-coupled DFB laser diode, the low-cost 
optical components commercially available in optical communication and the field- 
tested durability. A handheld remote methane leak detector employs a 10 mW scale 
laser and is capable of detecting a few ppm-m methane at about 30 m range [48]. By 
inserting an erbium-doped fibre amplifier that boosts the laser output power ~500× 
to the 5  W scale, and increasing the telescope diameter, they have extended the 
standoff distance to 3000 m (increased the standoff range by approximately two 
orders of magnitude) [49]. Then, they provided relatively low-cost lightweight and 
battery-powered aerial leak sensors. A miniaturized ultra-lightweight TDLAS sen-
sor flies aboard a small quad-rotor uncrewed aerial vehicle (UAV) for landfill meth-
ane monitoring less than 1 W of electrical power [49]. Additionally, they presented 
measured range limits from a variety of common tomographic targets (as many as 
22 different surfaces). The latest progress is that a miniaturized, downward-facing 
remote methane leak detector mounted on a small UAV has been developed to 
investigate natural gas fugitive leaks and further to localize the leakage, as well as 
quantify the emission rate. Recently, benefit from the broad tuning range and high 
power, DFB QCL has become a reliable MIR light source for a variety of trace gas 
sensing applications either in pulsed or continuous mode. DFB QCLs can work at 
room temperature with a high output optical power, are relatively compact and can 
address mid- to long-wave infrared spectral range applications where many trace 
gases exhibit significant absorption features. Consequently, DFB QCLs have been 
successfully used for many standoff detection applications with sub-ppm levels, for 
example, CH4, N2O, CO, CO2, peroxide-based explosives, etc.

TDLAS standoff detection, based on MIR DFB QCLs with a non-cooperative 
target, is not only employed to detect chemicals in the gas phase but is also used as 
a powerful method to identify bulk materials and trace contaminants on surfaces. 
Most recently, a TDLAS system with three MIR QCLs has been reported for 
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detection and quantification of explosives in soils at a distance of tens of centime-
tres. Using multivariate analysis and artificial intelligence techniques, the system is 
capable of distinguishing between soils contaminated with DNT, TNT or RDX and 
uncontaminated soils with high accuracy.

The concept, based on TDLAS standoff detection with non-cooperative targets, 
has also been employed for in situ measurement of combustion diagnosis. A single- 
ended laser-absorption-spectroscopy (SE-LAS) sensor has been developed to the 
anal size of the return scattering light from native surfaces, such as the piston of an 
automotive engine, which benefits of ease of installation and mitigates the invasive 
drawbacks [50]. The SE-LAS sensor can collect 10  μW backscatters through a 
2-mm-diameter aperture in the case of a 20  mW DFB laser as the light source. 
Afterwards, the authors demonstrated the feasibility of spatially resolved measure-
ments of gas properties using a SE-LAS sensor in conjunction with two-line ther-
mometry. A 1-D distribution of H2O mole fraction and temperature with a spatial 
resolution of 5 mm were obtained. The method can be extended to measurements 
for other species’ distribution and 2-D scanning. SE-LAS MIR sensors based on 
QCLs have also been developed for simultaneous in situ measurements of H2O, 
CO2, CO and temperature in combustion flows [50]. Most recently, C. S. Goldenstein 
has designed and demonstrated a compact SE-LAS sensor for measuring tempera-
ture and H2O in high-temperature combustion gases by collecting laser light back-
scattered off native surfaces [51]. The SE-LAS sensor achieved an optical collection 
efficiency and provided a measurement accuracy and precision that is similar to or 
better than the conventional line-of-sight-based LAS sensor.

In practical remote detection by standoff WMS with a non-cooperative target, the 
received light energy varies, due to the variation of the scattering surface character-
istics, as well as the change of the distance between the sensor and the tomographic 
surface. Therefore, measures should be taken to eliminate the fluctuation of the light 
intensity detected, among which the most commonly used effective method is using 
the first harmonic WMS-1f to normalize the second harmonic WMS-2f, namely 
WMS-2f/1f technique. Indeed, there are several methods to realize the calibration- 
free measurement [52]. Ding et al. [53] put forward a scheme called ‘Baseline offset’ 
WMS, which means the zero response of the detector has been offset by a reference 
cell inserted into the measuring optical path. This scheme inherits the merits of 
WMS and can achieve high SNR, especially in a low-concentration environment.

This type of standoff detection has great potential in applications of atmospheric 
environmental monitoring, leak detection and security early warning, benefiting 
from great robustness and flexibility. The current performance of this technique is 
summarized in. However, as we can see, the detection distance of TDLAS with non- 
cooperative target ranges only from a few metres to tens of metres. Although it can 
be extended by approximately two orders of magnitude via utilizing a fibre- amplified 
source and increasing the telescope diameter, standoff range improvement needs to 
be compromised with human eye safety in practical applications. Another research 
direction is to develop chip-scale low-power integrated-optic gas-phase chemical 
sensors based on TDLAS, which are beneficial towards robot-assisted gas remote 
sensing and leak rate quantification and localization with small UAVs.
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13.3.4  Spectroscopic Imaging

Two-dimensional (2D) or even three-dimensional (3D) measurement of gas flow 
field has attracted more and more attention, since the actual flow field is usually 
non-uniform distribution. For example, in the combustion flow field, there will be 
obvious gradients in gas concentration and temperature due to factors such as gas 
flow, mixing, chemical reaction and heat conduction. The two-dimensional spatial 
imaging of gas flow field is helpful to analyse the reaction mechanism of combus-
tion, so as to verify the theoretical model and numerical model of the combustion 
flow field. Moreover, in the application of leakage detection, high spatial resolution 
imaging of leakage gas is helpful to locate the leakage point accurately. Imaging the 
gas flow field can make people more intuitive to observe and study the flow field 
state. Therefore, various laser imaging methods for gas flow fields have been devel-
oped in recent years.

By means of the interaction of emission, scattering, refraction and absorption, 
several non-invasive optical measurement techniques have been used to image the 
gas flow field. Some representative active laser gas imaging techniques mainly 
include laser-induced fluorescence (LIF), Rayleigh Scattering, Raman Scattering, 
LAS, etc. LIF is a promising optical measurement technique to characterize concen-
tration fields with high spatial and temporal resolution; however, the high optical 
complexity and high cost hinder its practical applications. Rayleigh scattering is a 
simple way to detect the molecular number density and temperature of the flow 
field, but it is not selective. Raman scattering provides a detection method for gases 
with no inherent dipole moment. The system is simple in structure, but the scatter-
ing signal is very weak, usually requiring a very high-power light source. LAS 
employs laser as the light source and measures the flow field information by detect-
ing the change in the intensity of the laser after transmission through the gas flow 
field. LAS is the most widely used technology for 2D measurement in the actual 
flow field due to its stability and robustness.

There are mainly two ways for LAS to realize 2D gas flow measurement, that is, 
laser absorption tomography (LAT) and laser absorption imaging (LAI). LAT tech-
nology is a combination of TDLAS and computer tomography (CT) technology. In 
order to cover the entire gas flow field to be measured, a typical LAT system is by 
using motion machinery to control a single transceiver to scan and measure from 
different angles and positions (Fig. 13.7a) or arrange multiple laser transceivers at 
different angles (Fig. 13.7b). The absorbance of multiple light beams in different 
directions, that is, the projections, is used to reconstruct the two-dimensional distri-
bution of the gas concentration or temperature field by means of a tomographic 
algorithm. LAT with mobile scanning method can obtain many projections, but its 
time resolution is low and cannot meet the needs of combustion diagnosis due to the 
use of scanning components. Therefore, LAT with a fixed optical path method is 
more preferable in practical applications. Reasonable beam arrangements and 
reconstruction algorithms are helpful to improve the quality of reconstructed 
images, which makes LAT competitive for online and in situ combustion diagnosis.
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Fig. 13.7 Comparison of three imaging methods. (a) Moving Line-of-Sight LAS; (b) Multi- 
projection TDLAT technology; (c) LAI method

LAI technology is developed based on LAT technology, which utilizes high- 
speed infrared cameras instead of traditional photodetectors to achieve projection 
acquisition as shown in Fig.  13.7c. The system is relatively simple and has an 
extremely high spatial resolution. The optical arrangement for the LAI system 
involves one or more high-speed infrared cameras that image a flow-field backlit 
with tunable infrared laser radiation. Using MIR LAI technology, Wei et al. [54] 
characterize the thermochemical structure of a laboratory Bunsen style C2H6-air 
flame by 2D measuring C2H6 (@3.34 μm), CO (@4.97 μm) and CO2 (@4.19 μm), 
respectively, in the axisymmetric laminar flame, with an effective spatial resolution 
for LOS absorbance of ∼50 μm in the horizontal direction and ∼125 μm in the verti-
cal direction. Subsequently, the research group used Tikhonov regularized linear 
tomography method to extend the mid-infrared LAI to 3D measurement of flame 
temperature and species concentration. Most recently, the team developed a deep 
learning method for laser absorption tomography to effectively integrate physical 
prior information related to flow field thermochemistry and transmission. Compared 
with LAT technology, the advantage of LAI technology is that it increases the spa-
tial resolution to an order of micrometres. This is of great significance to the com-
bustion field with steep gradients. However, limited by the frame rate of the camera, 
LAI is usually based on DAS technology, which is impeded to further improve the 
measurement sensitivity with the help of the anti-noise advantage of WMS 
technology.

In addition, mid-infrared LAI is a powerful tool for a sensitive and quantitative 
visualization of gas leaks [55]. A standoff methane leak detection system has been 
developed recently within 2 m by a 3270 nm ICL and an infrared camera, which is 
demonstrated visualization of methane leakage rates down to 2 ml/min by images 
and sequences at frame rates up to 125 Hz. The gas plume and leak can be localized 
and quantified within a single image by DAS with pixel-wise sensitivities around 
1 ppm·m. This method improves the efficiency of leakage detection and localization 
and provides a new solution for safety monitoring of the petroleum industry and 
other industrial applications (Fig. 13.8).
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Fig. 13.8 Diagram of the standoff MIR LAI experiment system built by the Fraunhofer Institute 
of Physical Measurement Technology in Germany. (Reprinted from Ref. [55]. Published 2021 by 
the Optical Society as open access)

13.4  II–VI Laser Application in Spectroscopic Gas Sensing

II–VI semiconductors, comprising elements of Groups II and VI of the Periodic 
Table, include materials ME (M = Cd, Zn, Hg; E S, Se and Te), such as cadmium 
selenide (CdSe), cadmium sulphide (CdS), cadmium telluride (CdTe), zinc selenide 
(ZnSe), zinc sulphide (ZnS) and zinc telluride (ZnTe). II–VI semiconductors feature 
broad infrared transparency, low phonon frequency and low optical losses. When 
doped with transition metal ions, these media exhibit a four-level energy structure, 
the absence of excited state absorption and broad absorption and emission bands. 
Significant results have been achieved in the development of II–VI semiconductors- 
based MIR tunable lasers, for example, Cr:ZnSe, Cr:ZnS and Fe:ZnSe. These results 
include access to a broad spectral range of 1.8–8.4 μm with high quantum effi-
ciency, tunability exceeding thousands of nanometres, output powers exceeding 
hundred-Watt in continuous-wave operation, multi-Joule output energies in free- 
running and gain-switched regimes [56, 57].

The II–VI semiconductors-based lasers are still in developing stages and rarely 
commercialized. Applications with the state of art of lasers are still not very com-
mon. Even though, a few pioneer reports show exciting and glorious prospects. 
Cr:ZnSe lasers are the pioneers in the applications of gas sensing for their broad 
tuning ranges and high output power in the 2–3.5 μm wavelength region. Fischer 
et al. [58] presented the first photoacoustic spectroscopic measurements of trace gas 
using Cr2+:ZnSe laser emitting at wavelengths between 2.2 and 2.8  μm. Their 
experimental setup, shown in Fig.  13.9, consists of an continuous wave (cw) 
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Fig. 13.9 Experimental set-up consisting of the Er3+:fibre laser pumped Cr2+:ZnSe laser source, a 
chopper operated at 5.7 kHz, the PA gas cell and a detector for power normalizing the measured 
PA signal. OC output coupler, HR high reflectivity mirror. (Reprinted with permission from Ref. 
[58]. Copyright 2005: Elsevier)

Cr2+:ZnSe laser source, a chopper, a PA cell and a detector employed as power 
reference in order to power-normalize the detected PA signal. An FTIR spectrome-
ter is used to monitor and to coarse-tune the wavelength.

The average output power of the Cr2+:ZnSe laser is up to 500 mW across the 
entire tuning range of 2.2–2.8 μm. The wavelength selection of the laser is provided 
by a tandem of fused silica prisms. Wavelength tuning is performed by rotating the 
end mirror. The coarse wavelength tuning was obtained by a micrometre screw, 
while fine-tuning and spectrum scanning was achieved additionally via a piezo actu-
ator. The gas measurement cell is a single-pass in-house built PA cell equipped with 
four microphones. The measured data is compared with the calculated data taken 
from the HITRAN database which results in a conversion coefficient from the mea-
sured normalized PA signal. They presented measurements on methane, nitrous 
oxide, and ambient air and deduced detection limits of 0.2 ppm for carbon dioxide, 
0.8 ppm for methane and 2.7 ppm for carbon monoxide.

Fjodorow et  al. [59] demonstrated an intracavity absorption spectroscopy 
(ICLAS) system by using a single-crystal pulsed Fe:ZnSe laser continuously tun-
able from 3.76 to 5.29 μm at room temperature. The experimental setup consists of 
a laser resonator formed by two aluminium mirrors M1 and M2, an Fe:ZnSe crystal 
placed close to M1 under an angle of θ = 51° to the normal of M1. A gas cell is 
installed in the resonator for ICAS measurements in human breath and in gas flows 
of N2O (diluted in N2), as shown in Fig. 13.10.

The system was applied for measurements of ① CO2 isotopes in the atmosphere 
and in human breath, ② CO in breath (after cigarette smoking) and in the smoke of 
a smouldering paper and ③ N2O in a gas flow. They achieved detection limits: 
0.1 ppm for 12CO2 and 13CO2, 3 ppm for CO and 1 ppm for N2O. The authors believe 
that the low sensitivity is primarily limited by the short pump-pulse duration of 
40 ns. Possibilities for sensitivity enhancement by up to a factor of 107 are discussed.
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Fig. 13.10 Intracavity laser absorption spectroscopic sensing system. (Reprinted from Ref. [59]. 
Published 2021 by the Optical Society as open access)

Compared to conventional spectroscopy techniques, ICLAS offers several key 
advantages. In contrast to the conventional scheme of light source → sample → 
detector, with ICAS the sample is placed inside the laser resonator. The successive 
interaction of laser photons with the broadband gain and the narrow-band absorp-
tion determines the laser emission spectrum. The laser light passes through the 
sample many times, resulting in large effective absorption path lengths of up to 
7 × 107 m [59]. The most important advantage of ICAS compared to conventional 
absorption spectroscopy techniques is the ability to compensate broadband losses 
(e.g. light scattering and absorption by particles or by dirty windows of a technical 
apparatus, as well as beam steering) by the broadband gain medium. This mecha-
nism makes ICAS unique and ideally suitable for measurements in challenging 
environments.

Wang et al. [60] reported a single-frequency continuous wave (cw) Cr:ZnSe laser 
with tuning range of 427 nm from 2164 to 2591 nm potentially competitive for trace 
gas sensing applications. Bernhardt et al. [61] presented a proof-of-principle experi-
ment of frequency-comb Fourier-transform spectroscopy with two Cr2+:ZnSe fem-
tosecond oscillators directly emitting in the 2.4  μm mid-infrared region. The 
acetylene absorption spectrum in the region of the ν1 + ν51 band, extending from 
2370 to 2525 nm, could be recorded within a 10 μs acquisition time without averag-
ing with 12 GHz resolution. Voronina et al. [62] presented a differential absorption 
LIDAR for atmospheric constituents and pollutants measurements using a Cr2+:ZnSe 
laser with spectral wavelength tunability range on a line-by-line basis. Frolov et al. 
[63] developed single-crystal Fe:CdTe lasers, which could operate in 77 K and room 
temperature pumped by 40-ns pulses from a Q-switched Er:YAG laser at 2.94 μm or 
a Fe:ZnSe laser at 4.1 μm. Furthermore, a record 2300-nm smooth and continuous 
wavelength tunability over 4.5–6.8 μm is achieved. They used the Fe:CdTe laser for 
intracavity absorption spectroscopy of atmospheric H2O sensing.
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13.5  Prospects for II–VI Laser in Spectroscopic Gas Sensing

MIR spectral trace gas sensing is particularly attractive for the unique and strong 
fingerprint absorption of the molecule. A higher sensitivity has been achieved by 
solving all the challenges of the spectral feature, that is, broad, serried crowded and 
even overlapped, in the MIR region. Benefiting from the progress of high-power 
and broad tuning of MIR lasers and also the spectroscopic technologies of multi-
component simultaneous detection is an expected achievement.

The development of high-performance MIR lasers in the aspects of compact, 
output power of hundreds of milliwatts, low emission linewidth of ~100 kHz and 
broad tuning range will promote the development and application of MIR tunable 
laser-based trace gas sensors, especially in multiple gas sensing, large molecules or 
organic molecules and remote sensing applications. Though more than one hundred 
types of gas have been detected by tunable laser-based sensors, there are huge 
demands for higher detection sensitivity, or in extreme conditions, or scientific 
exploration, or more other types of gas need to be detected. Thus, we believe greater 
progress will be performed in the next decade, which may include the following:

 1. Multicomponent and VOCs Sensing System. Multicomponent sensors will 
achieve a more progress benefiting from the wider wavelength coverage by II–
VI semiconductors-based laser, integrated laser arrays, OFC or EC-QCL. More 
species could be detected simultaneously by a particular devised broadband 
laser, which could expand their applications in scientific research, including 
combustion diagnosis, chemical reaction process dynamics, exhaled breath anal-
ysis and metabolomics.

 2. Standoff Remote Sensing. The techniques of open-path standoff detection by 
backscatter MIR light provide a promising way for prompt and flexible assess-
ment of atmospheric environmental, leaks, explosive and security by handheld 
devices or equipped with UAV. The detection sensitivity could be substantially 
improved by newly developed high-performance MIR detectors and the progress 
of high-power DFB-QCL.

 3. Ultra-sensitive Sensing. With the development of a mid-infrared laser source and 
high-performance detector, combined with cavity enhancement technology and 
noise immunity technology, ultra-high detection sensitivity becomes possible.
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Chapter 14
Luminescence and Fluorescence Ion 
Sensing

Faheem Amin, Yasir Iqbal, and Ghenadii Korotcenkov

14.1  Introduction

Environmental pollution with heavy metals such as Hg2+, Pb2+, Cr2+, Cu2+ and Zn2+ 
is a serious problem worldwide due to their toxicity, non-degradability and long- 
term accumulation in the environment [2, 10, 124]. This may be partly due to human 
activities such as mining, metallurgy, chemical, leather and medical industries, bat-
teries and energy storage devices, agriculture or natural phenomena such as soil 
erosion and volcanic eruptions [72]. Heavy metal ions in water pose a threat to 
general health, causing memory loss, anaemia and other neurological problems 
[49]. The metals mentioned earlier, as well as arsenic, cadmium and nickel, are used 
on a large scale and are classified by the International Agency for Research on 
Cancer as group 1 carcinogens. They can alter cell organelles and damage 
DNA.  Exposure to these metals has been reported to disrupt the expression of 
tumour-suppressor genes, provoking the development of cancers [8]. Thus, repeated 
long-term interaction with some heavy metals or their compounds can damage 
nucleic acids, cause mutation and mimic hormones, thereby disrupting the endo-
crine and reproductive systems and ultimately leading to cancer [50]. In the human 
body, they can also enter tissues and cells, where they bind to macromolecules such 
as proteins and amino acids and alter their cellular functions. They can also affect 
the functioning of the central nervous system, leading to psychiatric disorders, dam-
aging blood components and can even damage the lungs, liver, kidneys and other 
vital organs, causing a range of disorders [6]. In addition, their long-term 
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Table 14.1 Heavy metals and their source and health effect

Major 
items As Pb Hg Cd

Main 
sources

Metal smelters, 
fungicides and 
pesticides

Burning of coal, paint, 
automobile emission, 
pesticides, mining and 
smoking

Batteries, 
pesticides, paper 
and the dental 
industry

Electroplating, 
smoking, welding, 
fertilizer, pesticides

Health 
effect

Dermatitis, 
bronchitis and 
cardiovascular 
disorders

Liver and renal failure, 
development delay, 
mental retardation, fatal 
neonatal encephalopathy, 
acute and chronic 
damage to nervous 
system

Gingivitis, 
tremors, 
protoplasm 
poisoning, 
spontaneous 
abortion and 
nervous system 
disorder

Pneumonitis and 
lung cancer, renal 
dysfunction, bone 
defects, bone 
marrow and kidney 
damage

Source: Reprinted from Maghsoudi et al. [71]. Published by Dove Press as open access

accumulation in the body can lead to a slowdown in physical, muscle and neurologi-
cal regenerative processes that can trigger diseases such as Parkinson’s disease and 
Alzheimer’s disease. The main sources of heavy metals and diseases caused by 
some heavy metals are shown in Table 14.1.

Thus, determining the concentration of heavy metals in surface, ground and 
drinking waters, as well as in the human body, is very important for maintaining the 
health of people using these water resources. Maximum levels of heavy metal ions 
in the environment have been recommended by several environmental agencies, 
including the World Health Organization (WHO), the US Environmental Protection 
Agency (EPA) and the European Health Agency (EMA) [103, 121–123]. In general, 
most of these allowable limits are in the ppt to ppm range [57]. This means that to 
monitor the content of metal ions in water, sensors are required that have a sensitiv-
ity that makes it possible to organize such control. Given the level of environmental 
pollution, the development of fast, inexpensive and sensitive sensors for the detec-
tion of heavy metals for the early detection of pollution in living systems and the 
environment becomes highly desirable.

From a simplified point of view, a sensor is a device that, when interacting with 
an analyte, generates a measurable signal, the magnitude of which is proportional to 
the concentration of this analyte. Depending on the mechanism of interaction of the 
analyte with the sensor, the resulting signal can be measured using optical, electri-
cal, thermal, chemical, gravimetric or magnetic methods. In this review, we consid-
ered only optical sensors, since the luminescent properties of II–VI compounds can 
be used with maximum efficiency precisely in the development of such sensors.

In addition, quantum dots will be considered as the main material for these sen-
sors. Due to their unique optical properties, semiconductor QDs are widely used in 
various applications, including biological labelling, water purification, solar cells 
and optoelectronic and photovoltaic devices [119]. Starting with the pioneering 
work of Clark et al. [24], it was shown that quantum dots are also of great interest 
for the development of optical sensors. Due to the small size, high surface activity 
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and large surface-to-volume ratio, even weak interaction of the analyte with the QD 
surface leads to significant changes in the QD fluorescence. For example, numerous 
scientific groups have observed that the photoluminescence (PL) of QDs can change 
significantly in the presence of ions, making QDs themselves ion sensors, often with 
specific properties [20, 93, 126, 134]. For example, Chen and Rosenzweig [20] 
observed that the photoluminescence of CdS quantum dots is quenched in the pres-
ence of Cu2+ but does not respond to other cations such as Na+, Ca2+ and Mg2+. This 
is a typical effect of metal ions on the photoluminescence intensity. However, the 
appearance of metal ions in solution can also cause both an increase in the PL inten-
sity and a shift in the position of the PL peak. In particular, Lai et al. [60] observed 
simultaneous fluorescence enhancement and redshift of the PL peak of bismuthiol 
II modified CdS quantum dots when detecting silver ions from 0.01 to 5.0 μmol·L−1. 
Another advantage of quantum dots is the ability to tune the absorption and emis-
sion spectra by adjusting the size and band gap of quantum dots. This makes it pos-
sible to excite several coloured quantum dots with a single excitation source, thereby 
reducing the cost of complex optical systems being developed for the detection of 
metal ions.

14.2  Optical QDs-Based Ion Sensors

Optical sensors offer numerous attractive features due to their ease of integration 
into microfluidic platforms and the ability to monitor hazardous environments. 
Among optical sensors, fluorescent and phosphorescence sensors have gained pop-
ularity in recent years because they provide high specificity, as well as low limits of 
detection, fast response time, low cost and technical simplicity. As a result, in recent 
years, fluorescence spectroscopy has become a powerful tool for detecting transi-
tion and heavy metal ions [42, 77].

Fluorescence spectroscopy is a sensitive technique in which sample molecules 
are first excited by a light source. Those molecules are excited and then relaxed by 
radiative emission, a phenomenon known as luminescence. Fluorescence or lumi-
nescence is absorption of energy by atoms or molecules followed by instant emis-
sion of light or electromagnetic radiation (Fig. 14.1). In fluorescence, the excited 
atom has comparatively short time prior to its return to lower energy states. In the 
fluorescence process, the time interval between absorption and emission is very 
short. The fluorescence emission takes place from a singlet excited state in 10−10 
to 10−7 s.

Phosphorescence, on the other hand, is a type of luminescence in which energy 
of light absorbed by a substance is released relatively slow in the form of light as 
compared to fluorescence. This is caused by intermediate metastable states causing 
delayed emission of electromagnetic radiation. The emitted photon has lower energy 
than the absorbed photon and emission occurs at a longer wavelength than fluores-
cence. The phosphorescence emission takes place from a triplet excited state in an 
average time 10−5 to 103 s. Nevertheless, both fluorescence and phosphorescence 
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ISC
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Fig. 14.1 Schematic illustration of fluorescence and phosphorescence

occur when molecule or atom-bounded electrons absorb photon or light energy 
which makes them to excite and transit to a higher energy state. An excited electron 
then relaxes and loses energy. This results in return to the ground state and the emis-
sion of photon takes place known as photoluminescence.

There is currently a large group of organic phosphors and fluorophores, or 
organic dyes, that can be used to develop ion sensors. Organic dyes are molecules 
that absorb light at one wavelength and emit light at a different wavelength. 
Fluorescent dyes have a narrow excitation spectrum and fast decay. However, they 
are characterized by a low quantum yield. In addition, the use of organic dyes is 
severely limited by the poor optical stability of the reporter molecules and their 
dependence on the local environment. It was found that inorganic optical materials 
such as semiconductor quantum dots (QDs) can solve these problems.

The experiment showed that QDs, especially II–VI QDs, have such advanta-
geous characteristics as narrow emission bands, high brightness and increased pho-
tostability compared to organic fluorophores. QDs also have high stability in the 
aqueous phase. Colloidally stable QDs can be obtained in two ways: (1) by directly 
obtaining QDs in an aqueous phase or (2) by transferring already synthesized QDs 
from organic solvents to an aqueous phase. These technologies are discussed in 
detail in Chaps. 12 and 13 (Volume 1). However, despite the progress in the devel-
opment of technologies for the synthesis of colloidal QDs, the problems of increas-
ing the quantum yield remain. QDs can have defect states that cause non-radiative 
decay of an exciton electron-hole pair. There is also a problem of biocompatibility, 
especially QDs based on cadmium compounds. Numerous studies have been 
devoted to eliminating these problems over the past decade. For example, it was 
found that highly luminescent and colloidally stable quantum dots can be prepared 
in coordinating organic solvents. However, such quantum dots are not biocompati-
ble due to the presence of organic ligands on the surface. Therefore, different strate-
gies, including ligand exchange, ligand modification and polymer coating, are 
adopted to render these molecules water-soluble. Capping reagents can also remove 
the impurities from the surface of QD and prevent agglomeration [37, 92]. Normally, 
organic capped QDs are widely used for sensing different water-dissolved metal 
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ions and also detoxifying heavy metal ions by binding with them through polymer-
ization [37, 90].

Many papers have been reported on CdSe, CdS and CdSeS/ZnS QDs with vari-
ous capping organic reagents [4, 86]. But capping reagents have some disadvan-
tages. In many cases, a decrease in the photoluminescence (PL) efficiency of QDs 
has been observed [89] due to the long chain structure of the capping reagents. 
Thus, in order to improve the efficiency of CdTe photoluminescence, a small-size 
blocking reagent such as a carboxyl (≥C  =  0), amino (≥N–H) or aldehyde 
(≥C––O–H) functional group [39], etc., have been tested. It has been found that the 
presence of a carboxyl (-COOH) group can make CdTe QDs ionized, less toxic [69] 
and water- soluble. The carboxyl end also promoted a negative charge on the outer 
layer, which prevents QD aggregation [12], and increased the photoluminescence 
efficiency.

However, the experiment showed that the most effective approach to solving the 
above problems, such as toxicity, stability, aggregation, and quantum yield of CdSe 
QDs, is the formation of core-shell structures, such as CdSe/ZnS (read Chap. 12, 
Vol. 1). It was established that, due to surface passivation of QDs, it is possible to 
achieve a significant increase in the quantum yield and reduce the toxicity of 
cadmium- based compounds.

It is important to note that capping agents can perform other functions in addition 
to stabilizing the properties of colloidal particles. For example, the use of organic 
compounds such as thioglycolic acid (TGA) or l-cysteine as capping agents has 
been found to significantly improve the selectivity of ion sensors [20]. It was found 
that the same quantum CdS QDs capped with thioglycerol showed specificity 
towards copper and iron ions, while l-cysteine was found to be sensitive towards 
zinc ion [20]. In case of thioglycolic acid (TGA) capped CdTe QDs, an electron 
transfer process occurs between the functional groups of TGA and Hg2+ ions, which 
quenches the luminescent intensity of the CdTe QDs [25]. In case of l-cysteine 
capped CdTe QDs, the interaction of QDs with Hg2+ ions depends on the concentra-
tion of the metal ion: for lower concentrations of Hg2+, these ions interact with the 
carboxylate moiety of the l-cysteine on the surface of CdTe QDs by electrostatic 
forces while at higher concentrations of Hg2+, there is an electron transfer between 
the Hg2+ ions and the l-cysteine capped CdTe QDs which induces not only a quench-
ing of the luminescence but also a red shift in the luminescence peak.

The functionalization of quantum dots surface with biomolecules for detecting 
heavy metal ions is also one of the promising approaches to the development of sen-
sors selective to metal ions. These are the so-called bioinspired quantum dot-based 
sensors [45]. Many examples of ‘bio-inspired’ QD-based systems for the analysis of 
heavy metal ions are emerging during the last decade [106]. Figure  14.2 shows 
some analytical strategies combining QDs with different functional biomolecules 
and different interaction mechanisms.
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Fig. 14.2 Scheme of several analytical strategies using QD-biomolecule ensembles for the detec-
tion of heavy metal ions: (a) QD-metalloprotein, (b) QD-oligonucleotide, (c) QD-aptamer and (d) 
QD-DNAzyme. (Reprinted from Vázquez-Gonzáleza and Carrillo-Carrion [106]. Published by 
SPIE as open access)

14.3  Mechanisms of Operation of Ion Sensors Based on QDs

As it was shown before, semiconductor quantum dots are fascinating materials due 
to their remarkable optical properties which lead to their preferable use as ion sen-
sors. This can be done primarily in three different ways (i) direct interaction between 
analyte and QDs, (ii) functionalization of QDs with molecules and (iii) integration 
of QDs with other sensing materials. These approaches are described in Fig. 14.3.

The lowering/raising of the PL peak is associated with the surface defect states, 
the concentration of which increases or decreases during the interaction of the ana-
lyte with the surface of the QDs. For example, in Luo et  al. [70] an increase in 
photoluminescence was observed and in [75] a decrease in PL intensity was 
observed during the interaction of QDs with metal ions. It has been found that emis-
sion is enhanced by ions that passivate surface defects [70]. As regards PL quench-
ing, this effect can have a different nature. For example, Pei et al. [84] believe that 
the mechanism of fluorescence quenching of cysteamine-coated CdTe QDs during 
Hg2+ detection can be associated with the following three processes. First, due to the 
strong affinity of Hg2+ for the N atom [73], Hg2+ is adsorbed on the surface of QDs 
through functional amide groups in cysteamine, which facilitates electron transfer 
from QDs to Hg2+. Second, the solubility of HgTe is approximately 20 times lower 
than that of CdTe [101], which leads to the substitution of Cd2+ in CdTe QDs by 
Hg2+ and the formation of doped CdxHg1–xTe. These ultrasmall particles promote 
non-radiative recombination of excited electrons (e−) in the conduction band and 
holes (h+) in the valence band [13], thus quenching the recombination luminescence 
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Fig. 14.3 Sensing mechanisms based on fluorescent quantum dots: (a) direct interaction between 
the analyte and the QDs, (b) interaction of the analyte with the functionalized QDs and (c) integra-
tion of the QD with another sensory material. (Adapted from Acha et al. [2]. Published by MDPI 
as open access)

of CdTe nanoparticles. Such a quenching process is similar to the effect of Cu2+ on 
CdS QDs, studied by Isarov and Chrysohoos [40]. Thirdly, in accordance with the 
theory proposed by Pendyala et al. [82], according to which the alignment of bands 
between the central and surface regions of structures is one of the reasons for the 
enhancement or quenching of PL, the smaller band gap of HgTe (−0.41 eV) than 
that of CdTe (1.47 eV) contributes to this quenching mechanism.

To describe the quenching effect of fluorescence, processes such as collisional 
(dynamic) quenching, complex formation (static) quenching, fluorescence reso-
nance energy (FRET) and photoinduced electron (PET) transfer-based quenching 
are also used. FRET and PET are two mechanisms that lead to a variation of fluo-
rescence emission by distance-dependent fluorescence quenching between a fluoro-
phore and a quenching moiety. A schematic diagram illustrating the charge and 
energy transfer mechanisms is shown in Fig. 14.4. FRET is an electrodynamic phe-
nomenon resulting from a non-radiative process in which an excited state donor D 
(usually a fluorophore) transfers energy to a ground state acceptor A via long-range 
dipole–dipole interactions [94]. The acceptor must absorb energy for the wave-
length of emission from the donor, but need not itself emit energy fluorescently. The 
rate of energy transfer depends on a number of factors, including the fluorescence 
quantum yield of the donor in the absence of an acceptor, the refractive index of the 
solution and the angular orientation of the dipole of each molecule. PET-quenching 
can occur transiently through molecular collisions, a process called ‘dynamic 
quenching’, or in molecular complexes that are stable for multiple excitation-emis-
sion [30]. Depending on the oxidation and reduction potentials, an electron can be 
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Fig. 14.4 Possible flow transfer processes between a QD (donor) and an acceptor: (a) charge 
transfer (CT) or photoinduced electron transfer (PET) and (b) energy transfer (FRET). (Reprinted 
from Vázquez-Gonzáleza and Carrillo-Carrion [106]. Published by SPIE as open access)

transferred from the chromophore, which is a donor D, to its interaction partner, 
acceptor A, or vice versa, which leads to non-radiative dissipation of the energy of 
the excited state. In a dynamic collision, an excited fluorophore experiences contact 
with an atom (or molecule) that can facilitate non-radiative relaxation of the excited 
molecule to the ground state. Such collisional events follow the Stern–Volmer rela-
tion which relates the fractional decrease in fluorescence intensity to the concentra-
tion of quencher [Q] through the quenching rate KSV (KSV = kqτ0) as follows:

 
F F K QSV0 1/ � � � �  (14.1)

where kq is the molecular quenching rate constant and τ0 is the lifetime of fluoro-
phore in the excited state in the absence of a quencher.

14.4  Ratiometric Ion Sensors

One of the most significant limitations of sensors based on fluorescence is the 
dependence of the emission intensity not only on the concentration of the analyte in 
the solution but also on such factors as the pH of the solution, the excitation inten-
sity, the temperature and the concentration of the QDs themselves (see Figs. 14.5 
and 14.6), which may change as a result of aggregation. Therefore, chemosensors 
that have only one signal to detect, that is, fluorescence intensity, can be easily per-
turbed by environmental conditions and instruments [29].
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Fig. 14.5 (a) Effect of pH value and (b) concentration of CdS QDs modified by bismuthiol II on 
the enhancement of the fluorescence before (1) and after (2) in addition of silver ions. The concen-
tration: CdS QDs, 7.5 μmol·L-1; silver ion, 0.10 μmol·L-1; the volume of PBS, 2.0 mL; incubation 
temperature, 25 °C; incubation time, 25 min. (Reprinted from Lai et al. [60]. Published by Wiley 
as open access)

Fig. 14.6 Effect of (a) time and (b) temperature on the fluorescence intensity of COOH-CdTeQDs 
in hydroxylic medium. (Reprinted with permission from Pooja and Chowdhury [86]. Copyright 
2021: Elsevier)

The experiment showed that these problems can be solved with the help of ratio-
metric sensing. Unlike single signal sensors, ratiometric sensors containing two dif-
ferent fluorophores emitted at two different wavelengths use the ratio of the two 
fluorescence intensities to quantitatively detect analytes. The ratiometric sensors 
can eliminate or reduce the effects of abovementioned factors by the self-calibration 
of the two emission bands [56, 148]. The external factors, such as excitation source 
fluctuations and QDs concentration, will not affect the ratio between the two fluo-
rescence intensities [16]. Dual colour sensors can exhibit uncoupled or coupled 
emission, whereby the second colour acts either as a constant emitter for normaliza-
tion of the variable emission or exhibits variable emission with inversely propor-
tional changes in emission intensity to the first emitter, respectively [21]. In the 
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former case, the consistent emission intensity of the secondary colour is used as a 
control in the system, whereas in the latter case, the secondary colour intensity 
enhances the effective change in signal in response to the stimulus.

The design of ratiometric sensors can be done by two methods based on (i) PET 
and (ii) FRET (electron and Fluorescence Resonance Energy Transfer) processes, 
discussed before. For many PET-based ion sensors, it is difficult to determine the 
ratio between two relatively broad signal emissions. The advantage of FRET- over 
PET-based sensors is that the ratio between two fluorescence intensities is indepen-
dent of these external factors such as fluctuation of excitation source and sensor 
concentration, that is, the concentration of QDs. FRET-based sensors observe the 
changes in the intensity ratio of absorption and emission which is favourable in 
increasing the signal selectivity. A significant advantage of FRET-based sensing is 
that it simplifies the design of the fluorophore. Recently, FRET-based sensing has 
become the most effective method for the detection of metal ions in the environment 
[19, 45, 93, 148].

There are few criteria that must be satisfied in order for FRET to occur. These are 
[46]: (i) The donor must be a fluorophore and has a reasonably large quantum yield. 
(ii) The fluorescence emission spectrum of the donor molecule must overlap the 
absorption or excitation spectrum of the acceptor chromophore (see Fig.  14.7). 
Figure 14.7 (left) shows the absorption and emission spectra of QDs and dye. The 
green region shows the overlap between the emission profile of QD and the absorp-
tion spectrum of the dye. It is evident that the transfer energy efficiency is directly 
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Fig. 14.7 Left: Absorption (solid line) and emission spectra (dotted line) of dye ATTO-590 (black) 
and CdSe/ZnS QDs (red). The overlap (green region) determines the efficiency of energy transfer 
from donor (QDs) to acceptor (dye) molecule. Right: Normalized PL transients of CdSe/ZnS QDs 
(squares), of the ATTO dye bound to the Au NPs (dots) and of the ATTO dye bound to the CdSe/
ZnS QDs (triangles). The decay time has clearly increased for the dye in close proximity to QDs. 
(Reprinted with permission from Kaiser et al. [51]. Copyright 2014: AIP)
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linked to the overlap between the emission and absorption of donor and acceptor, 
respectively. The degree of overlap is referred to as spectral overlap integral (J). (iii) 
The two fluorophores (donor and acceptor) must be in close proximity to one 
another (typically 1–10 nanometres). The FRET can be achieved by anchoring the 
acceptor molecule on the outer surface of QDs. (iv) The transition dipole orienta-
tions of the donor and acceptor must be approximately parallel to each other. (v) The 
fluorescence lifetime of the donor molecule must be of sufficient duration to allow 
the FRET to occur. Figure  14.7 (right) shows the time-resolved PL intensity of 
polymer-coated CdSe/ZnS QDs (black), dye incorporated polymer-coated CdSe/
ZnS QDs (blue) and dye-incorporated polymer-coated Au NPs. It is quite clear that 
the decay dynamics of dye-incorporated polymer-coated QDs are much slower than 
the comparable system with Au NPs as core material. Therefore, it can be expected 
that QDs act as an efficient donor to the dye, when the latter is located in close vicin-
ity of QDs. More details on the role of II–VI quantum dots in designing FRET- 
based sensors can be found in [22, 93].

The decay kinetics of a mixture of QD and dye molecules are given as [76]:
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Here, nt is the number of feeding (trap states) for QDs. wc is the transfer probability 
to bright QD state while wreab is the probability that the emitted photon will be cap-
tured by the dye molecule. The solution to Eqs. (14.2) and (14.3) are biexponential 
and three exponential functions, including all the possible transitions from the 
excited state, respectively. The anchoring of dye molecules in the vicinity of QD can 
trigger an additional non-radiative decay path known as resonance energy transfer 
mechanism. The decay kinetics in the presence of this non-radiative path is given by
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The decay rate of different species can be determined by curve fitting of the experi-
mental data. The energy transfer also depends upon the size of QDs. The Förster 
transfer rate from a donor to N surrounding acceptors can be determined as
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ri is the distance of ith acceptor from donor. R0 is the so-called Förster radius.
Another approach to develop ratiometric ion sensors is to use two QD emitters 

[22, 113, 114]. An example of this approach is Hg2+ ion sensors developed on the 
basis of CdTe/CdS QDs, which simultaneously emit red light (CdTe core) and green 
light (CdS shell). Due to the fact that only the shell is exposed to the environment 
[75], the green PL was quenched in the presence of Hg2+ ions, while the red one was 
not, which leads to a change in the ratio of red and green luminescence intensities. 
By measuring the lifetime of green fluorescence, the authors found that the lifetime 
decreased from 25.5 to 6.5  ns, while the lifetime of red fluorescence remained 
unchanged. A decrease in the lifetime of green PL indicated that Hg2+ ions were 
indeed adsorbed on the surface of the CdS shell, initiating charge transfer [52]. 
Although quenching of green fluorescence was observed in the presence of other 
divalent cations, none of them showed such a significant change in PL intensity and 
colour as Hg2+. Dual-emission quantum dot nanohybrid has also been used for 
selective fluorescence turn-on and ratiometric detection of cadmium ions [114]. The 
nanohybrid probe was composed of green-emitting CdSe QDs covalently linked 
onto the surface of silica nanoparticles embedded with red-emitting CdTe QDs. 
Upon exposure to different amounts of Cd2+, the green fluorescence was gradually 
restored, whereas the inner red fluorescence remained constant.

14.5  Implementation of Luminescence and Fluorescence 
II–VI Semiconductor QDs-Based Ion Sensors

14.5.1  Cu Ions Sensing

Copper is an essential nutrient involved in the electron transport chain in plants and 
animals. It is vital for the functioning of various enzymes such as cytochrome oxi-
dase and superoxide dismutase. It also shows good antibacterial and antimicrobial 
properties. At the same time, however, copper exposure has been associated with 
several diseases such as Alzheimer’s disease, Parkinson’s disease and familial amy-
otrophic lateral sclerosis. Copper is also thought to cause amyloid precipitation. 
Therefore, the determination of Cu2+ ions is very important from an ecological and 
biological point of view due to their potential toxicological effects on the ecosystem 
and human health. Several spectroscopic detection methods, including inductively 
coupled plasma mass spectrometry (ICP-MS), atomic absorption spectroscopy 
(AAS) and UV-visible spectroscopy, are used to efficiently detect Cu2+ ions. Easy 
and reliable detection of Cu2+ can be performed using spectrophotometric methods 
using chromogenic reagents such as sodium diethyldithiocarbamate trihydrate, 
N-ethyl-2-naphthylamine [74], di-2-pyridylketone benzoylhydrazone [85], thiomi-
chler ketone [35] and fluorescent reagents, mainly europiumpyridine polyaminop-
olycarboxylate chelate [54] and 5-(3-fluoro-4-chlorophenylazo)-8-aminoquinoline 
[15] due to their excellent sensitivity.
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However, the experiment showed that QD-based fluorescent sensors are also an 
effective tool for detecting copper ions. A detailed computational study on the pos-
sible interaction mechanism of different divalent metal ions with l-cysteine has 
been reported by Belcastro et  al. [9]. Biranje et  al. [10] have reviewed the tech-
niques and methodologies to improve QD nanosensor performance by capping the 
surface with nanoparticles, polymers and biological moieties. Chen et  al. [18] 
reported the role of Mn2+ doping on the sensing efficiency of l-cysteine-capped ZnS 
QDs for several analytes. The prepared sensors were found to be sensitive towards 
both Cu(II) and Hg(II) ions. However, since the concentration of copper is quite 
high in industrial waste solutions so the interference can be ignored. Furthermore, 
they found that pH can also be tuned to enhance the specificity. Similarly, Qin et al. 
[87] used silica coated ZnS:Mn QDs to detect Cu2+ ions in seawater. They found that 
the detection of Cu2+ concentrations in seawater can be achieved over a linear range 
from 8.2 × 10−8 to 5.0 × 10−4 mol·L−1.

Bo and Ping [11] discovered that extremely low concentrations of Cu2+ ions can 
quench the fluorescence of water-soluble CdTe nanocrystals prepared and modified 
by using 3-mercaptopropionic acid. The fluorescence of nanocrystal was found to 
quench as well as redshift significantly in the concentration range of 0–384  ng/
mL. They reported an extraordinary limit of detection of 0.19 ng/mL. Cao et al. [14] 
used polymer-modified CdSe/CdS core-shell QDs for selective detection of Cu2+ 
ions in water. Sung and Lo [100] immobilized silica-encapsulated CdSe/ZnS QDs 
via polyvinyl alcohol on the tip of fibre optic for selective and sensitive detection of 
Cu2+ ions. The fluorescence of CdSe/ZnS@SiO2 was found to be immensely reduced 
upon interaction with Cu2+ ions. The sensitivity test was carried out in a concentra-
tion range of 0–10 μM with a limit of detection found to be 0.9 μM. Lai et al. [59] 
worked with chitosan-modified CdS QDs to achieve a LOD of 2.0 nmol·L−1 in a 
concentration range of 8.0  nmol·L−1 to 3.0  μmol·L−1. The adopted mechanism 
showed good selectivity towards Cu2+ ions.

Wang et al. [115] used N-acetyl-l-cysteine capped CdHgSe QDs for selective 
determination of Cu2+ ions. Their results suggest that incorporation of Hg improves 
the Limit of Detection by two orders of magnitude as compared to undoped CdSe- 
rGO nanocomposites [38], citric acid capped CdS QDs [112] or polymer-modified 
CdSe/CdS core/shell QDs [14, 131]. The selectivity studies were carried out in the 
presence of interfering ions Ag+, Zn2+, Co2+ and Ni2+. The fluorescence intensity was 
found to be linearly proportional to the concentration of copper ions in the range of 
1.0 × 10−9– 4.0 × 10−7 mol·L−1, with a detection limit as low as 2.0 × 10−10 mol·L−1. 
The ‘fluorescence turn-on’ can also be utilized for efficient detection of Cu2+ ions. 
Ding et  al. [27] have used this phenomenon to irreversibly cleave the ds-DNA, 
which was used as spacer between GO and CdTe nanocrystals.

Table 14.2 summarizes different works carried out for the detection of Cu2+ ions 
using II–VI QDs. For most sensors, the limit of detection is in the nmol·L−1 region, 
with the exception of a few developments.
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Table 14.2 Comparison of analytical characteristics of II–VI QDs-based sensors to Cu2+

Materials Coating/modification
Linear range × 
10−6(mol·L−1)

LOD × 10−9 
(mol·L−1) References

CdHgSe N-acetyl-l-cysteine 0.001–0.40 0.2 [115]
CdS QDs Thioglycerol 100 [20]

CdSe/CdS 
QDs

Diethyldithiocarbamate 0–1.56 4.53 [116]

CdSe QDs 2-Mercaptoethane 
sulphonic acid

<0.469 3.13 [34]

CdSe-ZnS 
QDs

Bovine serum albumin 0.01–2 10 [133]

CdTe Gold nanoclusters 0.001–1250 0.3 [67]
CdTe/CdS 
QDs

Glyphosate 0.375–437.5 20.3 [65]

CdTe QDs l-cysteine 0.313–4.69 145.3 [117]
CdSe/ZnS Silica 0–10 900 [100]

CdSe/CdS 
QDs

l-cysteine 10–200 3 [141]

CdTe G-quadruplex 0.008–2 3.0 [137]

14.5.2  Hg Ion Detection

Another important water-borne ionic pollutant is mercury due to its severe ecologi-
cal and health risks. It is carcinogenic and may cause malfunctioning of nervous, 
urinary and reproductive systems in humans. It is reported that Hg2+ can easily pass 
through skin, digestive tract and respiratory tract, leading to DNA damage, mitosis 
impairment and permanent damage to the central nervous system. The maximum 
allowed concentration of Hg2+ in drinking water is 10 nM according to the United 
States Environment Protection Agency (USEPA). Therefore, many research studies 
have been carried out over the past few years to develop an ultrasensitive detection 
system for Hg2+ ions.

Various detection methods based on fluorescence, electrochemistry, colouri-
metry, photoelectrochemistry, surface resonance Raman scattering and surface  
plasmon resonance have been established [66, 78, 110, 149]. Among these  
fluorescence-based sensing is one of the most popular methods due to its high sen-
sitivity and flexibility. Fan et al. [33] studied the role of hyperbranched graft copo-
lymer-capped CdS in the  selective sensing of mercury ions. They reported an 
excellent LOD of 15 nM. Cai et al. [13] studied the effect of pH on the selective 
detection of Hg(II) ions in solution. They reported a LOD of 20 nmol·L−1 for a lin-
ear range of 16–112 nmol·L−1. Zhou et al. [147] have utilized Mn-doped ZnSe QDs 
to detect Hg2+ efficiently and selectively. Their results suggest Hg2 + –Mn2+ replace-
ment mechanism for the detection of Hg2+. The replacement results in fluorescence 
‘turn-on’ of an unreplaced sample. Wang et al. [112] used a nanohybrid of CdSe 
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Fig 14.8 (a) Fluorescence responses of the sensor to various concentrations of Hg2+ ions in 
2.5 mL of phosphate-buffered saline (PBS) (10 mM, pH 7.4). (b) Calibration plot of fluorescence 
intensity vs Hg2+ ion concentration between 0.25 and 100 nM. Inset: calibration plot of fluores-
cence intensity vs Hg2+ ion concentration between 0.1 and 1 nM. The vertical bars designate the 
standard deviation for the mean of three replicate tests. (Reprinted with permission from Zhang 
et al. [136]. Copyright 2020: ACS. Fig. 5)

QDs and g-C3N4 nanosheets to successfully determine the presence of as low as 
5.3 nM Hg2+. Zhang et al. [136] prepared CdSe/CdS QD labelled lipid lysosomes to 
enhance the selectivity and sensitivity of the probe for Hg2+ detection to a sublime 
level of 0.01 nM, which met the requirements of environmental sample detection. 
The sensor also exhibited high selectivity for Hg2+ detection in the presence of other 
high-level metal ions, such as Fe3+, Al3+, Zn2+, Pb2+, Ni2+, Mn2+, Mg2+, Cu2+, Cr2+, 
Co2+, Cd2+, Ca2+, Ba2+ and K+. As it is seen in Fig. 14.8, the fluorescence signals 
increased sensitively in response to the increasing Hg2+ concentration (Fig. 14.8a). 
The peak current was linearly related to the Hg2+ concentration in the range from 
0.25 to 100 nM (Fig. 14.8b).

Kini et  al. [55] used MPA-coated CdTe/CdS core/shell QDs for the selective 
detection of mercury in an aqueous solution. The authors elucidated that efficient 
energy transfer between QDs and rhodamine 6G molecule happens in the presence 
of cetyl trimethyl ammonium bromide (CTAB). They found that the system exhibits 
Stern–Volmer behaviour in the concentration range of 0.1 nM to 2.0 μM with a 
detection limit of 3.8 nM. Labeb et al. [58] reported that the sensitivity of CdTe QDs 
can be enhanced by orders of magnitude from nmol range to pmol range by chang-
ing the surface ligand from TGA to L-cysteine. Table 14.3 summarizes a compari-
son of detection range and limit of detection (LOD) of Hg2+ for various other 
materials used.

14.5.3  Pb2+ Ion Sensing

Lead has no known natural biological role. The primary cause of lead-contami-
nated soils, air and water systems are anthropogenic activities such as burning 
leaded gasoline, use of lead solder, lead piping and lead-based paints. The natural 
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Table 14.3 Comparison of the reported methods for Hg2+ detection using II–VI QDs

Materials Coating/Modification

Linear range × 
10−6

(mol·L−1)

LOD × 
10−9

(mol·L−1) References

ZnSe MPA 0.0–7.0 0.2 [147]
ZnS ZnS:Ce 10–100 820 [23]
CdTe BSA <0.469 4 [150]
CdTe Glutathione and cysteine 0.6–20 100 and 

600
[43]

CdTe GSH capped and BSA coated Au NCs 
conjugated

0.131–0.710 9 [80]

CdTe 2-Mercaptoethane-sulphonate (MES) 0. – 0.5 9.5 [79]
CdTe Thioglycolic acid 0.012–1.5 4 [132]
CdTe Cysteamine 0.005–0.3 1 [17]
CdTe/
CdS

Unmodified 0.0–6.0 5.6 [98]

CdTe/
CdS

Oligonucleotides 0.00025–0.1 0.01 [136]

CdSe/
ZnS

G-quadruplex 0.001–0.5 1.0 [137]

CdTe Cysteamine 0.006–0.45 4.0 [28]
CdTe Thiourea 1–300 μg·L−1 0.56 μg·L−1 [130]

levels of lead in surface and underground waters are <5 ppb, but it may get higher 
than 1000 ppb in some regions. Even at extremely low levels, lead has been linked 
with a range of health effects including behavioural problems and learning disabili-
ties especially in young children through toys and candies. Lead acid batteries have 
been widely used as energy devices and therefore are a major source of lead in air, 
water and soil. Weidenhamer and Clement [120] examined 39 jewellery items and 
found they contain 90% or more lead by weight. More specifically Pb2+ affects a 
wide variety of targets in the living body causing lead poisoning. According to 
WHO guidelines, the admissible range of Pb2+ ions within our body is 48 nM. In 
India, this concentration is 480 nM which is a real health menace. Hence, sensitive, 
selective and simple methods of lead detection are crucial in not only preventing 
contamination but also for a better understanding of the biological pathways 
of lead.

Ren et  al. [91] used luminescent l-cysteine-modified CdSe QDs for sensitive 
detection of lead ions in Kolthoff buffer solution. They found that fluorescence 
intensity of CdSe QDs varies linearly in the range 0.0–1.0 × 10−6 M with a limit of 
detection to be 8.39 × 10−8 M. Based on thermodynamics studies, the quenching 
mechanism was attributed to surface adsorption of ions followed by cation displace-
ment. Zhong et  al. [145] used thioglycolic acid–stabilized CdTe QDs of varying 
sizes for efficient detection of lead ions. Zhao et al. [143] utilized the fluorescence 
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Table 14.4 Comparison of the reported systems for Pb2+ detection based upon II–VI QDs

Materials Coating/modification

Linear range × 
10−6

(mol·L−1)

LOD × 
10−9

(mol·L−1) References

CdSe/CdS 
QDs

Xylenol orange 0.05–6.00 20 [142]

Au QDs Covalently linked Au NCs 
embedded in SiO2

0.025–0.250 3.5 [151]

ZnS QDs Silica 0.001–260 – [88]
CdTe QDs – 0.02–3.60 80 [135]
PbS In situ QD formation 0.0–25.0 452 [62]
CdSe/ZnS Siloxane shell with covalently 

coupled DNAzymes
– 0.2 [127]

CdTe QDs TGA 2·10−6–1·10−4 2.7·10−7 [128]

‘turn-on’ mechanism from dithizone-capped CdSe/CdS QDs. The fluorescence 
turn-on was concerted due to the complex formation between Pb2+ and dithizone. 
This results in the blockage of FRET mechanism established between dithizone and 
QD. Bach et al. [7] used Glutathione capped CdSe QDs for the detection of Pb2+ 
ions in solution. They found that the relative luminescence of GSH- functionalized 
CdSe QDs increases linearly with Pb2+ ion concentration in a range between 
2.0 × 10−8 and 2.0 × 10−6 M. Wang et al. [111] used chiral CdSe nanoplatelets for 
ultrasensitive detection of Pb2+ with limit of detection as low as 4.9 nM. They have 
taken the advantage of chiroptical activity of these ultrathin platelets for sensitive 
and selective determination of trace level Pb2+ ion concentration in water. Wu et al. 
[128] used thiol-capped CdTe QDs for the detection of Pb2+ ions in solution. They 
reported a LOD of 270 nM in the concentration range of 2.0–100.0 μM.

Jacob et al. [48] used biologically synthesized ZnS for the detection of Pb2+ in the 
concentration range of 5–200  μM.  They have reported a detection limit of 
2.46 μM. Li et al. [63] used aptamer functionalized CdSe/ZnS QDs and their com-
posite with graphene oxide (GO) sheets to determine Pb2+ concentration in solution. 
The nanoensamble enables energy transfer from QDs to GO quenching the fluores-
cence of QDs. The GO/aptamer–QD ensemble assay acts as a “turn-on” fluorescent 
sensor for Pb2+ detection. When Pb2+ ions are present in the assay, the interaction of 
Pb2+ with the aptamer induces a conformational change in the aptamer, leading to 
the formation of a G-quadruplex/Pb2+ complex and therefore “turns on” the fluores-
cence of the QDs. This sensor exhibits a limit of detection of 90 pM and excellent 
selectivity toward Pb2+ over a wide range of metal ions between 0.1 and 10.0 nM. The 
excellent detection limit is attributed to the nano-metal surface energy transfer 
(NSET) mechanism rather than the conventional Förster resonance energy transfer 
(FRET) process. Table 14.4 summarizes further works for selective determination 
of Pb2+ ions in solution.

14 Luminescence and Fluorescence Ion Sensing



378

14.5.4  Cr Ion Sensing

Another notable hazardous heavy metal is chromium. Although it is known to be a 
micronutrient, it is also one of the most important toxicants that exist in different 
valence states. Among these states Cr(III) and Cr(VI) states exist in the natural envi-
ronment. Although the toxicity of Cr(VI) is a proven fact, Cr(III) is a controversial 
element with mixed advantages and disadvantages [140]. The dietary sources of 
Cr(III) include vegetables including broccoli and green beans, fruits including 
grapes and oranges and meat including beef, poultry and milk dairies. Interestingly, 
a distinction can be made between Cr(III) and Cr(VI) by tailoring the surface func-
tional groups of CdTe QDs. The basic effect is the difference in electrostatic interac-
tion between the multivalent ion and the QD surface [41]. The essentiality of 
chromium has been demonstrated by Schwarz and Mertz [95] through the existence 
of a dietary factor which was absent in the diet of rats fed with Torula yeast as a sole 
protein source. Such rats were found to develop an inability to remove efficiently 
glucose from their bloodstream. This inability was reversed when these mice were 
fed with foods rich in chromium or by adding chromium(III) complexes to the diet. 
Wada et al. [109] and Yamamoto et al. [129] reported the isolation and characteriza-
tion of a unique chromium-binding oligopeptide named low-molecular weight 
chromium- binding substance (LMWCr) or chromodulin. The oligopeptide pos-
sesses a molecular weight of ~1500 Da and is comprised of only four types of amino 
acid residues, that is, glycine, cysteine, glutamate and aspartate. Despite its small 
molecular weight, it binds four equivalents of chromic ions, apparently in a tetra-
nuclear assembly, as necessitated by charge balance arguments. The most important 
attribute of chromodulin is its ability to potentiate the effects of insulin on the con-
version of glucose into carbon dioxide or lipid by isolated rat adipocytes. No other 
naturally occurring chromium-containing species potentiates insulin action in this 
manner [107].

Studies have shown that, like other heavy metal ions, chromium ions can be 
detected using QD-based fluorescent sensors. Elmizadeh et al. [32] reported a cyclic 
ligand-coated CdTe for the detection of Cr(III) ions in water samples. They found 
highly sensitive and selective detection of Cr ions in a range of 6.8× 
10−8–3.7 × 10−6 mol·L−1 with a detection limit of 20.3 × 10−9 mol·L−1. Parani and 
Oluwafemi [81] used Cd-free green synthesized glutathione (GSH) capped AgInS2- 
ZnS QDs for selective and sensitive detection of Cr(III) with a detection limit of 
0.51  nM.  Cu(III) influence on the PL spectra of AgInS2-ZnS QDs is shown in 
Fig. 14.9. It has been established that AIS-ZnS QD fluorescent nanoprobes demon-
strate selective detection of Cr(III) ions in a mixture of interfering divalent metal 
ions, such as Cu(II), Pb(II), Hg(II), Ni(II). The detection mechanism of Cr(III), 
studied using a high-resolution transmission electron microscope (HRTEM) and 
Fourier transform infrared spectroscopy (FTIR), showed that the binding of Cr(III) 
ions to the GSH capping agent leads to QD aggregation followed by fluorescence 
quenching.
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Fig. 14.9 Effect of different Cr(III) ion concentrations on the fluorescence spectra of AIS-ZnS 
QDs. (Reprinted with permission from Parani and Oluwafemi [81]. Copyright 2020: IOP. Fig. 4)

Table 14.5 Comparison of several literature reports on fluorescent sensing of Cr (III) ions using 
II–VI QDs

Materials Coating/modification

Linear range × 
10−6

(mol·L−1)

LOD × 
10−9

(mol·L−1) References

ZnO QDs – 0.01–0.30 2 [53]
Mn-doped ZnS 
QDs

Protein- 
functionalized

0.01–0.30 3 [144]

CdS QDs Thioglycolic acid 58.0–770.0 20 [1]
CdSe QDs Silane 0.1–20.0 30 [99]
CdS QDs Pectin 0.016–0.266 16 [3]
Capped-CdSe QDs Thioglycolic acid 0.48–6.25 0.1 [26]
CdTe QDs Heterocyclic ligand 0.067–3.700 20 [32]
CdTe QDs GSH 0.0–2.0 3 [83]
AglnS2-ZnS QDs GSH 0.025–10.00 0.51 [81]

Source: Reprinted with permission from Parani and Oluwafemi [81]. Copyright 2020: IOP

Abolhasani et al. [1] reported TGA-capped CdS QDs with a low limit of detec-
tion of 0.2–1.3 ng·mL−1. The QDs were sensitive to both Cr3+ and Pb2+ in different 
conditions while the interference from iron, sodium, calcium, potassium and mag-
nesium was found to be absent. Peng et al. [83] used GSH-capped CdTe QDs for 
selective and sensitive detection of Cr3+ and Cr(III) picolinate, a Cr-containing vita-
min. The quenching of QDs was found to vary linearly in a concentration range of 
0–2 μM while the limit of detection was reported to be 3.0 nM. Some parameters of 
sensors developed for fluorescent sensing of Cr (III) are listed in Table 14.5.
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14.5.5  Other Metal Ions

Using previously described approaches, other ions, including Ag (see Fig. 14.10) 
[60, 102], As [105], Au [31], Cd [114, 146], Co [64], Ni [108] and Zn [125], cyanide 
[96] can also be detected in solution with high selectivity and sensitivity. For exam-
ple, Chen and Rosenzweig [20] have shown that the selectivity of CdS QDs for 
different ions can be tuned by controlling the surface of QDs. For example, by 
replacing the phosphate ions with l-cysteine results in the selectivity towards the Zn 
ion. This has been attributed to the complexation of Zn with l-cysteine. A brief 
summary of the characteristics of these sensors is given in Table 14.6.

14.5.6  QD-Based pH Sensing

Intracellular pH control is crucial for the proper functioning of cells. Cells maintain 
their pH by controlling membrane proton pumps and transporters often at the 
expanse of acidifying the extracellular pH.  In turn, extracellular acidification 
impacts cells via specific acid-sensing ion channels (ASICs) and proton-sensing 
G-protein coupled receptors (GPCRs). Active transporters or ion pumps in trans-
membrane also transport energy from various sources such as ATP, sunlight and 
other redox reactions. The microenvironment of a tumour is a complex interplay of 
poor vascular perfusion, local hypoxia and increased flux of carbons through 
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Fig. 14.10 Excition and emission spectrum of functional CdS QDs before (a) and after (b) adding 
silver ion. CdS QDs: 7.5 μmol·L−1; silver ion: 0.1 μmol·L−1; pH, 5.0. (Reprinted from Lai et al. 
[60]. Published by Wiley as open access)
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Table 14.6 Summary of characteristics of various ion sensors

Materials Coating/modification Analyte

Linear range × 
10−6

(mol·L−1)

LOD × 
10−9

(mol·L−1) References

CdS Bismuthiol II Ag+ 0.01–5.00 1.6 [60]
CdTe l-cysteine As2+ 0.002–0.500 2.0 [105]
Cu2S N-acetyl-l-cysteine Au3+ 1.62–60.80 162 [31]
Mn:ZnSe Mercaptopropionic 

acid
Cd2+ 0.0–90.0 18 [146]

ZnS – Co2+ 10–1000 mg/L 10 mg/L [64]
Gd:ZnS Aspergillus falvus Ni2+ – – [108]
ZnS – Cyanide 2.44–25.90 170 at 

pH 11
[96]

ZnS – Nitrite 20.0–1.35 × 106 8.5 [5]

fermentative glycolysis. This leads to extracellular acidosis in solid tumours with 
pH values as low as 6.5. Most cancer cells produce energy predominantly not 
through the ‘usual’ citric acid cycle (Kerb cycle) and oxidative phosphorylation in 
the mitochondria as observed in normal cells but through a less efficient process of 
‘aerobic glycolysis’ consisting of a high level of glucose uptake and glycolysis fol-
lowed by lactic acid fermentation taking place in the cytosol, not the mitochondria, 
even in the presence of abundant oxygen. This effect is called the Warburg effect. 
The quantity of ATP produced through lactic acid fermentation is less as compared 
to kerb cycle-derived ATP. The glycolytic by-products, lactate and H+, challenge the 
mechanisms to maintain intracellular pH homeostasis. Intracellular acidification 
has been shown to be cytotoxic through the induction of apoptosis. To overcome 
low pH due to elevated rates of glycolysis, cancer cells employ a large redundancy 
of mechanisms to remove acids in order to maintain physiological pH. In response 
to glycolytic acidosis, pH can be maintained via lactate and H+ efflux by monocar-
boxylate transporters and Na-driven proton extrusion, respectively. Consequently, 
the pH of the extracellular space of tumours becomes acidic and thus forming a 
reversed pH gradient (pHe < pHi) in comparison to normal physiological conditions 
(pHe > pHi). Therefore, the determination of pH is important for early diagnosis of 
diseases as this is envisaged to be associated with some chemical changes at the 
cellular level that are observable before tissue-level changes become evident. Hence, 
detection of malfunctioning at the prognosis level can help in better treatment strat-
egy and recovery chances.

Apropos to above, intracellular and extracellular pH determination is vital for 
cancer diagnosis of carcinogenesis. The detection of tumour growth at the avascular 
pre-invasive stage is critical in the choice of treatment modalities. Fluorescence- 
based sensing of regional pH may serve as a litmus test in this case. Fluorescent 
nanoprobes have been extensively used for analyte sensing in cells. This is due to 
the excellent quantum yield of these organic molecules and a variety of emission 
wavelengths available for specific sensing of various molecules. However, major 
drawback of these wonderful molecules is their ability to get rapid photobleaching 
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Fig. 14.11 Fluorescence intensity for CdTe QDs prepared with mercaptoethylamine (MEA) sta-
bilizing agent as a function of wavelength at different pH values. (Reprinted with permission from 
Gao et al. [36]. Copyright 2018: IOP)

Table 14.7 QDs-based sensors for pH determination

Marker Sensing platform Coating/modification Transduction type References

pH CdSe/ZnS Methacrylic acid FRET [68]
pH: 3–11 CdSe/ZnS Oxazine Intensity change [104]
pH CdSe/ZnS Phosphine oxide FRET [97]
pH: 4–6 CdTe Thioglycolic acid Intensity change [101]
pH CdTe – Intensity change [118]
Urea CdSe/ZnS Mercaptosuccinic acid Intensity change [47]

Source: Reprinted from Lesiak et al. [61]. Published by MDPI as open access

and their narrow absorption region. Inorganic semiconductor QDs have better pho-
tostability and narrow emission and therefore suffer less from photobleaching and 
cross-talk problems.

A number of reports exist on sensing of extracellular and intracellular pH. How 
strong the effect of pH on the luminescent properties of quantum dots can be seen 
from the results shown in Fig. 14.11. This is the property of quantum dots to change 
their luminescent properties under the influence of the pH of the solution has a 
promising application in the design of a variety of luminescence sensors, examples 
of which are shown in Table 14.7. For example, Tomasulo et al. [104] studied the 
effect of pH on the luminescent properties of CdSe/ZnS QDs capped with an organic 
compound incorporating a dithiolane anchoring group, an electron-rich indole, a 
4-nitrophenylazophenoxy chromophore and a 1,3-oxazine ring in their skeleton. 
The pH sensing was based on the 1,3-oxazine ring opening upon the addition of 
base or acid. The bifunctional system works based on both energy (FRET) and elec-
tron (PET) transfer from QD to nearby molecules. CdSe/ZnS QDs encapsulated in 
pH-sensitive squaraine conjugated amphiphilic polymer was used to determine the 
pH reversibly in the solution. The ratiometric sensing mechanism is based on the pH 
dependence of the dye absorption spectrum. The spectral overlap between dye 
absorption and NC emission increases as the pH is lowered [97].
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Alternatively, ratiometric sensing can be accomplished by using dual-emission 
fluorescent probes. Zhang et al. [139] used dual emission seminaphtharhodafluor 
(SNARF) for ratiometric detection of pH of local environment. In order to fully 
comply with experimental complexities, different control experiments were con-
ducted. The fluorophore was linked to the backbone of an amphiphilic polymer 
through ester bond. The dye-conjugated polymer was then used to cap hydrophobic 
gold nanoparticles. PEG separators of different molecular weights (lengths) were 
used to control the spacing between the negatively charged nanoparticle surface and 
the fluorophore. The binding equilibrium of the fluorophore was found to shift to 
higher bulk pH values when in close proximity to the surface. The counter-ion dis-
tribution around the negatively charged surface of the polymer was found to follow 
Stern double-layer model rather than Debye-Hückel or Gouy-Chapman model. This 
is attributed to the roughness of the polymer-electrolyte interface and the fact that 
H+ ions can access the negatively charged COO− ions directly at the surface, par-
ticularly below pKa. Harimech et al. [44] used the same ratiometric fluorophore to 
follow the reversible conversion of oxaloacetic acid into l-malic acid through an 
enzyme malate dehydrogenase. The conversion occurs in the presence of nicotin-
amide adenine dinucleotide. Multilayer polyelectrolyte (PAH/PSS) microcapsules 
were used as a carrier system and all the ingredients were loaded in the cavity of the 
capsules. Zhang et al. [138] used the pH-sensitive fluorophore OG-488-cadaverine 
and the reference fluorophore amine-ATTO-590, which have been linked to the 
polymer surface by means of EDC chemistry. ATTO-590 is a pH-insensitive mole-
cule and has an emission at 610 nm which is quite far from the absorbance/emission 
range of OG-488. The prepared system was used as a ratiometric sensor for pH 
sensing.

14.6  Summary

The detection ad quantification of heavy metal ions is of paramount importance in 
environmental and biological contexts. Among various ions copper, mercury and 
lead ions have attracted more attention due to their high toxicity and relevance to 
health. The development of novel methods to use nanoparticles, especially QDs, has 
seen enormous growth during the last decade. It was established that ions can be 
detected based on the adsorption of ions on the QD surface. This result in either 
enhancement or quenching of the fluorescence signal. The fluorescence quenching is 
typically used as opposed to enhancement. The mechanism of quenching depends 
upon the concentration of ions according to Stern–Volmer equation. On the other 
hand, FRET-based sensing provides an enhanced LOD for ions and hence provides 
a very sensitive method for the detection of heavy metal ions in solution. It has been 
found that appropriate modification of surface may result in preferential detection of 
one kind of cation in the presence of other ions in a certain concentration range. 
However, the interference has remained a major challenge in the accurate determina-
tion of these ions. Different strategies can be adapted for resolving these problems. 
For example, introduction of small chelating molecules, supramolecular chemistry, 
place exchange mechanism and metal-mediated DNA duplexes can be applied.
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Chapter 15
Photoelectrochemical Ion Sensors

Alka Pareek and Pramod H. Borse

15.1  Introduction

Recent decades have witnessed a tremendous increase in the environmental pollu-
tion due to the fast urbanisation and unstoppable industrial development. The prog-
ress of mankind has thus led to an unwanted discharge of various pollutants into the 
environment in the form of pesticides, heavy metal-ions, phenolics and different 
toxins, etc. [83]. The timely detection and sensing of these environmental pollutants 
is crucial, as they are fatal to the living-being’s health and their effects on the whole 
ecosystem. It is important to recall specifically, that such pollutants are dangerous 
owing to their refractory behaviour, toxic nature and because of the threat of their 
entry in the food chain [81].

15.1.1  Photoelectrochemical Sensors

Sensors are generally separated into two classes: chemical sensors and biosensors. 
A chemical sensor is defined as a device that transforms the chemical interactions 
between the active species and analyte into a useful electrical (readable) signal [31]. 
On the contrary, biosensors employ biomolecules such as enzymes, nucleic acids, 
antibodies, or oligonucleotides; as the biological recognition elements for analysis 
[105]. Various traditional sensing methods are prevalent nowadays including fluo-
rescence spectroscopy, absorption/emission spectrometry, mass spectrometry, liq-
uid chromatography and gas spectrometry [87, 116]. These advanced methods offer 
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highly accurate and reliable outcome, but they require costly and sophisticated 
instrumentation, those are linked to the high maintenance and their operation by the 
skilled experts. With the discovery of photoelectric effect in 1839 by Becquerel, 
photoelectrochemistry has predominantly influenced various technical fields like 
photovoltaics, photocatalysis, fuel cell, and sensors [40, 71, 72]. Recently, photo-
electrochemical (PEC) sensor has emerged as a promising sensing strategy owing to 
its low cost and remarkable sensitivity for the analyses of the chemical and biologi-
cal species [115]. There are numerous reports on the PEC sensing research, and the 
interest among the research community is increasing day-by-day, indicating its 
importance in the field of analytical chemistry [27]. Photoelectrochemical (PEC) 
technique combines the light sensitivity of the semiconductors with their electro-
chemical response towards the species, that in turn validates the detection of the 
chemical species [131]. Background noise in the PEC sensors can be dramatically 
reduced to achieve higher sensitivity as compared to the sophisticated sensors, 
because PEC sensors employ light-photons as a source, and the photocurrent as 
detected signal. Moreover, it offers a fast sensor response, and an ease of miniaturi-
sation along with the cost-effective module. Further, the associated charge transfer 
processes in the PEC device are dependent on two main components [78]: (1) pho-
toactive electrode and (2) the kinetics of the redox-species at electrode/electrolyte 
interface of the sensor. These parameters basically control the output photoelectric 
signal, while analysing the targeted species thus rendering it a wide detection range 
[132]. The main component of these devices is the photoactive material which 
decides the sensitivity of sensor for specific analyte, magnitude of signal depending 
on the efficient charge separation. Thus, PEC sensors which exhibit high potential 
for analyses of chemical and biological species, display a very efficient detection 
mechanism. Such detection is concluded from the variation in the photocurrent/
photopotential. Specifically, the photocurrent variation is induced by chemical 
interactions between analyte and the photoactive material. The kinetics of the charge 
transfer involved in such chemical interactions, result in yielding a measurable out-
put signal (photocurrent) between photoactive material and counter electrode. In 
principle, engineering of the photoactive sensor material is very important as it con-
trols the electron-hole separation and charge transfer processes those in turn yield 
an efficient PEC sensor. Specifically, the “photon-to-electricity” conversion effi-
ciency of PEC the sensor [125] is detrimental in design of efficient sensor. As dis-
cussed above, the species to be detected, induce photoexcitation process affecting 
the optical and electrochemical signals in PEC sensor.

In recent years, there have been numerous published reports, and a rapid growth 
of PEC sensing research is evident. There have been several reviews on the photoac-
tive materials, type of analysis (like PEC DNA biosensors, PEC immunoassays and 
PEC enzymatic biosensors), the modes of sensing and their application for quantita-
tive detection [128]. This book chapter highlights a general overview of the PEC 
sensors including its basic principle, current status, recent development in the pho-
toactive materials and the application of PEC sensors for metal detection.
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15.1.2  Principle of Photoelectrochemical Sensor

PEC sensor is comprised of a set of electrodes in the vicinity of electrolyte. Among 
these electrodes, the photosensitive semiconductor working electrode (WE) has a 
capacity to absorb photons of wavelength corresponding to semiconductor bandgap. 
After illumination of photoelectrode, electrons and holes are generated at the inter-
face of electrode and analyte [1]. The photogenerated electrons are transferred from 
the semiconductor WE surface to the counter electrode (CE) through an external 
circuit that generates a photocurrent as output signal. On the other hand, the holes 
participate in the oxidation process thereby completing the total reaction. Further, 
there are four significant steps involved in the working of a typical PEC sensor: (1) 
photon absorption by the material; (2) photo-induced charge generation, that is, 
electron-hole (e–h) pairs, in the photoactive material (Fig. 15.1a(I)); (3) charge sep-
aration, that is, transfer of the excited electrons to counter electrode (see 
Fig. 15.1a(II,III)), while holes, combined with the electron donors; and (4) photo-
current generation, via. electron transfer to the counter electrode (current) this 
results as sensor output [83]. Accordingly, PEC sensing involves a redox mecha-
nism [7].

Fig. 15.1 Schematic of (a) basic principle of charge-generation and charge-separation in the 
semiconductor- based PEC sensor; (b) doped semiconductor; (c) semiconductor-semiconductor 
heterojunction; (d) semiconductor-carbon heterojunction; (e) semiconductor-metal heterojunc-
tion; (f) multicomponent heterojunction. (Reproduced with permission from Shi et  al. [83]. 
Copyright 2019:Elsevier Publishing)
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15.2  Progress in Photoactive Sensing Materials

Photoactive material plays an important role in the field of PEC sensing as it absorbs 
light and converts chemical or biological information into electrical signals. Various 
materials like metal-chalcogenides, metal-oxides and organic molecules and poly-
mers have been used as photoactive materials. This section includes a discussion of 
PEC photoactive materials that can be prepared by various strategies, like doping 
(Fig.  15.1b), semiconductor–semiconductor (Fig.  15.1c), semiconductor–carbon 
(Fig.  15.1d), semiconductor–metal (Fig.  15.1e), multicomponent heterojunctions 
(Fig. 15.1f).

15.2.1  Metal Chalcogenides

Chalcogenides are a prominent class of materials, owing to their exceptional opto-
electronic properties. They find potential applications in various fields – viz. thin- 
film photovoltaics, nano-photodetectors, lasers, phosphors, sensors, and other 
optoelectronic devices. Typically, they exhibit suited wide-range of bandgap that 
encompasses both, wide-bandgap (1.5–3.5  eV) and narrow-bandgap (0–1.5  eV) 
materials. Thus, they are very useful as photoconductors, ultrasonic transducers, 
and Hall effect devices [39]. Especially, Cd chalcogenides have been implemented 
in the field of optics, electronics, optoelectronics, photovoltaics, photoelectrochem-
istry and sensors [18]. These optical materials, are also very useful as they display 
(i) optical transparency in IR region, (ii) high linear and non-linear index of refrac-
tion, and (iii) very significant intensive luminescence properties [66], required in 
diverse applications.

15.2.1.1  CdS

Cd chalcogenides, like CdS, are the most studied material for photovoltaics, solar 
cell absorber layer, PEC cell and sensor applications. It exhibits a low band gap of 
2.54 eV, as well as displays a very favourable photoconductivity. Interestingly, it can 
be easily synthesised [22]. Figure 15.2 shows the schematic illustration of various 
applications of CdS-based PEC sensors [34], in reference to chemical and biologi-
cal detection.

There have been several studies on property improvement of this chalcogenide 
via. its property modulation by (i) surface modifications [53]; (ii) heterostructure 
formation with semiconductors [25]; (iii) heterostructure formation with metals; 
(iv) heterostructure formation with carbon-based materials [36]; and (v) hetero-
structure formation with noble metals [11]. Apart from the above reports, some 
reports on the superior performance of hexagonal CdS as compared to the Cubic 
phase of CdS [49] are also known. They attributed the superior performance to the 
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Fig. 15.2 Schematic illustration of various applications of CdS-based PEC sensors for chemical 
and biological detection

high crystallinity of the hexagonal phase (with low defects density), which in turn 
reduced the unwanted charge recombination process. Li et al. [53] proved this fact 
by synthesis of hexagonal three-dimensional CdS nanostructures and compared its 
performance with cubic CdS nanoparticles. Additionally, this has also yielded a 
high absorption of light, large surface area and efficient charge transfer in hexagonal 
CdS. Further, Bao et al. [6] fabricated CdS nanorods those displayed wide range of 
light absorption and output photocurrent. Wang et al. [97] synthesised novel nano-
composite of CdS decorated ZnO-graphene oxide for Cu2+ detection. The study 
reported a low detection limit of 0.03 μM and wide linear concentration range from 
0.2 μM to 1 mM with high selectivity and stability. Cao et al. [9] reported the CdSe 
quantum dots co-sensitised ZnO-CdS nanostructure for Pb2+ ions detection. The 
novel structure displayed a linear relation between ‘photocurrent variation’, versus 
the ‘logarithm of Pb2+ concentration’ yielding a detection limit of 3.4 × 10−10 M. Yu 
et al. [117] studied the dual Z-scheme CdS/Bi2S3/BiOCl composites for highly sen-
sitive detection of alkaline phosphate, that has exhibited detection limit of 
0.06  U  L−1. Mao et  al. [62] reported a heterojunction of polymer dots and CdS 
quantum dots to form a molecularly imprinted polymer photoelectrochemical (MIP- 
PEC) sensor. The MIP-PEC sensor showed a linear range from 0.01 to 1000 ng mL−1 
with a detection limit of 6.5 pgmL−1 for α-Solanine. CdS sensitised BiVO4/GaON 
composite was prepared to constitute a sensitive sensor for the photoelectrochemi-
cal immunoassay of procalcitonin, establishing a linear relationship in range of 0.1 
pgmL−1–50 nmL−1, and the detection limitation of 0.03 pgmL−1 [45]. Wu et al. [107] 
demonstrated a highly sensitive photoelectrochemical sensing of copper (II) ions by 
pulsed electrodeposition of CdS on ZnO nanorods for detection of Cu2+ ions. Wang 
et al. [103] fabricated a visible-light active photoelectrochemical sensor based on 
CdS quantum dots, graphene and molecularly imprinted polypyrrole (MIP) on an 
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FTO electrode. The heterostructure sensor was used for sensing of 4-aminophenol 
and exhibited a detection limit (3S/N) of 2.3 × 10−8 molL−1. Wu et al. [106] synthe-
sised a CdS/Bi2O2.33 direct Z-scheme heterojunction for photoelectrochemical sens-
ing of Hg2+ ions. Similarly, heterojunction of CdS with ZnO, TiO2, WO3 and Fe2O3 
were fabricated and showed remarkable sensing capabilities for the detection of 
various entities [20, 82, 92, 99]. Carbon nitride (g-C3N4) sensitised with CdS QDs 
was developed as an efficient photoactive material for PEC tetracycline (TET) 
determination [56]. Similarly, the band-gap alignment of the CdS/RGO/ZnO het-
erostructure in the PEC bioanalysis of glutathione (GSH) demonstrated excellent 
performance and enhanced the mobility of electron–holes [129]. Moreover, Zhang 
et al. [122] exploited a dual operation of PEC sensing for Cd2+ and Cu2+ ions using 
Zn-doped CdS-photoactive materials. Au-decorated CdS nanoparticles were 
explored for detection of Cu2+ ions, which shows improved performance due to the 
plasmonic effect [35]. Li et al. fabricated C3N4@CdS QDs for sensitive detection of 
Hg2+ ions and demonstrated good linear range of 20–550 nM, with a detection limit 
of 12 nM [48]. The group elaborated on the charge transfer process involved in the 
heterostructure-based sensor and explained that internal electric field formed 
between the g-C3N4 and CdS monolayers suppresses the e-h recombination and thus 
improves the photocurrent (as shown in Fig.  15.3). Wang et  al. studied the 

Fig. 15.3 Schematic diagram showing (a) working of PEC sensor and (b) charge-transfer process 
involved in g-C3N4@CdS based PEC sensor. (Reprinted with permission from Li et  al. [48]. 
Copyright 2020: Elsevier Publishing)
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CdS-sensitised hydrogenated TiO2 nanorod arrays and demonstrated its linear 
detection range from 0.8 nM to 82.0 μM, with the detection limit of 0.3 nM for cop-
per ions detection [100]. Liu et al. [55] constructed a novel CuS/CdS p-n junction 
for the detection of copper ions. The sensor demonstrated a low detection limit of 
0.1 nM, and a detection range from 0.2 nM to 60 μM, owing to the formation of p-n 
junction between CuS and CdS and the component transformation of CdS to Cux. 
Ibrahim et  al. [33] reported the CdS  nanorods modified with Au and graphene 
quantum- dots-based PEC sensor for the detection of copper-ions and observed a 
detection limit of 2.27 nM. In a similar kind of work, TiO2 nanotube arrays deco-
rated RGO/CdS electrodes showed a linear detection range from 0.1 μM to 10 mM, 
and a detection limit of 0.002 μM [47]. Li et al. [51] explored the Au-CdS composite 
thin films for PEC sensing of Hg2+ions that exhibited a low limit of detection 
of 2.5 μM.

15.2.1.2  CdSe

The next important semiconductor material under the present category is CdSe. It 
possesses a bandgap of 1.7 eV. Its conduction band minimum is higher than that of 
CdS whereas valance band maximum is also higher than CdS. Li et al. [52] fabri-
cated CdS/CdSe core/shell nano-wall arrays where the morphology was controlled 
via precursor solution concentration. Such core–shell nanostructures showed 
extended light absorption throughout visible range, and an improved photocurrent 
that increased from original 3.78 to of 8.3 mA/cm2. Similarly, He et al. [26] synthe-
sised CdSe QDs decorated ZnIn2S4 nanosheets for PEC sensing of adenosine tri-
phosphate. The heterojunction triggered “OFF–ON” signalling strategy and 
demonstrated broad linear range of detection from 0.2 pM to 1 μM, with a detection 
limit of 0.1 pM. Zhong et al. [135] studied the dual photocurrent signal-based PEC 
immunosensor fabricated by MIL-101(Cr) and CdSe QDs-based composite elec-
trode. The electrode depicted the limit of detection of 0.082 and 0.054 ng mL−1, 
when it is used as an anode and cathode, respectively. Dashiton et al. [12] reported 
polydopamine-coated CdS/CdSe/Zn heterojunction for the detection of l- 
phenylalanine. The interface between the Zn marigold flower layer and CdS/CdSe 
heterojunction as well as n-type characteristics of polydopamine improved the light 
trapping and absorption in the visible range and reduced the charge carrier recom-
bination that boosted the performance of PEC sensor. The heterostructure exhibited 
wide linear range of 0.005–2.5 μM and 2.5–130 μM and a low detection limit of 
0.9 nM. Li et al. [46] employed CdSe QDs and TiO2 complex for thrombin detec-
tion, which depicted exceptional performance with a wide linear range from 1.0 to 
100.0 nM and detection limit of 0.331 fM. Meng et al. [65] reported DNA-linked 
CdSe quantum dots/amino-functionalised graphene quantum dots for DNA essay. 
The “Z-scheme” system has shown a linear range of 1 aM–100 pM with detectable 
limit of 0.1 aM. CdSe quantum dots sensitised Ho3+/Yb3+-TiO2 system was explored 
by Hao et al. [25] to construct a novel label-free PEC immune sensor for detection 
of Vibrio parahaemolyticus. These immune sensors demonstrated not only high 
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stability but also a short detection time over a wide detection range of 102–108 CFU/
mL. Cao et al. [9] studied CdSe/CdS/ZnO system for detection of Pb+2 ions and 
reported a wide linear range, good selectivity, and high sensitivity with a detection 
limit of 3.4 × 10−10 Mb. Xie et al. [109] reported CdSe@BiVO4 co-sensitised TiO2 
nanorods for detection of Carcinoembryonic Antigen, that demonstrated linear 
detection range from 0.01 to 50 ng mL−1 with detection limit of 0.5 pg mL−1. The 
modification of electrode extended the absorption range of TiO2 from ultraviolet to 
visible light region. Further, the suitable alignment of energy levels among TiO2, 
CdSe and BiVO4 accelerates the charge-separation and transfer of the photogene-
rated ions. Fan et al. explored CdSe nanoparticles sensitised La-doped TiO2 com-
posites for the quantitative detection of the prostate-specific antigen (PSA). These 
composite-based sensors demonstrated the detection of PSA in the range of 
0.05–100 pg mL−1 with a detection limit of 17 fg mL−1 [15]. Leng et al. [44] reported 
MoSe2/CdSe heterojunction exhibiting improved visible light absorption and a low 
recombination of photogenerated carriers. Such electrodes were used in PEC immu-
noassay for clinical diagnosis and found to exhibit a linear detection range, from 
0.0001 to 100 ng/mL with a detection limit of 28 fg/mL. Qin et al. [75] synthesised 
CdSe/TiO2 nanotube array microsensor for ultrasensitive in situ detection of dopa-
mine with a detection limit of 16.7 μM.  There are many other multicomponent 
systems made by using CdSe QDs- like CdSe/CdS/Pt/TiO2 nanotube array, CdSe 
quantum dot-functionalised TiO2nanohybrids, Mn:CdSe/Bi2WO6/CdS, TiO2/CdS/
CdSe, DNA–CdSe/TiO2, for the efficient PEC sensors with high sensitivity [16, 68, 
70, 110, 113].

15.2.1.3  CdTe

One-dimensional or nanostructured CdTe is a promising candidate for biosensing 
and optical applications due to its narrow band gap of 1.5 eV. Additionally, it also 
exhibits significant stability, suitable electrical conductivity, and shows an ease of 
forming the high surface area nanostructures [61]. Qin et al. [76] reported CdTe/
rGO/ITO photoelectrode to detect trace catechol that exhibited a wide linear range, 
low detection limit, and high sensitivity. Roushani et al. [80] utilised CdTe quantum 
dots (QDs) for selective detection of dopamine in the presence of ascorbic acid and 
uric acid. In a potential window of 0–350 mV, which corresponds to an electroactiv-
ity of only dopamine. This showed a detection limit of  8.27  ×  10−9  M and 
1.30 × 10−9 M by using square wave voltammetry and amperometry, respectively. 
Pang et al. [69] explored aligned ZnO@CdTe core–shell nanocable arrays/carbox-
ylated g-C3N4 to detect proprotein convertase subtilisin/kexin type 6. The photo-
electrode demonstrated a linear detection range from 10 pg/mL to 20.0 ng/mL with 
a detection limit of 2 pg/mL. Cai et al. [8] constructed CdTe/CdS co-sensitised TiO2 
nanotube array structure for the operation of label-free PEC immunosensor to detect 
octachlorostyrene. The PEC immunosensor has shown high sensitivity with a limit 
of detection of 2.58 pM, and a linear range from 5 pM to 50 nM. Some groups stud-
ied Ag nanoparticles coupled with CdTe quantum dots and reported high specificity 
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and sensitivity for PEC sensor [90, 127]. Shi et al. [37] studied ultrasensitive PEC 
apta-sensor by designing CdTe QDs on MoS2-CdS:Mn nanocomposites for Pb2+ 
detection. The fabricated PEC sensor demonstrated a low detection limit of 16.7 fM 
owing to the formation of G-quadruplex structure. Guo et al. [22] prepared a CdTe- 
BiOBr heterostructure that followed Z-scheme electron transfer and exhibited a lin-
ear range from 10 to 1500 pM with a low detection limit of 9.25 pM. Peng et al. [74] 
reported CdTe and nickel tetra-aminedphthalocyanine covalently linked with gra-
phene oxide for the detection of curcumin. The PEC sensor with composite elec-
trode has recorded linear detection range from 0.25 to 100 μM with a detection limit 
of 12.50 nM.

15.2.1.4  Other Chalcogenides

Zinc chalcogenides systems were also studied for the fabrication of PEC sensors, 
owing to their varied band gaps that renders them light absorption under ultraviolet 
and visible light region. Wang et al. [101] studied the effect of ITO/ZnS-HgS elec-
trodes for detection of Hg2+ions that demonstrated a linear detection range from 
1 × 10−11 to 1 × 10−6 M, with a detection limit of 2 pM. Hollow photoelectrodes of 
ZnS–CdS nanocage were synthesised and utilised in a PEC sensor for sensitive 
detection of oxytetracycline (OTC). The PEC sensor has shown linear relationship 
with OTC concentration from 1  nmol  L−1 to 3 μmol  L−1 with detection limit of 
0.10 nmol L−1 [3]. Zhang et  al. [120] fabricated bead chain-like Ag2S integrated 
with ZnS coated onto the ITO for the analysis of mercury. The electrodes depicted 
efficient performance with concentrations ranging from 0.010 to 1000 nM and a 
detection limit of about 1.0 pM. Xu et al. [111] employed the assembly of Au/ZnS 
nanoparticles as electrode for detection of copper-ions. The PEC sensor exhibited 
linear detection in range from 1 nM to 1 μM with detection limit of 0.5 nM. Similarly, 
some researchers have explored ZnSe hybrid nanostructured electrodes for applica-
tion in PEC sensors. For example, Au/ZnSe/ZnO heterojunction and ZnSe–CdSe/
SiO2 core–shell electrodes were used for the detection of ascorbic acid and copper- 
ions [5, 98]. ZnSe-sensitised ZnO heterostructures were reported by Sunaina et al. 
[91] for photo-detector applications. The ZnO-ZnSe heterostructures-based photo-
detector generated fast rise and decay time of 23 and 80 ms, respectively, and a high 
photo-responsivity of 91.25 mAW−1.

15.2.1.5  II–VI Semiconductor-Based Quantum Dots

Quantum dots (QDs) of II-VI semiconductors like CdS, CdSe, HgS, ZnS and ZnSe 
[14, 67] have been extensively explored for numerous decades owing to their unique 
physical and chemical properties. When light is incident on the semiconductor QDs, 
it produces electrons and holes in their conduction band and valence band, respec-
tively [104]. The size-dependent bandgap tuning, large surface area, fluorescence 
emission, quantum confinement effect and unique surface chemistry make QDs 
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Fig. 15.4 Schematic illustration showing charge transfer process involved after illuminating a QD 
electrode. (Reprinted with permission from Tanne et al. [93]. Copyright 2011: American Chemical 
Society)

very suitable for biological labelling [64]. The steps involved in the charge-transfer 
process of QDs are shown in Fig. 15.4. In this context, CdSQDs were explored in 
PEC sensors by Grinyte et al. [21] for Cu2+ ions detection, but it demonstrated poor 
performance due to higher rate of recombination of charge carriers. Soon after that 
many efforts were made to enhance the performance of QDs by surface modifica-
tion or other material integration. Wang et al. [102] developed a visible PEC sensor 
by using CdS QDs decorated B-TiO2 NR arrays for sensitive detection of cellular 
H2S. There are few reports suggesting the construction of graphene-assembled CdS 
QDs, that improved the efficiency of PEC sensors dramatically [86, 124]. In a simi-
lar work, graphene-like g-C3N4/CdS QD were synthesised to be used as a photoac-
tive material to enhance the output photocurrent [133]. Mn-doped CdS (CdS:Mn) 
QDs were fabricated by Wu et al. [108] for cytosensing that increased the perfor-
mance of sensors as compared to the undoped counterparts, owing to introduction 
of d-bands with Mn2+ ions. There were few new ideas devised to further improve the 
performance of QDs as sensor material like “adding metal ions to QDs” and “cou-
pling CdS:Mn QDs with g-C3N4” [121]. There are many studies focused on differ-
ent combination of QDs with metal and semiconductor materials, yielding very 
potential for various sensing opportunities [127, 131].

15.2.2  Other Materials

15.2.2.1  Metal Oxides

Metal oxides are very important class of materials for various sensing and solar 
applications due to their favourable band-gap alignment, ease of synthesis, stability, 
eco-friendliness, optoelectronic nature, and chemical properties [118]. Moreover, 
these properties can be easily regulated by synthesis condition that can be controlled 
by size, surface [89] features, morphology, roughness etc. Among metal oxides, 
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TiO2 and ZnO have received enormous interest in the construction of PEC sensors. 
TiO2 is one of the most studied materials in various fields since the pioneering work 
of Fujishima in 1972 [19]. Due to its remarkable properties like low density, higher 
surface area, large strength-to-weight ratio, biocompatibility, excellent catalytic 
efficiency, higher stability and corrosion resistance; TiO2 is used in wide sectors 
including photocatalysis, solar cells [57, 88, 89], PEC hydrogen generation [79], 
batteries [23], sensors [4], biological and chemical coatings and drug delivery [32]. 
But due to wide band gap of these metal-oxides, their absorbance edge lies in the 
UV region and photosensitivity is limited to 5% of solar spectrum. Moreover, bio-
logical systems are sensitive to exposure of UV light. The holes generated by the 
illumination of these semiconductors have strong oxidising power, that can cause 
undesired damage to biomolecules [13]. Therefore, various strategies like nano-
structuring, doping and formation of heterostructure, have been adopted to improve 
the visible activity and safety of biological system [77].

ZnO is another most studied metal oxide, that is more preferred in bioanalysis 
owing to higher electron mobility, large exciton temperature, biocompatibility and 
photocatalytic nature [41]. Various ZnO nanostructures like nanorods, nanotubes, 
nanowires, nanoflowers, hollow nanospheres, etc., have been studied [27].

Recently, many other metal-oxides are also being studied like SnO2, WO3, PbO, 
CuO, Fe2O3 Co3O4, BiVO4, etc. [13]. Especially, SnO2-employed PEC sensors are 
gathering special attention due to its high electron mobility, low cost, eco- 
friendliness, high thermal and chemical stability [114].

15.2.2.2  Carbon-Based Materials

Semiconductor material usage in the PEC sensors is limited by their conductivity, 
hole mobility, strong oxidation capacity (harmful for biomolecules), wide band-
gaps, and instability due to photocorrosion [58]. Carbon-based nanomaterials like 
graphene, fullerenes (C60), graphene oxide, etc., have been studied extensively in 
the field of photovoltaics, fuel cells, water splitting, and sensors owing to their 
absorption band covering whole UV-Vis spectrum, strong electron-accepting capac-
ity, long-lived triplet excited state, high photon-electron conversion efficiency, and 
tunable photocurrent responses controlled with various functional materials [33, 
48]. Hu et  al. [29] demonstrated carboxylated multiwalled carbon nanotube 
(MWNT)-Congo red-C60 material for detection of carcinoembryonic antigen. 
Recently, graphene quantum dots (GQDs) were synthesised by reducing graphite 
layer into a mono-atomic layer (lattice distance of 0.23 nm) planar sheet of graphite 
[134] and used as fluorophores in bioimaging showing their light reception ability. 
In a similar work, GQDs/Si NWs were used to detect microcystin-LR in a PEC 
immunosensor [94]. The study revealed that GQD/SiNW electrode exhibited better 
PEC performance than SiNWs in the linear range from 0.1 to 10 μM, with a limit of 
detection of 0.055 μM. Among carbon-based materials, g-C3N4, has appeared as a 
significant polymeric semiconductor material in PEC sensors. It has a band gap of 
2.7 eV and shows some remarkable qualities like desirable electronic structure, out-
standing biocompatibility and low toxicity.
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15.2.2.3  Dichalcogenides

Among various materials, transition metal dichalcogenides (MoS2, WS2) play sig-
nificant role as photocatalytic material owing to their electrical conductivity, high 
catalytic activity, tunable bandgap, high surface area and favourable crystal struc-
ture [38]. MoS2 possesses a highly desirable lamellar structure, high carrier mobility 
of >30,000 cm2 V−1 s−1 with small bandgap of 1.2–1.9 eV, which makes it suitable 
for its application in PEC sensors [38]. On the other hand, WS2 possessing a band-
gap of 1.35–2.05 eV, in the form of composites, are also studied extensively in PEC 
sensors [60].

15.2.2.4  Hybrid Materials

Dual-sensitised materials are also proved to be more beneficial as compared to 
single- sensitised structures owing to their maximum light absorption, fast charge 
transfer and higher photocurrent generation [54]. For example, TiO2/CdS and TiO2/
CdSe electrodes demonstrated power conversion efficiency of 1.15% and 1.24%, 
respectively, whereas co-sensitisation of CdS and CdSe, both exhibited 2.90% [42, 
43, 89] of efficiency. Metal nanoparticles also known as plasmonic particles, when 
combined with metal oxide systems, introduces new functionalities thereby impart-
ing enhanced physical and chemical properties to the hybrid structure [13]. The 
higher performance of the metal-modified materials could be attributed to their 
enhanced absorption due to surface plasmon resonance, the formation of Schottky 
barrier that facilitates suited charge separation, the increase in the conductivity by 
virtue of metal nanoparticles, and exciton-plasmon interaction, which is favourable 
for PEC sensing.

15.3  Applications of PEC Sensors-Detection of Heavy 
Metal Ions

Metal-ions are known to be beneficial as well as dangerous for the human body and 
ecosystem, depending on their concentration [126]. Generally, metal-ions in trace 
levels are indispensable for cellular functions and natural systems, but existence 
above certain limit, causes dysfunctional cytological/physiological effects [130]. 
Heavy metals, having atomic weights between 63.5 and 200.6 g mol−1 and a specific 
gravity of more than 5 g cm−3, are regarded as highly toxic. For example, Cu, Fe, 
Mn, Co and Zn [95] are essential for basic biological activities in low concentra-
tions, whereas causes toxicity in excess, on the other hand- Pb, Hg, Cr, Cd and As 
[73] are dangerous even at low concentrations. These categories of heavy metals are 
non-biodegradable, and their accumulation poses threat to the biosphere. So, their 
detection and removal from the natural system is a significant task [63]. In this 
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section, some of the heavy metals, their properties and side effects are discussed, 
with specific emphasis on PEC-based detection.

15.3.1  Lead (Pb) Ions

Lead (Pb) is known to be the most plentiful poisonous heavy metal that is harmful 
to all the organs of human body, especially nervous system. It can enter any system 
through inhalation, digestion, or direct contact. In the human body, during nerve 
conduction, lower levels of Pb interferes with ion channels that can affect cognition. 
Moreover, Pb has the ability to decrease the heme production, and stimulate the 
generation of reactive oxygen species, which may damage the lipids and DNA con-
stituents. Li et al. synthesised TiO2nanorod arrays on FTO substrates by a hydro-
thermal method for PEC sensing of Pb2+-ions [50]. Due to direct oxidation process 
on electrode surface, as shown in the reaction (15.1), Pb2+ ions could be detected at 
nano-molar level. Luo et al. studied PbS nanoparticles (NPs) decorated TiO2 nano-
tubes [59]. The fabricated PEC sensor displayed a high selectivity for metal-ion 
detection within a broad linear range from 10−8 to 10−5 M, and low detection limit 
of 0.39 nM:

 Pb PbO2
2 22 2 4� � �� � � �h H O H  (15.1)

Chen et al. [10] studied Bi2WO6-reduced graphene oxide nanocomposites GO, 
which displayed an enhanced photocurrent density approximately 2.7 times as com-
pared to that of pure Bi2WO6. It could be attributed to the efficient charge separation 
and an improved visible light absorption. The PEC sensor exhibited a linear rela-
tionship between the photocurrent density, and the logarithm of the Pb2+-ion in the 
broad range from 0.01 to 50 μM, and with a detection limit of 3.3 nM. Zang et al. 
[119] devised a “signal-on” PEC sensing strategy for selective detection of Pb2+-
ions using reduced graphene oxide and resonance energy transfer between CdS 
QDs and gold NPs. The PEC sensor displayed a linear relationship between photo-
current and the logarithm of Pb2+ concentration in the broad range of 0.1–50 nM 
with detection limit of 0.05  nM.  Zhang et  al. [123] designed a flower-like ZnO 
nanostructure for detection of Pb2+-ions that depicted a linear relationship between 
photocurrent and Pb2+ concentration over the broad range from 0.5 to 20 nM, with a 
detection limit of 0.1 nM.

15.3.2  Mercury (Hg) Ions

Among other known heavy metals, mercury (Hg) is highly toxic to the human body 
and biosystem, which is commonly found in nature through ‘stationary and waste 
disposal combustion’, gold and non-ferrous metal production and cement 
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production. Hg exposure through inhalation, digestion leads to disorder related to 
brain, central nervous system, immune system, cognitive and motion. The PEC sen-
sors displayed an outstanding outcome with a 6-order wide linear range of 
1.0 × 10−9 − 1.0 × 10−3 M, and a detection limit of 0.3 × 10−9 M. Wang et al. [103] 
synthesised Cysteine-capped ZnS QDs/ FTO that formed p-n junction-based PEC 
sensor by in situ formation of HgS, for detection of Hg2+ions. The formation of p-n 
junction promoted the charge transport and lead to an efficient electron-hole separa-
tion. The PEC sensor displayed a linear relationship between photocurrent and Pb2+ 
ion concentration in the broad range of 0.01–10.0 μM with a detection limit of 
4.6 × 10−9 mol/L. Zhang et al. [121] reported GO-ZnO-CdS hybrid electrode-based 
PEC sensor by simple hydrothermal method that displayed a linear relationship in 
the range of 5 pM-500 pM with the detection limit of 1:5 pM. A novel PEC sensor 
was constructed using CdS QDs and Au NPs by Han et al. [24]. The photocurrent 
was enhanced and sensor has shown remarkable performance with linear relation-
ship in the range from 3.0  ×  10−9 to 1.0  ×  10−7  M, with the detection limit of 
6.0  ×  10–10  M  [24]. Zhao et  al. [131] synthesised TiO2/CdS hybrid structure by 
depositing CdS QDs on TiO2 thin films. The hybrid structure enhances the absorp-
tion of electrode in visible range and improves the charge transfer process. The PEC 
sensor recorded linear relationship between photocurrent variation and logarithm of 
Hg2+ions in the wide range 10 fM to 200 nM, with a detection limit of 3.3 fM. Bagheri 
Hariri et al. [2] synthesised Au–Pt NPs on indium tin oxide by electrodeposition 
method for the detection of Hg2+ heavy ions in water samples with high sensitivity 
of 2.08 μA nM−1.

15.3.3  Chromium (Cr) Ions

Chromium (Cr) compounds are found in various oxidation states like Cr(III) and 
Cr(VI), which are most stable states, while Cr(I), (II), (V) and (IV) are rare. They 
are usually contained in daily usage products like dyes, paints, and leather tanning, 
etc. Though Cr(III) is essential for human health, exposure to Cr(VI) may hinder 
enzymes, change metabolic pathway and cause lipid peroxidation. Li et  al. [53] 
constructed TiO2 photoanode-based indirect PEC sensing system where quercetin 
acted as both the electron donor and photosensitiser. The PEC sensor worked effi-
ciently for sub-nanomole level detection of Cr(VI) ions with a detection limit of 
0.24 nmolL−1. Siavash Moakhar et al. [84] fabricated single crystal TiO2nanorods 
decorated with Au nanoparticles that displayed the highest sensitivity of 
13.94 μA μM−1 for Cr(VI) detection with a wide linear concentration range from 
0.01 to 50 μM and low detection limit of 0.006 μM. Figure 15.5 shows the morphol-
ogy and mechanism of chromium detection using Au/TiO2nanorods. When the elec-
trode is illuminated, due to localised surface plasmon resonance (LSPR) effect hot 
electrons generated in Au NPs are transferred into the CB of TiO2. In addition, 
photogenerated electrons are produced in the CB of TiO2. This generation of elec-
trons was used for the reduction of Cr6+ to Cr3+. The same group also studied 
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Fig. 15.5 (a) Morphology of Au NPs/TiO2nano rod arrays (NRAs); (b) TEM and HRTEM images 
of Au NPs on TiO2; (c) Schematic mechanism for PEC sensing of Cr6+; (d) Selectivity test of PEC 
sensor (from A to P: 10 mM Cr3+, 4 mM Fe3+, K+, Mg2+, Ca2+, Zn2+, Pb2+, Hg2+, Cd2+, NO3−, Cl−, 
S2O3

2−, VO3−, MnO4−, MoO4
2− and WO4

2−). (Reprinted with permission from Shi et  al. [83]. 
Copyright 2019: Elsevier Publishing)

screen- printed TiO2 electrodes for direct determination and reduction of hexavalent 
chromium, which exhibited a linear concentration range from 0.01 to 100 μM with 
a very low detection limit of 0.004 μM and high sensitivity of 11.88 μA.μM−1 [85]. 
The PEC sensor displayed linear relationship over the range from 0.01 to 100.00 ppb 
with a detection limit of 0.006 ppb.

15.3.4  Cadmium (Cd) Ions

Cd (II) is another exceptionally toxic and carcinogenic metal that inhibits important 
enzymes and can cause damage to liver and kidney. It is also known to increase the 
risk of cardiovascular diseases and cancer mortality. In a similar kind of study, 
Wang et al. studied the in situ electrodeposition of CdS on ZnO nanorods on ITO 
substrate [96]. Analysis of CdS/ZnO electrode revealed that the thickness of CdS 
could be varied by changing the concentration of Cd2+ ions which thereby affected 
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the output photocurrent of the sensor. A linear relationship between the photocur-
rent variation and Cd2+ concentration was obtained in the range from 0.01 to 5 mM 
with a detection limit of 3.3 μM. Zhang et al. [122] carried out an in situ electrode-
position of Zn-doped CdS-based film for PEC detection of two different metal ions 
(Cd2+ and Cu2+) on the common platform. The PEC sensor displayed a linear range 
of 10−9–10−2 M and 10−8–10−4 M, with a detection limit of 0.35 and 3 nM for detec-
tion of Cd2+ and Cu2+, respectively.

15.3.5  Copper (Cu) Ions

Cu is considered as third most abundant element which is essential for all creatures 
in trace amount as a dietary mineral in the human system. It catalyses various bio-
logical processes such as heme synthesis/iron absorption and is useful in regulation 
of several proteins and enzymes. However, ingestion of large amount of Cu can be 
highly toxic to affect the cellular processes thus leading to neurodegenerative dis-
eases, vital organ (like liver/kidney) failure and DNA damage. Huang et al. prepared 
SnO2/CdS heterostructure films on fluorine-doped tin oxide for its application in 
selective PEC sensing of Cu2+ ions, where the films were deposited by SILAR 
method [30]. The Cu2+ ions sensing was dependent on the interaction between cop-
per ions and CdS, where the film was immersed in the solution containing Cu2+ ions 
for 5 min. The linking of Cu2+ and S2− on the electrode surface resulted in decrease 
of the photocurrent and the extent of decay in the photocurrent could be correlated 
to concentration of Cu2+ in the sample solution. The above designed PEC sensor 
displayed considerable selectivity with the detection limit of 0.55 μM, and detection 
range from 1.00 to 38.0 μM. Yan et al. fabricated various CdxZn1−xS- reduced gra-
phene-oxide nanocomposites by one-pot reaction. Cd0.5Zn0.5S–rGO nanocomposite 
showed the best performance, where the photocurrent was found linearly propor-
tional to the logarithm of the concentration of Cu2+ ions in a wide linear range of 
0.02–20 μM, and with a low detection limit of 6.7 × 10−9 M [112]. Shen et al. [82] 
designed ZnO/CdS hierarchical nanospheres for PEC sensing of Cu2+ ions. The 
enhanced light scattering phenomenon was observed due to ZnO nanospheres, and 
the heterojunction between CdS and ZnO improved light absorption and charge-
separation of electrodes, which in turn provided high sensitivity. Tang et al. [92] 
synthesised Fe2O3–CdS nanopyramid heterostructures for PEC sensing of Cu2+ ions. 
The performance of the PEC sensor was improved owing to its excellent flexibility, 
high surface area of 87 m2/g, and large pore size of 20 nm that resulted in an effi-
cient charge transport and provided an increased population of active electrochemi-
cal sites. Foo et  al. [17] fabricated reduced graphene oxide/cadmium 
sulphide- modified carbon cloth through aerosol-assisted chemical vapour deposi-
tion (AACVD) method. The PEC sensor depicted photocurrent response linearly 
dependent on concentration of Cu2+ ion over wide range from 0.1 to 1.0 μM and 1.0 
to 40.0 μM with a detection limit of 0.05 μM.
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15.4  Conclusions

In this chapter on the PEC sensor, we have conspicuously and briefly elaborated on 
principles, mechanisms, material advances and application-related aspects. It is pre-
sented that the PEC sensors category possess a very high potential to show signifi-
cant performance improvement for detection of much-desired chemical and 
biological species. Nonetheless, further there is a lot of scope for improvement in 
PEC sensor performance in terms of amplification, stability of signal, reduce toxic-
ity, enhanced selectivity and sensitivity and miniaturisation. CdS-based PEC sen-
sors play a significant role in the detection of multiple contaminants but offer 
toxicity problem and possible release of metal ions. The problem of material toxic-
ity can be reduced by introducing less-toxic materials, such as fluorescent metal 
nanoparticles, carbon- or Zn-based materials in combination with CdS. Rigorous 
efforts are required to design CdS nanocomposites and heterostructures those could 
enhance the electronic properties of sensor material, and improve the magnitude of 
overall output signal of PEC sensor. Moreover, research on suitable photocatalytic 
materials is required which would result in high external quantum efficiency and 
sensitivity-based PEC sensors. In addition, there is a requirement of in-depth inves-
tigation of nanostructures-biomolecule interfaces so that simpler biomolecular 
immobilisation strategies could be designed. This would lead to industry-scale 
implementation of high-efficiency and sustained stability PEC sensors. Accordingly, 
the future objectives should be designed not just to improve the sensitivity of PEC 
sensors, but also adopting integrated detection devices and the steps that would 
inherit the scope of developing the multidisciplinary technologies involving reus-
able sensing components, substitutable electronics, micro-nano processing, and 
additive manufacturing/production. Commercial viability of the PEC sensors can 
further be increased by imbibing dual functionality to them, such as ability of simul-
taneous detection and removal of targeted metal ions. There is wide scope for fur-
ther research and development of strategies to detect various metal ions viz. arsenic, 
zinc, iron, manganese, tin, etc., and also the simultaneous detection of multiple 
metal ions. Metals with various oxidation states show distinct physiochemical prop-
erties hence a selective differentiation of these metal-ion species can be a valuable 
asset for PEC sensors. Highly robust PEC sensors with reusability and mass produc-
tion capability are thus highly required. This could tackle important problems asso-
ciated with real-time applications like monitoring of water bodies, or detection of 
metal ions in biological samples like living systems, saliva, urine, blood, etc.
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Chapter 16
II–VI Semiconductor-Based Optical 
Temperature Sensors

Nupur Saxena and Pragati Kumar

16.1  Introduction

Temperature is a fundamental quantity which comes across us here and there in 
everyday life. Recently, during the crucial situations of the COVID-19 pandemic, 
thermal scanners were the most reliable devices to detect body temperatures of 
affected people in mass gatherings like at airports, malls, railway stations, etc. [1]. 
Thanks to our ancestor’s scientists that they had identified this important physical 
quantity and devised many thermometers, sensors, detectors, scanners, etc., that can 
work in different range of temperatures, measure it and save human lives. Their hard 
work is paid off in various aspects of life whether it is medical, household, engineer-
ing, industries or any other. However, the thirst never ends and with the inception of 
new technologies, the modes of temperature sensing also advance [2].

Optical sensing of temperature is one of the fields that facilitates non-contact 
thermometry. It has its own advantages like faster operation, immunity to electrical 
fluctuations and noises, reliability, high sensitivity, etc. This chapter deals with the 
application of II–VI compound semiconductors with different morphologies in opti-
cal temperature sensing. There are a number of optical methods that offer easy and 
effective temperature detection through a wide range. The following subsection will 
detail the principles of methods for optical thermometry.
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16.1.1  Principles (Methods) of Operation and Figures of Merit

The optical temperature sensors (OTP) have been devised using a number of meth-
ods in which different optical properties were measured with respect to changes in 
temperature. Besides, a number of measured quantities can be altered with tempera-
ture in one method and a temperature sensor (TS) can be realised using one or more 
parameters. For clarity, let us start with luminescence-based TS, further methods 
will be taken one by one.

Luminescence thermometry is a versatile technique for the measurement of tem-
perature. The first indication of using luminescent materials for thermal sensing was 
reported in the early twentieth century by Nuebert [3]. Luminescence temperature 
probe is used to diagnose the temperature of a material by incorporating it into the 
material. Luminescence thermometry is based on the particular parameter of lumi-
nescence, that is, intensity, bandwidth and lifetime from which the thermal reading 
can be extracted. Based on these parameters, luminescence thermometry is divided 
into sub-classes:

Intensity: The temperature of the material can be determined by examining the 
temperature-dependent luminescence from that material. The number of photons 
emitted per second from the material varies with the change in temperature and thus 
causes a more or less intense spectrum. This variation in the luminescent intensity 
generally causes by the thermal activation of luminescence quenching mechanism 
and non-radiative decay probabilities. At elevated temperatures, the excitation of 
electrons within the excited state occurs which promotes non-radiative transitions to 
ground states and vice-versa. The figures of merit (FOMs) in this case are deduced 
as follows [4].

A linear function ln lnP
kT

A� � �
�

 can be derived by the variation of integrated 

intensity with temperature as per the equation: I
B

AeT kT
�

��� / 1
,  where A and B are 

constants, ε is the activation energy, k is the Boltzmann constant and P = (B/IT) − 1. 
These constants can be determined by fitting the experimental data and a linear fit is 
obtained. The sensitivity of the sensor can be obtained by this linear fit as the rate of 
change of intensity with respect to change in temperature.

The sensitivity of intensity-based TS is deduced from the slope of the linear fit 
and described as the rate of change of intensity with respect to the change in tem-
perature whereas the average sensitivity can be obtained by the relation ΔI/ΔT, 
where ΔI is the change in ln P, with respect to the change in temperature ΔT. The 
resolution of the TS is obtained using the resolution of the detector and the com-
puted sensitivity.

Peak wavelength shift and full width at half maxima (FWHM): The peak 
wavelength is directly related to the band gap of the material that varies with tem-
perature through Varshni relation [5]:
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where Eg0 is the energy gap at absolute zero, while α and β are material constants 
termed as Varshni coefficients that define the sensitivity, that is, temperature depen-
dent linear shift in the bandgap and the Debye temperature, θD, respectively. The 
experimental data are fitted with the equation and the parameters can be obtained [6].

In case of FWHM, line broadening is considered which is due to two reasons: (1) 
inhomogeneous and (2) homogenous. The complex Voigt or a simple Lorentz fitting 
of PL spectra gives the homogenous part at higher temperatures. The electron–pho-
non processes viz. exciton scattering with acoustic and longitudinal optical (LO) 
phonons which cause the broadening in the FWHM, Γ, with rising temperature is 
given by [7]:
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where Γinh is term for inhomogeneous broadening, γAC is the exciton–acoustic pho-
non scattering coefficient, ΓLO stands for the exciton–LO phonon coupling strength, 
ELO is the LO-phonon energy = 25 meV for CdSe QDs, and kB is the Boltzmann 
constant. The term for inhomogeneous broadening in (16.2) is responsible for the 
morphology and composition of the QD. The other two terms belong to exciton–
phonon interactions.

In order to use surface plasmon resonance (SPR) technique in temperature sens-
ing, the sensing layer of a large thermo-optic coefficient should be used. The surface 
plasmons are excited by the evanescent field produced from the reflection of light 
from the interface between two dielectric mediums. Two basic configurations for 
the photon surface plasmon coupling are: the Otto and Kretschmann–Raether (KR) 
configurations [8, 9] and are shown in Fig. 16.1a, b. In the Otto configuration, the 
sensing target is limited by metal and prism air gap and the wave propagation con-
stant corresponding to the incident angle θ for this configuration is given as: 
K

c
e�

�
�p sin , where ep represents the dielectric constant of the prism, ω and c 

represents the frequency and velocity of incident light, respectively. Kretschmann 
modified the Otto configuration for the excitation of surface plasmons While in 

(a)
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Dielectric
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x y
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j

Fig. 16.1 (a) Otto configuration and (b) Kretschmann configuration for phonon surface coupling. 
(Adapted with permission from Ref. [11]. Copyright 2017: Nature Portfolio)
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Kreschmann configuration, the sensing layer is located between the metal layer and 
layer and the angle of incidence for the wave propagation is replaced by θres and thus 
is given by: K

c
e res�

�
�p sin  (Fig.  16.1a, b). The sensitivity of a SPR sensor 

depends on the shifting of the resonance angle with a change in refractive index of 
the sensing layer. Bruce et al. [10] demonstrated an SPR-based TS in which the 
change in the refractive index of dielectric coating with temperature produces TS.

Fluorescent Intensity Ratio (FIR) is a simple and straightforward technique to 
analyse the luminescence intensity data. In this technique, the fluorescence from the 
two closely spaced levels to a common lower level is governed by the appropriate 
wavelengths. The use of thermally coupled levels in the FIR method is that the 
population of the individually coupled levels is directly proportional to the total 
population and it is easy to detect the peak behaviour. The use of relatively closely 
spaced energy levels helps to reduce the effects due to the wavelength dependent 
that arises during the measurement. For an illustration, Fig. 16.2 predicts the two 
thermally couple levels of Er3+-Tm3+-Yb3+ codoped CaMoO4 phosphor in which two 
green bands do not overlap with each other but an increase in temperature results 
increase in the intensity ratio of the 2H11/2 →  4I15/2 to 4S3/2 →  4I15/2 transition. This 
signifies larger increment in the population of the 2H11/2 level at elevated tempera-
tures than that of the 4S3/2 level [12].

Typically, high signal-to-noise ratio is achieved by amalgamation of a periodic 
excitation with a phase-sensitive detector due to smaller intensity from the upper 
level at lower temperatures. An increase in temperature thermally excites the 
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Fig. 16.2 Thermally coupled levels of Er3+-Tm3+-Yb3+codoped CaMoO4 phosphor. (Adapted with 
permission from Ref. [12]. Copyright 2017: Institute of Physics Publishing)
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lower- state ions which increases the number of ions in the excited state N2. The 
temperature- dependent variation of the ratio of the two thermally coupled states R 
is described by Boltzmann distribution and is given as:

 
R

N

N

E

KT� �
�

2

1

Ce


 
(16.3)

where E is the energy gap between the two states, k is the Boltzmann constant, and 

T is the absolute temperature and C �
� �
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20 20

10 10
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, and σi0, ώi0 and gi are emission 

cross-sections, angular frequency of the radiation and degeneracies, respectively.
Here the number of ions in the lowered and excited state is governed by measur-

ing the fluorescence intensity originating from these two thermally linked states. 
The fluorescence intensity from particular energy levels of the impurity ion doped 
into the host matrix dependent upon several factors such as the dimension of the 
dopant added to the host matrix, method used for the excitation and the particular 
level of interest. The sensitivity of the TS can be calculated by using this FIR and is 
given by:
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16.1.2  Applications of Particularly Optical TS

Temperature is a non-additive quantity and had exceptional implications for its 
measurement and the creation of temperature scale. The exact measurement of tem-
perature is vital for the study of cellular processes like reaction metabolisms, cancer 
therapy and research in science and technology. Recent advances in nanoscaled 
thermometers make accurate measurements of temperature distributions at a 
nanoscale regime where conventional methods are unable to make measurements. 
Non-invasive accurate thermometers with high resolution at nanoscale are provok-
ing since from the last few years. TSs are the devices used to measure the tempera-
ture in various fields including medicines [13], electronics industry [14], 
petrochemical [15], textile [16], etc.

OTSs are suitable for use in sensitive industrial locations like boiler units, HVAC 
systems, energy and power stations, etc. Generally, in industries, there are many 
locations where humans cannot reach like boiler vessels. A surface-mounted, probe 
type TS is a best option for monitoring the temperature conditions there. Certain 
industries like mining restrict human movements due to unhealthy environment, 
release of toxic gases, extremely high temperatures, etc. In such cases, TS probes 
are inserted into the complex locations and temperature monitoring is possible. 
Besides, material processing industries like forging, casting, metallurgy, etc., 
require very high temperatures and hence OTSs can be useful due to their 
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Fig. 16.3 Schematic illustration of the preparation of the CuInS2/ZnS QD-micelles and their intra-
cellular and in vivo temperature sensing. (Adapted with permission from Ref. [18]. Copyright 
2019: Royal Society of Chemistry)

non- contact probe method. Moreover, applications like automobile, aircraft and 
aerospace engineering utilise TS probes in non-human locations.

In the medical field, OTSs are frequently used for diagnosing infected cells and 
their thermal therapies by analysing the dynamic behaviour of cells, that is, the 
emission behaviour of fluorescent materials as a function of temperature. Jiang et al. 
[17] measured the heat generation in human umbilical vein endothelial cells 
(HUVEC cells) using CdTe/CdS/ZnS QDs with a sensitivity of 0.16  nm/°C and 
demonstrated the biocompatibility of these QDs. In another report, Zhang et al. [18] 
employed CuInS2/ZnS QDs encapsulated by amphiphilic micelles for accurate mea-
surement of the intracellular temperature of HeLa and human prostate cancer cell 
line (PC-3) with a high thermal sensitivity of 2% °C−1 at near room temperature 
(Fig. 16.3). Similarly, CdSe/ZnS CShs QDs were used for thermal therapy of PC-3 
cells by Han et al. [19].

16.2  II–VI Materials for Luminescence-Based TS

Luminescence-based TSs are in particular realised with II–VI materials owing to 
their peculiar emission properties. The sharp and stable emission from II to VI com-
pound semiconductor QDs is highly desirable for such sensors. Moreover, the tem-
perature is an important factor that significantly alters the emission properties of 
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these materials. The detailed discussion on the peculiar emission properties of II–VI 
materials and the fabrication of luminescence-based TSs are presented in the subse-
quent sub-sections:

16.2.1  Importance and Suitability of II–VI Semiconductors 
for Luminescence-Based TS

II–VI materials are mostly direct band gap materials with energy band gap from 
0.02 to >4.0 eV, that is, the emission range is covered from ultraviolet to infrared 
spectrum. The confinement in II–VI nanostructures (NSs) such as nanoparticles, 
nanowires, nanorods, nanosheets, and nanocomposites leads to an increase in its 
band gap that lies well in the visible region and can be extensively used for emission- 
based devices. Tunability of optical properties of these NSs results in tuning the 
band gap or by selecting the size of the particles due to exhibiting of quantum con-
finement effect with dimensions below Bohr exciton radius, which leads to interest-
ing luminescence properties. II–VI NSs are extensively used in diverse applications 
ranging from optoelectronic devices and gas sensors to optical sensors [4, 20–25]. 
These materials are easy to synthesise using the chemical as well as the physical 
routes, stable under ageing and photo exposure and can be a host to wide range of 
dopants due to their affinity towards activators and magnetic elements.

The widely used approach to tune the emission range and improve the efficiency 
of sensing devices further is the incorporation of impurity atoms in host materials. 
The introduction of various activators as an impurity results in the emission of vari-
ous visible bands depending on the type and concentration of the impurity. The 
radiative efficiency of the impurity-induced emission increases significantly, which 
is essential for highly sensitive fluorescent sensors. As the dominating process in 
NSs-based sensors is emission quenching at high temperatures therefore initial high 
emission is must for highly sensitive and accurate sensing. Furthermore, doped NSs 
as well as their core-shell (CSh) structure provide a larger Stokes shift than conven-
tional ones, which are interesting from the perspective of their application as a 
luminescence- based TS [25, 26].

16.2.2  Single QDs and Core-Shell (CSh) QDs 
for Luminescence-Based TS

The concept of nanothermometery using QDs was established by Wang et al. [27]. 
They employed semiconductor nanoparticles of CdTe and doped nanoparticles of 
ZnS:Mn2+ that exhibited a reversible linear temperature response over the physio-
logical temperature range 30–50 °C and have potential for biomedical thermometry. 
The sensing resolution achieved was up to 0.02  °C.  They have also studied 
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double-doped QDs of ZnS:Mn2+, Eu3+ that displayed different temperature response 
for each dopant, due to the difference in transition properties of these dopants.

In order to improve the stability and tunability of single QDs, CShs are proposed 
and explored. Jaschinski and Wehner [28] reported a non-invasive technique for ther-
mometry using CdSe-ZnS CShs dissolved in bovine serum albumin (BSA). 
Temperature- dependent photoluminescence revealed a linear peak wavelength shift of 
653 nm peak with varying temperatures in the range from 30 to 70 °C. The observed 
sensitivity was 0.153 nm °C−1 on heating. A step further was taken by Park et al. [29] 
by doping Mn in CdS-ZnS CShs and achieved a ratiometric luminescence-based TS 
with sensitivity (ΔIR/IR = 0.5%/K at 293 K, IR = intensity ratio at two different wave-
lengths) linear in the temperature range from 77 to 380 K. In a successful intracellular 
thermal measurement for the biological study of cells and tissues, Zhang et al. [18] 
utilised the temperature dependence of luminescence intensity of CuInS2/ZnS CShs. 
They studied the intracellular and in vivo temperature sensing after encapsulation of 
these CShs by amphiphilic micelles (QD–micelles). Approximately 10.1 ± 2.5 nm 
QD-micelles exhibited an intense emission band at nearly 650 nm. A high thermal 
sensitivity of 2% °C−1 at near room temperature is achieved and found insensitive to 
the pH of the solution, ionic strength and concentration of protein. Their QD-micelles 
exhibited an intracellular thermal sensitivity of 2.0% °C−1 and 2.1% °C−1 in tumour 
tissue, as well as good linearity in the physiological temperature range of 0–60 °C. A 
new non-toxic nanoparticles of ZnS–AgInS2 (ZAIS) with two different compositions, 
that is, ZAISx = 0.4 and ZAISx = 0.9 were investigated for potential application as lumines-
cence-based TS by Matsuda et al. [30] and a temperature sensitivity of ca. 1%/K was 
achieved in the temperature range 293–353 K.

16.3  Embedded QDs Composites in CSh Matrix 
for Luminescence-Based TS

In order to further improve the stability of QDs and CShs, a matrix is very important 
to provide them mechanical robustness, better photostability, saturation on surface 
states and resistance against oxidation and moisture as well as decreasing toxicity 
for biomedical applications. CdS QDs were ablated with SiO2 and deposited on sili-
con substrate to form CdS:SiO2 nanocomposite thin films to realise a wide range 
(20–560 K) luminescence-based TS by Saxena et al. [4]. The sensor was based on 
the intensity and FWHM of the emission peak. This TS was reported with the high-
est average sensitivity of 10−2 K−1 and a resolution of 10−4 K, respectively, and a 
maximum relative sensitivity of ~8.4% K−1 at 120 K using intensity as the sensing 
method. Whereas, the FWHM sensing method yields an analytic sensitivity of 
~0.388 meV K−1 for this sensor. Figure 16.4a–d represents this vital TS ever reported 
to date.
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Fig. 16.4 (a) Room temperature PL of the CdS:SiO2 nanocomposite TS recorded at definite inter-
vals. Inset: Variation of PL intensity as a function of ageing time. (b) TEM image of CdS:SiO2 
nanocomposite. Inset: particle size histogram and SAED pattern. (c) Linear fitting to intensity as a 
function of inverse temperature. Inset: Variation of integrated intensity with temperature. The lin-
ear fit to the experimental data is represented by the red line. (d) FWHM variation with tempera-
ture. The solid curve represents fitting to the experimental data

In another attempt, CdSe(ZnS) CShs were suspended in a SiO2 dielectric matrix 
to form a nanocomposite by Pugh-Thomas et al. [6]. The variation of emission peak 
wavelength and FWHM with temperature in a range 295–525 K with a sensitivity 
of ∼0.11  nm  °C−1. CdTe/ZnS-SiO2 nanocomposites were investigated for 
temperature- dependent luminescence properties by Zhang et al. [31] in the range 
from room temperature to 80 °C. Figure 16.5 depicts a schematic representation of 
the preparation of CdTe/ZnS-SiO2 nanocomposites, while temperature-dependent 
PL is presented in heating and cooling cycle in Fig. 16.5a, b, respectively. Table 16.1 
summarises different types of morphologies employed for luminescence-based TSs 
using II–VI materials.
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dependent PL in (a) heating and (b) cooling process. (Adapted with permission from Ref. [31]. 
Copyright 2021: Elsevier)

Table 16.1 Luminescence-based TS utilising II–VI QDs, CShs, Embedded QDs/CShs, 
nanocomposites, etc

II–VI materials and 
morphology Sensing method Sensitivity

Temperature 
range References

CdSe in aqueous solution
CdTe in aqueous solution

Lifetime decay −0.08%
−0.17%

20–50 °C [32]

CdS-Zn: Mn2+ in solution Intensity 
ratiometric

0.5% 77–380 K [29]

ZnS:Mn2+ in solution
ZnS:Mn2+, Eu2+ in solution

Intensity −0.25%
−0.55

303–423 [27]

ZnS–AgInS2 in dried state Intensity −1% 293–353 [30]
CdSe-ZnS CShs thin films on 
SiO2

Peak shift
Intensity FWHM

~0.1 nm/°C
0.076 nm/°C

30–180 [33]

CdSe-ZnS CShs on AA-TSP Intensity −0.7 to 
−1.5%/K

100–315 K [26]

CdSe QDs in (toluene, 
PMMA, PDMS and epoxy

Intensity and 
wavelength

30~75 °C [34]

CdSe:SiO2 Peak shift −0.095 nm 303–373 [35]
CdSe-ZnS:SiO2 Peak shift 0.11 nm 295–525 [6]

AA-TSP Anodised Aluminium-Temperature Sensitive Paint, PMMA Poly methyl methacrylate, 
PDMS Polydimethylsiloxane
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16.4  Ratiometric, Colorimetric and Lifetime 
Fluorescence- Based Optical TS

The first application of the FIR technique in temperature sensing was reported by 
Kusama et al. in 1976 in Eu3+: Y2O2S phosphor where the measurements were made 
in the temperature range −173 + −27 °C [36]. Er3+: BaTiO3 TS reported by Marcio 
et al. [37] is based upon the FIR method to measure the sensitivity. González et al. 
[32] studied the response of the CdTe-QDs fluorescence lifetime in the temperature 
range of 20–50 °C which is a biological range. They reported a systematic study on 
the dependence of lifetime-based temperature sensing response on size of CdSe and 
CdTe QDs as fluid samples. The sensitivity achieved by them was 0.0008 and 
0.017 °C−1 for 4 nm CdSe QDs and 1 nm CdTe QDs, respectively.

CdTe/ZnS QDs mediated fluorescence TS was developed and characterised in a 
temperature range relevant to hyperthermic therapies. Further, a temperature- 
intensity relationship was established to demonstrate the feasibility of spatiotempo-
ral monitoring of thermal lesions [19]. TS was fabricated using CdTe/CdS/ZnS 
core/shell/shell QDs to measure the intracellular temperature variation. The bio-
compatibility of QDs for cells was confirmed by cytotoxicity evaluation and ther-
mal sensibility of the QDs was calibrated which showed a linear correlation of 
0.16 nm/°C with the temperature variation. The PL spectral shift of QDs uptake in 
cell indicated a thermogenesis of 3.125 °Ct [17]. A multi-colour (orange–yellow–
green) and multi-mode(upconversion/down-shifting/energy transfer) luminescence 
material (Er3+ doped ZnS) has been developed for anti-counterfeiting and TS. TS 
was carried out on the basis of the intensity ratio of the two thermally coupled emis-
sion peaks over 300–500 K and found that absolute sensitivity (𝑆a) increases with 
increasing temperature with the maximum sensitivity 0.0021  K−1 [38]. 
Figure 16.6a–d depicts ratiometric temperature sensing using Er3+ doped ZnS under 
980 nm wavelength excitation.

Vlaskin and co-workers observed intrinsic high-temperature dual emission from 
Zn1-xMnxSe/ZnCdSe core/shell QDs and fabricated TS that showed a high sensitiv-
ity over a temperature range 223 and 403  K with a maximum sensitivity of 
9  ×  10−3  K−1 [39]. In subsequent work, they developed TS based on Zn1- 

xMnxSe/ZnS/CdS/ZnS core/shell/shell QDs that displayed display a maximum sen-
sitivity of 8.3 × 10−3 K−1 [40]. Whereas Jethi et al. [41] succeeded to generate dual 
emission from CdSe QDs itself and developed TS, which, worked well in the range 
82–280 K with a sensitivity range, is ∼0.69–0.32% K−1 and a maximum slope of 
0.44% K−1. Zhao et al. [42] discussed recent progress perspectives for future work 
on dual-emitting QD-based nanothermometers.
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Fig. 16.6 (a–d) Fluorescence intensity ratio-based temperature sensing using Er3+ doped 
ZnS. (Adapted with permission from Ref. [38]. Copyright 2020: Elsevier)

16.5  Fibre Optic and Surface Plasmon Resonance-Based TS

16.5.1  Fibre Optic-Based TS

Small size, high and better selectivity, large bandwidth, low cost, immune to elec-
tromagnetic interference and ease in signal light transmission are the characteristics 
of optical fibre (OF)-based temperature sensors which make them an important 
optical sensor. The sensor of this category works on the principle of temperature 
dependence change in band gap of semiconductor materials/crystals. The semicon-
ductor is placed on the tip of the fibre and will be transparent at/above a certain 
wavelength. The position of the band edge is temperature dependent and is shifted 
about few Å/K to few nm/K. The light is directed via the optical fibre to the semi-
conductor, where it is absorbed and partially reflected back into the fibre. The tem-
perature can be calculated from a miniature spectrometer which gives a spectrum 
with the peak position of the band edge. On the basis of techniques, different types 
of fibre-optic sensors have been developed. The optical signal is transmitted to 
optic-electronic detection systems via optic fibre. A temperature-sensitive material 
undergoes changes with respect to temperature, for example, absorption, reflection, 
interference and scattering. A light source, optical fibre, a sensing element and a 
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Fig. 16.7 (a) Extrinsic FOS (b) Intrinsic FOS. (Adapted with permission from Ref. [43]. Published 
2013 by MDPI as open access)

detector are the main components of an OF sensing system. An optical fibre struc-
ture contains a core encapsulated by some cladding which is a material of a lower 
refractive index and both are transparent dielectrics and cylindrical in shape. The 
basic requirement of fibre optic system (FOS) is to have its minimum optical and 
mechanical attenuation without any performance degradation. FOS are of two 
types: intrinsic and extrinsic. Figure 16.7a, b shows the basic designing of extrinsic 
and intrinsic FOS, respectively. The intrinsic devices are based on a light beam 
transmitting through the fibre and an interaction takes place between the environ-
mental signal and the optical fibre itself while in extrinsic fibre, the optical fibre is 
utilised to collate the light. The light beam transmits and comes out of fibre after 
exposing to the environment signal. The light becomes doubled and returns to the 
fibre again [43].

To date, there is a wide range of TS based upon optical fibres have been com-
mercialised. The first ever optic sensor was silica-based optical fibre that uses 
Raman backscattered light to measure the distribution of temperature [44]. In the 
past few decades, Fibre Bragg Grating (FBG) is most extensively used for the sen-
sor heads due to their susceptibility to minute changes in refractive index. The basic 
concept for operation of an FBG sensor system is to study the shift in the wave-
length of the reflected Bragg signal [45]. This characteristic of FBG-based sensor 
systems is used to sense temperature due to their ability to operate over a broad 
spectral range. A simple formula for grating is represented by

 �B eff� 2. .n �  (16.5)

where λB is the Bragg wavelength. neff is the effective refractive index of the material 
and Λ is the grating pitch.

But they suffer from limited temperature-induced spectral displacements 
(~0.01 nm/°C) and need isolators to prevent back reflections and also cannot operate 
at high temperature due to its tendency of being erased.

The length and the refractive index of an optical fibre will alter if it is exposed to 
an environmental disturbance. Interferometry techniques are used to record these 
changes with a high level of sensitivity and better resolution. Different types of fibre 
optic with two-beam interferometer sensors such as the Mach-Zehnder [46], 
Michelson [47], multi-beam interferometer sensors such as Sagnac [48] and Fabry- 
Perot [49], can be used to sense the temperature. Generally, interferometry sensors 
are good enough to enhance the performance parameters.
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Out of various fluorescent materials, II–VI group compound semiconductor QDs 
are widely employed for the development of OFTS because of their easy synthesis 
procedures, high absorption and emission tunability and high-temperature sensitiv-
ity. An OFTS based on CdSe-nanocrystallite-doped phosphate glass with a simple 
intensity detection scheme showed a reversible temperature-induced absorption 
edge shift at temperatures less than the annealing temperature of the glass (370 °C). 
TS exhibited a linear shift of the absorption edge with temperature in the range from 
−20 to 120  °C and a reversible temperature-induced absorption-edge shift of 
0.12 nm/K has been measured for 6-nm particles [50]. A reflective OFTS was pro-
posed using ZnO thin film over sapphire prism surface that showed a temperature 
resolution of ∼1 °C in the temperature region of 300–773 K. However, a measure-
ment range from 10 to 1800 K is predicted theoretically by integrating low (minus) 
temperature and high-temperature testing functions [51]. The nanocomposites of 
CdSe and CdTe QDs embedded in a PMMA matrix were employed to develop PL 
quenching-based OFTS that showed sensing in a temperature range from 25 to 
50 °C with a temperature resolution of 0.05 °C and blue shift of 0.25 nm/°C and 
~0  nm/°C for CdTe-PMMA and CdSe-PMMA-based OFTS, respectively [52]. 
Temperature-dependent linear relation PL intensity degradation was observed in the 
temperature range of 25 and 135 °C for OFTS fabricated using carboxylated capped 
CdSe/ZnS core/shell QDs [53]. Whereas, a reflective OFTS was designed by depo-
sition of CdSe/ZnS core/shell QDs on the SiO2 glass substrates that showed a linear 
red shift in PL peak with increasing temperature 30–200 °C and exponential rela-
tionship of peak intensity and FWHM as a function of temperature according to the 
specific physical law with the average resolution of 0.12 nm/°C and 0.056 nm/°C 
according to the shift and FWHM of PL spectrum, respectively [54]. In his another 
work, a similarly linear red shift in PL peak with temperature was recorded through 
TS based on the hollow-core photonic bandgap fibre filled with the CdSe/ZnS QDs 
in the temperature range from 40 to 140 °C, with a correlation factor of 0.99263 and 
a sensitivity of 0.05744 nm/°C. The peak intensity was also exponentially tempera-
ture dependent and a linear temperature-dependence result with a correlation factor 
of 0.99917 and a slope of 2.04 × 10−3 °C−1 was obtained with a self-reference spec-
tral intensity method [55]. While the CdSe/ZnS core/shell QDs doped in PMMA 
matric-based OFTS showed a linear red shift PL peak variation with temperature 
over the range 25–48 °C [56].

16.5.2  Surface Plasmon Resonance-Based TS

SPR is a phenomenon that takes place when a polarised light incidents on a metal 
film having an interface with media of different refractive indices under specific 
resonance conditions [57]. This resonance condition is extremely sensitive to the 
refractive index and thickness of the dielectric medium in contact with the metal 
surface. In the last 20 years, SPR has been extensively studied for the measurement 
of temperature [10]. The first sensing application of SPR was reported in 1983 [58] 
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Fig. 16.8 A typical probe of an SPR-based fibre optic sensor. (Adapted with permission from Ref. 
[65]. Published 2019 by Hindawi, as open access)

in the field of chemical sensing. The SPR technique can be employed to sense the 
temperature of a medium due to the dependence of the refractive index of the mate-
rial on its temperature. SPR-based TS was proposed by Xiaoke et al. [59] using a 
coupling prism and angle interrogation mode of operation.

The coupling prism used in SPR sensing system can be replaced by the core of 
an OF. Simplicity, Flexibility, small size and remote sensing capability are some of 
the advantages of using OF over prism. For the fabrication of an SPR-based fibre 
optic sensor, a small portion of the silicon cladding is removed and the unclad core 
is coated with another metal layer which is surrounded by a dielectric sensing layer 
as shown in Fig. 16.8. The polychromatic light is then launched into one end of the 
optical fibre and causes the surface plasmons to excite at the metal-dielectric sens-
ing layer interface and the intensity of the light transmitted after passing through the 
SPR. Therefore, it is more suitable for sensing applications. SPR enables the con-
struction of optical sensors for the measurement of the concentration of chemical, 
pressure and temperature [60–62]. The first report on the fibre-optic SPR-based TS 
was given by Villuendas and Pelayo in 1990 [63]. TiO2 was reported as a prominent 
material for temperature sensing if deposited onto the tip of an OF owing to its 

high 
dn

dt
~ .� � � �1 49 10 4 1K [64].

16.6  Thermal Imaging with II–VI Materials

Since the end of twentieth century, intra-cellular incorporation of fluorescent nano-
thermometers (NThMs) is the widely used approach for intracellular thermal sens-
ing. Typically, any fluorescent QDs whose emission properties (intensity, spectral 
position, spectral shape or decay time) are strongly dependent on the local tempera-
ture of the environment surrounding of QDs are potential aspirants for fluorescent 
NThMs [66, 67]. The thermal sensing in NThMs usually relies upon one of the 
temperature-dependent parameters that results in high-resolution thermal imaging 
techniques, like scanning thermal and molecular fluorescence polarisation micros-
copies. In addition, several features like monodispersity in aqueous media, high 
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quantum efficiency, long-term thermal stability, minimal interaction capability with 
the investigated medium, and excitation wavelength in NIR region via multiphonon 
(MP) processes are the basic requirements of luminescence NThMs in the real- 
world application for both intracellular and small animal levels thermal sensing and 
imaging [66]. The large two-photon absorption cross-section offered by QDs 
enables to produce significant visible emission under near-infrared (NIR) two- 
photon excitation which is not possible with organic probes [68]. In particular, the 
use of NIR radiation is essential for real 3D thermal sensing and imaging of living 
cells as NIR radiation matches the biological windows (BW-I: 700–950 nm, BW-II: 
1000–1350 nm and BW-III: 1500–1800 nm) and thus minimise the absorption and 
scattering of light by tissues that turn into larger penetration depths, minimum 
energy deposition and reduced nonselective light-induced damage [66, 67, 69]. 
Besides, NIR radiation (multiphoton excitation) offers high spatial resolution, even 
below the diffraction limit and overcomes the limiting factor in the resolution of 
conventional fluorescence microscopes [70].

Maestro et al. [68] have assessed the ability of CdSe QDs in fluorescent NThMs 
to realise thermal imaging by means of modern multiphoton fluorescence imaging 
microscopes. They have initially recorded emission spectra of CdSe QDs as a func-
tion of temperature in the physiological temperature range under both single-photon 
and two-photon excitation to test their thermal detection capability and noticed 
diverse thermal behaviours of QDs under two excitation that were used for thermal 
sensing and calibration (Fig. 16.9a–c). Further, they determined the thermal gradi-
ents induced in a liquid by a focused laser beam and finally demonstrated the pro-
spective of these two-photon excited NThMs in biomedical imaging by measuring 

Fig. 16.9 (a) Digital images of the CdSe-QDs/PBS solution obtained at room temperature, (b) 
Emission spectra of the CdSe-QDs/PBS solution at three different temperatures (30, 45 and 60 °C) 
obtained with one-photon (top) and two-photon (bottom) excitation, respectively, and (c) Variation 
of the emission peak wavelength (top) and integrated emitted intensity (bottom) with temperature 
as obtained from the CdSe-QDs/PBS solution under one and two-photon excitation. (Adapted with 
permission from Ref. [68]. Copyright 2010: American Chemical Society)
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the temperature evolution of a single HeLa cancer cell (Fig.  16.10a–b). In their 
subsequent work, they have systematically investigated the temperature dependence 
(25–70 °C) of the two-photon emission of CdTe QDs of different sizes (from ≈ 1 to 
8 nm) and found that temperature sensitivity of emission from the CdTe QDs is 
higher than that of the previously explored CdSe QDs (Fig. 16.10c). Further, the 
spectral shift coefficient of CdTe QDs as a function of QDs size was systematically 
analysed and results are summarised in Fig. 16.10d. It was observed that spectral 
shift coefficient is remarkably increased when the QDs size is less than ≈ 4 nm and 
reaches a maximum of 0.8 nm/K for the smallest QDs analysed in that work (1.2 nm) 
which was more than five times larger than that of the CdSe QD in their previous 
work [66]. In their other work, they have reported that large (8 nm) CdTe QDs are 
the most prominent optical probes for deep tissue biological imaging. This is due to 
the fact that both excitation (900 nm) and emission (800 nm) wavelengths lie within 

Fig. 16.10 (a) Spatial variation of the two-photon excited emission intensity as obtained from a 
CdSe-QDs/PBS solution in the presence of a focused 980 nm heating laser beam (the profile is 
schematically shown with the dashed lines). (b) Thermal image of the CdSe-QDs/PBS solution 
denoting the local temperature increment at the 980 nm beam focus. (c) Temperature-induced peak 
wavelength shift as obtained from CdSe and CdTe QDs, demonstrating the superior thermal sensi-
tivity of CdTe. Inset: room-temperature emission spectra of CdSe and CdTe QDs with a peak 
emission wavelength at approximately 650 nm and (d) Spectral thermal sensitivity of CdTe QDs 
as a function of the peak emission wavelength and of QD size. Circles are experimental data, solid 
line is a guide for the eyes. (Adapted with permission from Ref. [68]. Copyright 2010: American 
Chemical Society)
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Fig. 16.11 Temperature increment during treatment. (a) Intra-tumour temperature and skin sur-
face temperature measured during PTT treatment of a tumour under irradiation at 1.7 W cm−2 with 
an 808 nm laser. The data were collected using QDs and a thermographic camera, respectively. The 
dashed lines represent guides for the eyes. (b) Temperature increment for different irradiation 
power densities measured at the tumour site and at the skin surface. The black dots represent the 
temperature increments at the tumour skin surface for control mice, which were injected with 
PBS. Three different ranges are indicated in the graph, which corresponds to the different effects 
(no significant tumour damage, successful PTT, and extensive damage to the tissues adjacent to the 
tumour) observed in the treated mice depending on the irradiation power density. Evolution of the 
tumours after the treatment. (c) Representative mouse with one tumour in each flank (dashed cir-
cles), anaesthetised and ready for the treatment. (d) Top: evolution of a total control tumour. 
Bottom: after the QDs + laser (1.7 W cm−2) treatment. (e) Top: size evolution of the tumours under 
different control conditions: total control, QDs only and PBS + 808 nm laser at 1.7 and 2 W cm−2. 
The dashed line indicates the day of the treatment. Bottom: size evolution of the tumours as a func-
tion of irradiation power densities and days. Error bars correspond to the uncertainty in the experi-
mental determination of the tumour size (±15%). (Adapted with permission from Ref. [67]. 
Copyright 2016: WILEY-VCH Verlag GmbH & Co. KGaA)

the ‘biological window’ allowing for high resolution fluorescence imaging at depths 
close to 2 mm which can be used to obtain the ‘deep tissue’ imaging [71].

Choudhury et al. have used CdTe QDs within an optofluidic device consisting 
of a microchannel locally illuminated by an adjacent buried waveguide and 
demonstrated the importance of the microchannel optical local heating that can-
not be disregarded within the context of on-chip optical cell manipulation. They 
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presented thermal imaging of locally illuminated microchannels when filled 
with nano- heating particles such as carbon nanotubes [72]. Temperature self-
monitored PbS/CdS/ZnS QDs that emit light in BW-II were used in photother-
mal therapy (PTT) of cancer cells. These QDs can be used as both photothermal 
agents (heaters) and high- resolution fluorescent thermal sensors simultaneously 
that make it possible to achieve full control over the intratumoral temperature 
increment during PTT. The need for real-time control of the intratumoral tem-
perature is highlighted through the comprehensive investigation of the differ-
ences observed between intratumoral and surface temperatures under different 
irradiation conditions (Fig. 16.11a, b). Their study allows a dynamic adjustment 
of the treatment conditions in order to maximise the efficacy of the therapy 
(Fig. 16.11c–e) [67].

16.7  Conclusion and Future Prospective

This chapter outlines the optical thermometry based on II–VI compound semicon-
ductors. A systematic approach is presented here to look into every aspect of OTS. A 
lot of methods have been approached to realise these OTSs and a variety of materi-
als have been explored owing to their peculiar size-dependent optical properties. 
There are many reports on very advanced OTSs which can be used to measure the 
intracellular temperature and detection of tumours in the body. However, certain 
challenges are there to be overcome in near future.

The very important and foremost concern with II–VI semiconductors is their 
stability against moisture, oxygen, light and temperature. Single QDs suffer a lot of 
drawbacks if exposed to these conditions. A right approach is to coat the single QDs 
with some other II–VI material or any other material in the form of CShs. This 
approach reduced the drawbacks to some extent but unsaturated surface states were 
still affecting the emission properties significantly. An insulating, robust and trans-
parent matrix was proven to be one solution to this problem. Hence, encapsulation 
of single QDs and CShs in a matrix preferably SiO2 was well studied and proven to 
be the best matrix so far. The emission is conserved for prolonged exposure and so 
is the sensor. The temperature sensor devised using this technique are reusable, 
economic, robust and durable.

From a future prospective, it is imperative to be selective for a particular appli-
cation. Moreover, many other applications require measurement of local tempera-
tures, so a lot of scope is there to study the temperature-dependent response of 
various materials which are dominating in one or other applications. It works like 
if in a particular device made of a particular material, the data of variation of its 
different properties with temperature should be available, so that the local tem-
perature of that device could be measured in case of any wear or tear due to high 
temperature.
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Chapter 17
Introduction to Biosensing

Ghenadii Korotcenkov, Rabiu Garba Ahmad, Praveen Guleria, 
and Vineet Kumar

17.1  Introduction

Various analytical methods are used as detection methods for routine analysis in 
medicine, agriculture, pharmaceuticals, food production, etc. However, most of 
these methods are time consuming, expensive, require well-trained experts, and 
often suffer from false-positive or false-negative results [146, 149]. Many experts 
believe that the advent of biosensors can solve these problems. Biosensors can 
become alternative analytical tools with high efficiency, high sensitivity, and selec-
tivity. In this chapter, we consider various approaches and materials that are used to 
develop biosensors, as well as evaluate the prospects for their application in vari-
ous fields.
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17.2  Biosensors. What Is It?

The first biosensor was invented in the 1950s by the American biochemist L.L. Clark 
[38]. This biosensor is used to measure the oxygen content in the blood and the 
electrode used in this sensor is called Clark electrode or oxygen electrode. Then, in 
1962, Clark and Lyons [37] applied a gel with an enzyme that oxidizes glucose to 
an oxygen electrode, which led to the development of the first glucose meter to 
measure blood sugar levels. It is from this time that the era of biosensors begins [53].

Currently, a biosensor is understood as an analytical device that combines a 
physicochemical transducer with a biomolecule or biological active element such as 
proteins, enzymes, nucleic acids, and microorganisms to generate a signal propor-
tional to the analyte concentration [4, 105, 154, 155, 160]. Thus, a biosensor can be 
represented as a device shown in Fig. 17.1.

In the first segment, the sensor is a bio-receptor with recognition elements for 
selective binding of target analytes contained in biological fluids such as whole 
blood, serum, plasma, urine, saliva, sweat, tissue, and cell culture extracts [149]. 
The second segment is the detector part, a transducer that converts interaction with 
a biological object into an electrical or optical signal. The biological component 
identifies and also interacts with the analyte to generate a signal that can be mea-
sured. These receptor biomolecules at concentrations of 1–5 μg/mm2 are properly 
immobilized on the transducer surface using different physical and chemical meth-
ods, which depend on the choice of the measurement method used and the type of 
biosensor. Schematically, the main methods of immobilization are presented in 
Fig. 17.2. The last section is an electronic device that measures this signal, amplifies 
it, converts it, and displays it in an accessible form. It includes an amplifier, which 
is known as a signal conditioning circuit, a display unit, and a processor. The main 
characteristics of biosensors are stability, cost, sensitivity, and reproducibility of 
parameters. Linearity, selectivity, and response time are also important biosensor 
parameters.

As our knowledge about the operation of biosensors improves, the requirements 
for sensor systems based on them become more complex. Currently, scientists iden-
tify three requirements for the sensory system of the next generation [126]: (1) a 
change in the system caused by interaction with the analyte must lead to a visible 
result; (2) the change in the system should not depend on the target molecule, so that 
the system as a whole can be used for the detection of various substances; and 

Fig. 17.1 Typical configuration of biosensor. (Idea from Yoon [177])
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Fig. 17.2 Schematic representation of the main methods of cell immobilization. (Idea from 
Plekhanova and Reshetilov [122])

finally (3) the system must be easily configurable so that substances with different 
energy binding characteristics to the sensor can be detected, and so that the mini-
mum detectable concentration can be adjusted.

17.3  Types of Biosensors

As mentioned earlier, all types of biological elements such as enzymes, antibodies, 
receptors, and living cells, can be used as a bio-selective element. Various transduc-
ers can also be used: electrochemical, optical, gravitational, calorimetric, and reso-
nant systems. Theoretically, any bio-selective element can be combined with any of 
the possible transducers. As a result, there is a wide variety of different types of 
possible biosensors, which are classified depending on the transducer type, the 
materials used, as well as the biological element immobilized in the biosensor.

Biosensors that can quickly and reproducibly recover are reusable. Using reus-
able biosensors, direct monitoring of an increase or decrease in the concentration of 
the biological agent being determined is carried out. Biosensors that cannot be 
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reproducibly and quickly restored are called disposable, and these include bioassays 
and bio-indicators. The potential use of disposable biosensors, especially in envi-
ronmental monitoring, is more focused on warning and signalling systems that do 
not require accurate determination of the concentration of the analyte.

17.3.1  Electrochemical Biosensors

This type of biosensor produces an electrical signal proportional to the analyte con-
centration when it reacts with it [35, 66]. Such biosensors typically have three sepa-
rate electrodes: a working electrode (WE), a counter electrode (CE), and a reference 
electrode (RE). One of these electrodes (WE), on the surface of which a layer of 
biomaterial is deposited via the immobilization method, generates a potential, while 
others generate an electric current resulting from the reaction of the biomaterial 
with the analyte. As a rule, the operation of an electrochemical biosensor is based 
on an enzymatic catalysis reaction that occurs on the surface of the active electrode 
and consumes or generates electrons, forming a signal that corresponds to the con-
centration of the investigating analyte [28, 127]. The enzymes involved in this reac-
tion are called redox enzymes.

Electrochemical biosensors are classified into four types:

• Amperometric biosensors
• Potentiometric biosensors
• Impedimetric biosensors
• Voltammetric biosensors

 – An amperometric biosensor is a device that measures the magnitude of the 
current produced due to the oxidation-reduction reaction occurring on the sur-
face of the working electrode [18, 23, 81, 121]. Typically, these biosensors 
have a response time, energy range, and sensitivity comparable to potentio-
metric biosensors. The Clark oxygen electrode is a simple amperometric bio-
sensor. More complex biosensors also exist. For example, Singh et al. [141] 
have developed a DNA-based amperometric sensor for one of the most com-
mon human pathogens—Streptococcus pyogenes.

 – The main types of potentiometric biosensors are membrane-based ion- 
selective electrodes (ISE) and ion-selective field-effect transistors (ISFET). 
These biosensors are often equipped with electrodes coated with a polymer to 
which an enzyme is bound. Enzyme-analyte interactions result in a change in 
potential. Therefore, the transducer used here measures the variations that 
exist between the potential of reference electrode and working electrode 
[102]. This type of biosensor provides a logarithmic response.

 – Conductometric or impedimetric biosensors: In a sensor of this type, due to 
biocatalytic reactions, the ionic composition of the solution varies, as a result 
of which a change in the conductivity of the solution in the sensor is observed 
[54]. This effect is used in various biosensors for the detection of urea [158], 
Escherichia coli [69], microbes [81], and many other biological analytes. 
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Despite some advantages, such as low-cost thin-film applications [135], real- 
time direct monitoring [19], no need for a reference electrode, and the possi-
bility of miniaturization, this method gives less sensitive responses than other 
electrochemical methods [79].

 – Voltammetry is a widely adaptable method of electrochemical analysis, and 
there are a large number of reports on this type of biosensor [44, 124]. During 
the measurement process, current and voltage are simultaneously monitored. 
Voltammetric methods can be divided into: cyclic voltammetry (CV), differ-
ential pulse voltammetry (DPV), stripping voltammetry, AC voltammetry, 
polarography, linear sweep voltammetry (LSV), etc. However, CV, DPV, and 
LSV are most commonly used. The difference lies in the way the potential is 
changed at the electrodes [79]. The simplest is LSV, where at WE the applied 
potential increases linearly with time. The position of the current peak is 
related to the nature of the detected analyte, and the magnitude of the peak is 
related to its concentration. One of the main advantages of this type of sensor 
is that this system has a low noise level, which makes it possible to create a 
biosensor with high sensitivity. Moreover, many compounds with different 
characteristic potentials can be found in one measurement [81].

The use of electrochemical sensing offers significant advantages that include 
high sensitivity, high accuracy when the surface of electrodes is well modified with 
for examples biomarker this could also be used for rapid detection as well as suit-
ability for field applications. The advantages of these devices also include simple 
measuring equipment and the possibility of developing portable devices. In addition 
to their cost-effectiveness, high sensitivity, and large range of detection linearity, 
electrochemical sensors are capable of handling small sample volumes. In addition, 
the measurement result is not affected by the turbidity of the samples, unlike optical 
methods based on spectroscopic transduction [17, 142].

17.3.2  Physical Biosensors

Any biosensor that uses a response to a change in the physical properties of the 
medium has been called a physical biosensor. Physical biosensors are the most fun-
damental, widely used sensors. Physical biosensors are divided into three types: 
piezoelectric biosensors, thermometric, and magnetic biosensors.

• Thermometric biosensors are type of biosensor in which the heat is released as a 
result of various biological reactions [2]. A heat-sensitive enzyme sensor known 
as “thermistor” was developed by Mosbach and Danielsson in [111]. This type 
of biosensor measures changes in the temperature of a solution containing an 
analyte resulting from enzymatic reactions. The thermometric biosensor is also 
used to measure or evaluate serum cholesterol levels. When cholesterol is oxi-
dized by the enzyme cholesterol oxidase, heat is released that can be calculated. 
Similarly, glucose, urea, uric acid, and penicillin G levels can be assessed using 
these biosensors [2].
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• Piezoelectric biosensors work on a principle affinity by interaction of recording 
[123, 156]. Piezoelectric biosensors typically have a surface modified with an 
antigen or antibody. When an analyte molecule is attached to a membrane, can-
tilever, or surface of a piezoelectric crystal, their mass changes, resulting in a 
change in the resonant frequency of the oscillation. This change in frequency, 
proportional to the change in mass of the adsorbed analyte, can be measured. 
Piezoelectric biosensors are also known as acoustic biosensors. These sensors 
offer many advantages [103]. Based on acoustic biosensors, immunosensors 
have been developed for the detection of Salmonella typhimurium, the herpes 
virus [45]. Using specific immunoglobulins and Francisella tularensis antigens, 
piezoelectric biosensors have been developed to detect the causative agent of 
tularemia in water and milk [125].

• The magnetic biosensor is another type of biosensor. This type of sensor is used 
to detect changes in magnetic effects or magnetic properties caused by the inter-
action of a bio-receptor with an analyte [114]. Recently, with the development of 
magnetic nanoparticles and their use in biosensors, new diagnostic methods at 
the nanolevel have appeared that allow diagnosing diseases at an early stage 
[173, 176]. For example, Yang et al. [176] developed a core-shell aptarsensor 
containing a magnetic core, an aptamer, and gold nanoparticles. After the addi-
tion of the target molecule, an interaction occurs between the target molecule and 
the aptamer thrombin, which leads to the release of gold nanoparticles from the 
magnetic ball. The amount of thrombin can be calculated based on the amount of 
released gold nanoparticles. The resulting limit of detection was 2.54 fM.

17.3.3  Optical Biosensors

An optical biosensor is another type of biosensors most commonly used for bio- 
recognition [11, 24, 33, 63, 72]. Optical detection is usually based on the measure-
ment of luminescent, fluorescent, colorimetric, or other optical signals arising from 
the interaction of microorganisms with analytes and correlating with their concen-
tration. Optical biosensors typically use a light source, a light detector, and a sensi-
tive material that allow interaction with the analyte in the gas and liquid phases [1]. 
Antibodies and enzymes are mainly used as bio-receptors in these sensors.

• Fluorescent biosensors: The basic principle of operation of this biosensor is 
based on the change in the absorption/emission of light when a detectable ana-
lyte is added. Fluorescence can be defined as an optical phenomenon in which 
shorter wavelength photons are absorbed, resulting in longer wavelength emis-
sion. Due to its high performance in terms of selectivity, sensitivity, and low 
detection limit, the luminescent sensors are most applicable for both chemical 
and biological analyses [91, 92]. Fluorescent microbial biosensors can be divided 
into two categories: in vivo and in vitro [63]. The in vivo fluorescent microbial 
biosensor uses genetically modified microorganisms with a transcriptional fusion 
between an inducible promoter and a reporter gene encoding a fluorescent pro-
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tein. The green fluorescent protein (GFP), encoded by the gfp gene, is one of the 
most popular tools due to its attractive stability and sensitivity, and the fluores-
cence emitted by GFP can be conveniently detected by modern optical equip-
ment with little or no damage to the host system.

• Biosensors based on bioluminescence: Bioluminescence is associated with the 
emission of light by living microorganisms and plays a very important role in 
real-time monitoring of the process. The bacterial luminescence lux gene is 
widely used as a reporter, either in an inducible or constitutive manner. In the 
inducible manner, the reporter lux gene is fused to a promoter controlled by the 
concentration of the analyte of interest. As a result, the concentration of the ana-
lyte can be quantitatively analyzed by determining the intensity of the biolumi-
nescence [58].

• The operation of a colorimetric biosensor is based on the formation of a colored 
compound during the interaction of a bio-receptor with an analyte, the color of 
which can be assessed and correlated with the concentration of analyte [39]. For 
example, a whole cell colorimetric biosensor has recently been designed to 
detect arsenite with high sensitivity. His work is based on the following; the 
photosynthetic bacterium, Rhodovulum sulfidophilum, synthesizes carotenoids 
via the spheroiden (SE) pathway, where yellowish SE is catalyzed by SE mono-
oxygenase (CrtA) to form reddish spheroidenone, which is the predominant 
carotenoid under semi-aerobic conditions. In this biosensor, a genetically engi-
neered photosynthetic bacterium, crtA-deleted R. sulfidophilum, was used as the 
host strain, which accumulated SE and therefore displayed yellow color [63].

• Surface Plasmon biosensors: Among the family of optical label-free biosensors, 
surface plasmon resonance (SPR) is one of the most accessible, developed, and 
most successfully used technologies for medical diagnostic applications in recent 
years. This is due to the high sensitivity and versatility of this type of sensors. In 
addition, they allow real-time detection and direct measurement of the kinetics 
of molecular ligand-receptor interaction [113, 118]. The principle of operation of 
such biosensors is based on the effect of surface Plasmon resonance. If gold (or 
silver) is deposited onto a hydrogel plate, then a phenomenon arises associated 
with the presence of free electrons in this metal, which, when illuminated, begin 
to be affected by an alternating electric field. These electrons are able to collec-
tively oscillate and resonate, adjusting to the frequency of the incident light. 
Such electron oscillations in noble metal nanoparticles are called plasmonic 
oscillations [65, 115]. In addition, the unique properties of gold and silver 
nanoparticles that can be used instead of a continuous film increase the sensitiv-
ity and selectivity of biosensors [118, 179] For example, in recent years, a SPR- 
based biosensor has been proposed for the detection and monitoring in urine of 
biomolecules of M. tuberculosis and nontuberculous mycobacteria, such as 
CFP10 and MPT64 [36, 51, 65]. Based on the principle of surface Plasmon 
 resonance, biosensors have also been developed to detect anthrax spores [168] 
and serogroup O1 Vibrio cholerae [78].

• Chemiluminescent-based biosensors: Chemiluminescent is the process in which 
emission of light takes place due to chemical reaction. Either the emission can be 
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produced/generated by direct oxidation of the chemiluminescent reagent, result-
ing in the formation of emitting substances, or indirectly through the enhancing/
inhibiting effects of certain phosphor compounds. Recently, chemiluminescence 
research has been extended to nanomaterials to improve intrinsic sensitivity and 
extended to new detection applications [49]. For example, Luo et al. [93] devel-
oped a chemiluminescence-based biosensor to detect DNA using graphene 
oxide, which exhibited high sensitivity and selectivity with a limit of detection 
of 34 pM.

Optical biosensors can be label-free or label-based depending on the choice of 
detection method as well as the analyte of the biosensor. In label-free detection 
method, there is no need for any probe mediator and the interaction of analyte with 
bio-receptor in the sensor is converted either directly into electric signal that is mea-
surable or combined intrinsically with another transduction for the production of 
signal for detection of the analyte [139].

Optical-based biosensors offer advantages of compactness, flexibility, resistance 
to electrical noise, and a small probe size [169]. Optical biosensors allow for safe 
nonelectrical noncontact sensing. An additional advantage is that they often do not 
need reference sensors, since a reference signal can be obtained using a light source. 
However, one of the big problems with an optical sensor is the sensitivity to humid-
ity, which can vary widely. Another disadvantage of label-free optical biosensors 
using the effects of prismatic light refraction and SPR is their relatively large size, 
which is incompatible with mobile use in point-of-care mode [113, 164]. Therefore, 
a modern promising alternative to this type of optical biosensors are fiber-optic 
biosensors, which are excellent for creating miniature portable devices, which have 
a low cost and have successfully proven themselves for clinical diagnostics [113]. 
For example, fiber-optic-based immunosensors have been developed to detect the 
capsular antigen “fraction 1” of the plague microbe [10] and antibodies to it [9].

Various approaches can be used for immobilization in fiber optic biosensors. But 
in recent years, the use of hydrogels for these purposes has become most wide-
spread. Hydrogels (polyacrylamide) are hydrophilic cross-linked polymers that can 
be molded into a variety of shapes for immobilization, ranging from thin films to 
nanoparticles. Hydrogels are considered to be a simple substrate for DNA immobi-
lization, with a number of advantages, such as the ability to retain molecules, their 
controlled release, enrichment of analytes, and protection of DNA. These character-
istics are unique for hydrogels compared to other materials suitable for biomolecu-
lar immobilization. Compared to other materials, immobilization in a hydrogel 
occurs in three dimensions, which ensures the loading of a large number of sensitive 
molecules. Moreover, the good optical transparency of hydrogels allows for a con-
venient visual detection strategy. Methods for immobilizing DNA biosensors in 
monolithic polyacrylamide gels and gel microparticles are often regarded as a tech-
nical achievement in the field of biosensor technologies.

At the end of the consideration of biosensors using various transducers, we will 
give a comparative description of several biosensors and test systems for enzyme 
immunoassay (Table  17.1) and biosensors for the detection of influenza virus 
(Table 17.2).
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Table 17.1 Comparative characteristics of biosensors and test systems for enzyme immunoassay

Sensor group
Analysis 
time, min Advantages Limitations

Potentiometric 
biosensors

30–45 Simplicity, reliability Slow response, sensitive to 
electrical noise

Amperometric 
biosensors

55 Low cost, small size, stable 
response

Low sensitivity, low 
selectivity

Piezoelectric 
biosensors

5–10 Speed, stability of response Low sensitivity, nonspecific 
binding error

Biosensors based on 
SPR

40 High sensitivity, 
noncontact measurement

Optical interference, the 
need for photodetectors

Fiber-optic biosensors 1–3 Fast response, little 
influence of electrical 
interference

The need to use 
photodetectors

Immunoenzymatic test 
systems

180–240 Specificity Duration of analysis, the 
need to use labels, 
chromogen

Source: Data extracted from Utkin et al. [162]

Table 17.2 Comparison of the sensitivity of the developed biosensors for the detection of 
influenza virus

Sensor Probe Virus
Sensitivity or 
affinity Remark

SPR Glycan-ligands H1N1 Kd 1.5 μM
(10 μg/mL, 
~17 μM)

Low affinity and nonspecific 
interaction

RNA aptamer H1N1 Kd 67 fM High affinity.
Glycan H5N1 Kd 1.6 nM High affinity; specific substrate 

(Biacore chip) required
DNA aptamer H5N1 Kd 4.65 nM Good affinity.
RNA aptamer H3N2 Kd 120 pM High affinity; unstable RNA 

aptamer probe
QCM Glycan H5N3 Kd 14.4 nM Good affinity
WG Antibody H1N1, 

H5N1
1 nM Dissociation of dye from antibody 

may decrease sensitivity.
IF RNA aptamer H3N2 10 nM Relative low sensitivity
EC Immunoliposome-Ru H1N1 3 × 10−14 g/mL 

(12 fM)
Very high sensitivity; complex 
probe preparation step

FET Glycan H5N1, 
H1N1

50 aM Very high sensitivity

Source: Reprinted from Chen and Neethirajan [32]. Published by MDPI as open access. Table 1
EC Electrochemical, FET Field Effect Transistor, IF Interferometry, QCM quartz crystal microbal-
ance, WG Waveguide
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17.3.4  Sensors Based on Specific Biological Material

17.3.4.1  Enzyme Biosensor

An enzyme biosensor is a sensor on the surface of which an enzyme is immobilized 
[95]. Enzymes are biological catalysts that have a pronounced ability to selectively 
catalyze many chemical transformations both in a living cell and outside the body. 
When enzymes are adsorbed on solid surfaces (metals, ceramics, polymers, semi-
conductors), they usually retain their structure and catalytic activity. The conjuga-
tion of enzymatic catalytic and electrochemical reactions occurring on electrically 
conductive materials immersed in an electrolyte solution has made it possible to 
develop many modern biosensors. The simplest case in the design of an enzyme 
biosensor is realized under the condition that either the substrate or the product of 
the enzymatic reaction is electrochemically active, that is, they are able to quickly 
and preferably reversibly oxidize or reduce on the electrode when an appropriate 
voltage is applied to it. It is most convenient to carry out measurements on enzyme 
electrodes in the amperometric mode. The best known enzyme biosensor is the glu-
cose biosensor discussed earlier. They use the enzymes glucose oxidase or glucose 
dehydrogenase as a bio-recognizing component, which are immobilized on the 
electrode surface and break down glucose. The products of enzymatic reactions are 
transformed into a physicochemical signal [55]. It is important to note that, when 
designing an enzyme biosensor, the main task is to increase the duration of the 
enzyme action. The fact is that the native enzyme retains its properties only for a 
relatively short time. Therefore, the operation of the so-called immobilization of 
enzymes was developed (see Fig. 17.2). In the process of immobilization with the 
help of special reagents, the enzyme is “fixed” either on the surface of adsorbents, 
such as silica gel, coal, or cellulose, or is introduced into a porous polymer film, or 
is “attached” covalently through chemical bonds to some substrate. Upon fixation, 
the enzyme ceases to be mobile, is not washed out of the bio-layer, and its catalytic 
activity lasts much longer.

17.3.4.2  DNA Biosensors or Aptasensors

An aptasensor is a special class of biosensors in which the element of biological 
recognition is a DNA or RNA aptamer. In the aptasensor, the aptamer recognizes the 
molecular target against which it was previously selected in vitro. The development 
of DNA biosensors has been based on nucleic acid identification techniques for 
simple, rapid, and cost-effective testing of genetic and infectious diseases. In addi-
tion, the accurate detection of a DNA series is important in several fields such as 
food quality analysis, clinical analysis, environmental monitoring, etc. It is believed 
that aptasensors are very promising analytical devices due to the high specificity 
and stability of nucleic receptors, their low cost, and the potential for creating vari-
ous sensor platforms [161, 180]. For example, SAM [16] and SELEX [40] tech-
nologies, which were developed to more efficiently recognize DNA biosensors, can 
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be used to improve detection methods. Self-assembled monolayer (SAM) is the 
method for DNA surface immobilization and a paradigm for the attachment of 
unmodified DNA of any length or sequence. Systematic evolution of ligands by 
exponential enrichment (SELEX) is a well-established and efficient technology for 
the generation of oligonucleotides with a high target affinity. These SELEX-derived 
single-stranded DNA and RNA molecules, called aptamers, were selected against 
various targets, such as proteins, cells, microorganisms, and chemical compounds.

17.3.4.3  Immunosensors or Antibody-Based Biosensors

Immunosensors were created based on the fact that antibodies have a high affinity 
for their specific antigens. For example, antibodies specifically bind to toxins or 
pathogens or interact with toxins or pathogens through components of the host’s 
immune system. Antibodies, antibody fragments, or antigens are used for the moni-
toring of bioelectrochemical reactions in immunosensors [66]. Immunosensors are 
widely used, in particular, to detect Soybean rust [106], hepatitis B antigen [60], and 
virus [92].

17.3.4.4  Protein Biosensors

Protein biosensors are created on the basis of naturally occurring proteins. To do 
this, a protein domain is selected that can bind to the target molecule and connect to 
a reporter domain that produces a readable signal. In particular, biologists have cre-
ated a class of proteins that glow in the presence of a given pathogen or disease 
marker [84]. The main drawback of this approach is laboriousness, because a lot of 
bioengineering transformations are required to obtain an effective biosensor from 
these two domains. Therefore, researchers are looking for a universal platform on 
the basis of which it will be possible to easily create biosensors for various patho-
gens or disease markers using protein molecules, simply by replacing the necessary 
“details” in it. Studies performed by Baek and Baker [15] have shown that in order 
to create biosensors for new target molecules, it is enough to carry out computer 
analysis and replace one of the protein domains. Quijano-Rubio et al. [126] tested 
this approach when developing sensors for botulinum toxin, coronavirus, a marker 
of myocardial infarction, and other clinically significant targets. In fundamental 
research, protein sensors are used to study the processes occurring in cells, and in 
medicine, for example, they are used to predict the effectiveness of therapy for 
patients with cancer.

17.3.4.5  Cell-Based Biosensors

One of the achievements of biotechnology and bioengineering is associated with the 
development of methods for incorporating living cells into polymers and solid car-
riers of various nature and the use of such materials for the development of 
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biosensors for various purposes [41, 129, 163, 174]. Several surprising properties of 
immobilized cells can be noted. First, cells are available biological material. Cells 
of plants, animals, and humans are used, but the cells of microorganisms that are 
cultivated, easily reproduced, and maintained in pure culture have found the greatest 
use. Second, unlike enzymes, the use of cells does not require expensive purification 
steps. Third, the available methods of immobilization make it possible to obtain 
cells that retain about 100% of enzyme activity and are able to function for suffi-
ciently long periods of time. Features of cell metabolism make it possible to create 
biosensors both for individual molecules and for very wide classes of compounds. 
To create cell-based biosensors, as well as for enzyme sensors and aptasensors, a 
wide variety of physical transducers can be used: from electrochemical to optical 
and acoustic.

Currently, cell-based biosensors have been created for the determination of phe-
nols, glutamine, tyrazine, and lactic acids. There are also cell-based biosensors for 
water and wastewater quality analysis. An amperometric sensor for ammonia (in 
wastewater) based on immobilized nitrifying bacteria and a Clark oxygen electrode 
can be mentioned as an example of such devices. The advantages and disadvantages 
of microbial biosensors compared to enzymatic biosensors are presented in 
Table 17.3. The main advantage of cell-based biosensors is that the cell is the most 
comfortable environment for enzymes, since they are in their natural state and there-
fore have the highest stability when functioning in a biosensor. Significant 

Table 17.3 Advantages and disadvantages of cell-based biosensors compared to enzymatic ones

Advantages Limitations

Broad substrate specificity of microorganisms
Lack of labor-intensive techniques such as isolation, purification, 
and immobilization of pure enzymes
At several stages of substrate oxidation, the electrochemical signal 
when using whole cells is higher than in the case of an isolated 
enzyme
Some enzymes lose their activity upon isolation or immobilization, 
if these processes lead to damage to the active center or to the 
disintegration of the enzyme complex. By using whole cells, this 
danger is minimized
Enzymes in cells are in their natural environment, so many 
biosensors based on microorganism cells are characterized by high 
stability
The cells contain coenzymes and activators of biochemical 
processes, so there is no need to add them to the measurement 
medium
Many microorganisms have been genetically characterized in detail
The use of mutations makes it possible to further increase the 
activity, selectivity, and specificity of the cell-based biosensor
For a biosensor based on microbial cells, it is possible to create 
conditions under which the receptor element is regenerated due to 
their growth; this technique can be used to restore the sensitivity of 
the biosensor

Low speed of analytical 
signal generation
Low selectivity
High adaptability and 
variability of properties
The problem of 
maintaining the activity of 
microorganisms 
unchanged for a long time

Source: Data extracted from Plekhanova and Reshetilov [122]
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disadvantages of such biosensors include the low selectivity of determination due to 
the fact that the cells of living organisms are in fact a source of a wide variety of 
enzymes. In addition, the response time of biosensors based on tissues and microor-
ganisms can be quite long, which also reduces their practical value.

17.4  Features of Biosensor Design

17.4.1  Bio-Interfaces

As follows from the previous sections, a biosensor is a kind of composite formed by 
transducer materials and a biomolecule or cell. At the same time, the materials that 
form the transducer can have a very different shape from 0D to 3D, which intro-
duces its own specifics into the formation of the interface between the transducer 
and biomolecule or cell used for the biofunctionalization of the transducer surface. 
Figure 17.3 shows how different this interface can be. First, the processes occurring 
at bio-interfaces depend on the function of semiconductors during their interaction 
with the cell (Fig.  17.3e). Second, the semiconductor-cell interface can be both 
extracellular and intracellular bio-interface. In particular, nanosized semiconductors 
can enter the cell and thus form intracellular bio-interfaces for either perception or 
stimulation [75, 153]. Intracellular semiconductors are in direct contact with the 
organelles and/or cytosol, allowing for highly accurate studies of subcellular activ-
ity [75]. Unfortunately, a clear understanding of semiconductor internalization 
mechanisms is still difficult to achieve.

When designing highly sensitive biosensors, the correct choice of not only the 
matrix, but also the conditions for bio-receptor immobilization is of key importance 
[27]. When using noncovalent binding, the receptor is held on the sensor substrate 
of the transducer by electrostatic, van der Waals, or ionic interactions. The main 
advantage of this type of immobilization is that the matrix does not affect the bio-
logical properties of the receptor [55, 133]. However, noncovalent binding does not 
always provide strong retention of the biomolecule. For example, biosensors with 
adsorbed enzymes have low stability during operation and storage. Therefore, 
adsorption in combination with crosslinking is very often used for enzyme immobi-
lization [87].

Modification of electrode surfaces by covalent bonding is advantageous because 
it produces a more stable biosensitive material. Covalent bonding results in irrevers-
ible bonding and high surface coverage [80]. In this case, receptor biomolecules in 
a sensor are firmly held, which prevents them from being washed out of the sensor 
matrix, and this is of key importance in the development of a reusable biosensor 
[129, 161, 174]. But covalent bonding requires a large amount of bioreagent and is 
generally poorly reproducible [87], as such bonding can potentially adversely affect 
the active site. Covalent bonding is carried out due to the functional groups of the 
exposed amino acids of the enzyme, such as amino, carboxyl, imidazole, thiol, and 
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Fig. 17.3 Semiconductor geometries and possible modes for bio-interfaces. (a) 0D semiconduc-
tors can be used to mimic photosynthesis, for example, by using CdS nanoparticles that are pre-
cipitated on the cell wall of a bacterium to sensitize non-photosynthetic bacteria through 
photoinduced electron transfer pathways. Photoluminescent quantum dots can be coupled to motor 
proteins to enable the tracking of intracellular transport mechanisms. (b) 1D semiconductors, for 
example, nanoscale kinked Si nanowire field-effect transistors, allow intracellular recordings of 
single cell action potentials. Nanowire–bacteria hybrids can photoelectrochemically fix carbon 
dioxide and produce value-added chemicals. (c) 2D semiconductors, for example, biodegradable 
Si, provide a physically transient form of electronic devices. The photovoltaic effect of thin-film Si 
diode junctions can be used for the optical control of biological activities. (d) 3D semiconductors, 
for example, semiconductor micropillar or nanopillar arrays, can detect cellular electrophysiologi-
cal signals, potentially probe nucleus mechanics, deliver optical stimuli for photo-stimulation, and 
release drugs. Strain-engineered 3D mesostructures of Si can serve as electronic scaffolds for 
neural networks. (e) Typical signal transduction mechanisms of semiconductor devices involve 
electrical or optical inputs and outputs. Ox - oxidation; Red - reduction. (Reprinted with permis-
sion from Jiang and Tian [74]. Copyright 2018: Springer Nature)

hydroxyl groups, which do not significantly affect its catalytic activity. These groups 
create a covalent bond with the functional groups present on the surface of the solid 
substrate, or which can be obtained by chemical or electrochemical processing. 
Many procedures for covalently binding an enzyme to a solid substrate have been 
reported [80, 132].

17.4.2  Nanomaterial-Based Biosensors

Nanomaterials [104, 131], whose unique catalytic activity, high surface-to-volume 
ratio, and excellent adsorption properties provide optimal physicochemical charac-
teristics of the sensor substrate surface, are increasingly being used in the develop-
ment of new generation biosensors [55, 83, 107, 119]. Nanomaterials are considered 
important components of bioanalytical devices due to their ability to increase 
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sensitivity and detection thresholds, which is important for single molecule detec-
tion. Nanomaterials ultimately provide efficient ligand-receptor interaction, which 
is transmitted as a specific equivalent enhanced signal [55, 83, 131]. It is important 
to note that in this case, neither bio-receptors nor analytes undergo conformational 
changes and loss of biological activity.

17.4.2.1  Biosensors Using Semiconductor QDs

Quantum dots (QDs) are semiconductors, which are crystalline nanostructures 
ranging in size from 2 to 10 mm. They play a significant role in modern biosensor 
technologies, especially in medical and biological applications [97]. QDs play an 
important role in the creation of biosensors due to the amazing properties they pos-
sess [5]. They have fluorescent superior behavior. Semiconductor QDs have the 
higher fluorescence efficiency compared to other traditional fluorophores. Due to 
size-dependent properties of QDs [59, 70, 97, 134], emission can be controlled over 
a very wide spectral range from IR to blue fluorescence by changing the size of the 
QDs. QDs also have a strong biological probe and are more photostable compared 
to other common traditional organic dyes [5, 172]. All these properties of QDs make 
it possible to develop on their basis various approaches to biosensing, immunoas-
says, mapping, and visualization, including those in multicolor mode. QDs can be 
synthesized based on various semiconductors. However, II-VI compounds are of the 
greatest interest. These compounds have a particularly high quantum yield, which 
contributes to an increase in the efficiency of biosensors being developed [140].

QD-based biosensors can be designed in several ways, depending on the require-
ments for their sensitivity and the type of analyte being detected [90]. Figure 17.4 
shows examples of preparation protocols used in the fabrication of QD-based opti-
cal sensors. In all cases, the protocol begins with the appropriate modification of the 
QD surface to achieve the desired selectivity for a particular analyte. An important 
aspect is also the preparation of substrates that can be used during measurements. 
Strategies (a) and (b) differ in steps III and IV, which occur in reverse order. Whereas 
in strategy (a), step III is the deposit of QDs, in strategy (b) it is step IV. This step 
can be performed by methods such as layer-by-layer [42], sol-gel [165], or the elec-
trochemical method [73]. Step IV in strategy (a) and step III in strategy (b) represent 
the conjugation of the analyte, which may be possible due to the pre-prepared and 
targeted substrate. Jie et al. [76] proposed the binding of an analyte to a pre- prepared 
substrate based on CdSe nanocomposite QDs using antibodies selective for an anti-
gen called human IgG. The last step in all strategies is QD stimulation, which is 
used to detect the analyte. As a result, both qualitative and quantitative assessment 
of the presence of the analyte is possible. As seen in Fig. 17.4, the strategies pre-
sented differ in the number of steps and require specific preparation of both the QD 
and the substrates used, which significantly complicates the measurements and 
imposes increased requirements on the measurement specialists.

As for the mechanisms of analyte detection by QD-based sensors [90], the most 
popular mechanism is QD emission quenching. In this mechanism, due to the 
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Fig. 17.4 Three examples of the strategy of QDs-based optical sensors (strategy a—modification 
of substrate with QDs directed to detection of analyte, strategy b—modification of substrate for 
detection of analyte-QDs complex, strategy c—using the analyte labeled with appropriate fluoro-
phore). (Reprinted from Lesiak et al. [90]. Published by MDPI as open access)

interaction of the QD surface with the analyte, the QD emission intensity decreases 
(Fig. 17.5a) [144]. For example, Weng and Neethirajan [172] developed a QD-based 
biosensor for sensitive and rapid detection of food allergens. In this probing method, 
QDs-Aptamer-GO acts as a probe in which interaction with food allergens results in 
fluorescence quenching. Another mechanism is based on an increase in the emission 
of QDs due to passivation of the QD surface with an analyte (Fig. 17.5b). For exam-
ple, addition of bovine serum albumin or nucleic acids resulted in increased emis-
sion of mercaptoacetic acid-coated CdS QDs [170]. The third mechanism that can 
be used to detect an analyte is stimulated aggregation of QDs (Fig. 17.5c). In this 
mechanism, due to the interaction of the analyte with the QD surface, surface 
ligands are cleaved and QDs are aggregated. Aggregation can also be caused by 
analyte-stimulated bonding between functionalized QDs [82]. There is also a very 
rarely used analyte detection mechanism based on the modification of the nano-
structure growth process by introducing an analyte during the nanostructure growth 
process. Because of this perturbation, nanostructures can have different emission or 
other detectable properties (Fig. 17.5d). There is also a fifth detection mechanism 
based on the transfer of excitation energy from the QD to another optical center (QD 
or dye). As a result, the color of the emission or the decay time of the donor radia-
tion changes (Fig. 17.5e) [12, 157].
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Fig. 17.5 Examples of physicochemical mechanisms used for analyte optical detection—emis-
sion bleaching (a), increase of emission (b), emission localization (c), nanostructures growth’s 
modification (d), emission change (e). (Reprinted from Lesiak et al. [90]. Published by MDPI as 
open access)

17.4.3  Biosensor Using Metallic Nanoparticles

Metallic nanoparticles (NPs) are another example of nanoparticles widely used in 
biosensor development [167]. Lower toxicity and the possibility of fairly simple 
surface modification make noble metals such as gold and silver nanoparticles with 
excellent biocompatibility ideal for use in biological analysis [62]. At the same 
time, the experiment showed that their size and shape are of great importance for 
achieving high bio-recognition efficiency. For example, a biosensor based on a tilted 
fiber Bragg grating (TFBG) coated with noble metal nanoparticles showed improved 
analyte (protein) selectivity and a low detection limit compared to other biosensors 
that do not contain gold NPs [89]. It has also been reported that many metal nanopar-
ticles are effectively used for immobilization in order to increase the sensitivity of 
electrochemical biosensors. This is due to the fact that they are able to stimulate direct 
electron transfer after capture by biomolecules, thereby maintaining the biological 
activity of the biosensor for a long period [31, 181, 120].

It is important to note that localized surface Plasmon resonance (SPR) is of great 
importance for the use of metal nanoparticles in biosensors. Particularly effective is 
the use of metal nanoparticles in SPR-based biosensors developed on the basis of 
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metal-enhanced fluorescence (MEF) and surface-enhanced Raman scattering 
(SERS). MEF and SERS remain the most sensitive detection methods for many 
analytes such as biomolecules, ions, macromolecules, and microorganisms, respec-
tively. In particular, anisotropic metal nanoparticles, which have a good improved 
electric field with a large number of excitation wavelengths, are very suitable for 
developing biosensors with ultrasensitive Plasmon amplification capability [120].

17.4.4  Biosensor Using Polymers and Polymeric Nanoparticles

To develop biosensors, various categories of polymeric materials, both bulk and in 
the form of nanoparticles, are used. It is noted that the modification of electrodes 
with conductive polymeric materials in electrochemical sensors provides good sta-
bility, high sensitivity, low applied potential, low detection limit, as well as fast 
electron transfer. The use of polymers also promotes the immobilization of enzymes 
on the electrode surface [112]. Conductive polymers have been found to be an 
excellent matrix for the functionalization of many biological molecules. Various 
methods have been used for these purposes. This can be either direct adsorption, 
covalent bonding, cross-linking with glutaraldehyde, or simple mixing of enzymes 
with polymers.

The field of application of polymer nanoparticles is growing rapidly and plays a 
significant role in areas such as biosensors and nanomedicine. Recently, biomedical 
applications such as bioimaging, diagnostics, and drug delivery using polymer 
nanoparticles have been developed. The unique chemical and physical properties of 
polymer-based nanoparticles can become the basis for the development of new 
nanomaterials for biosensors [98]. In particular, the integration of biocompatible 
polymers into a biosensor using nanoparticle-based nanotechnologies as well as 
nanoengineered smart polymers can lead to composites with new and desirable 
characteristics that provide high sensitivity and stable immobilization of biomole-
cules. The integration of conductive polymers with metals, metal oxides, or semi-
conductors such as II-VI compounds also increases the sensitivity and stability of 
the biosensor [56, 94]. Together, this can form the basis for the development of 
advanced analytical devices for various applications [152].

17.4.5  Biosensor Using Core-Shell Materials

Core-shell nanoparticles can be considered as a kind of QD containing two or more 
materials, one of which forms the core, and the second - the shell. Core-shell nano-
structures are very important [86, 117], since the creation of core-shell structures 
can significantly increase the reactivity, chemical and thermal stability, solubility, 
and reduce the toxicity of II-VI compounds. In addition, the formation of core-shell 
structures gives such structures many new properties suitable for use in biosensors. 
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The nanostructure of core-shell nanoparticles can have a different shape and size of 
the core with different surface morphology and shell thickness. Their shapes can be 
centric, eccentric, spherical, star-shaped, and tubular [30, 64, 86]. Metals, semicon-
ductors, and polymers can be used to form core-shell structures. In biosensors, poly-
mers are especially often used to form shell in core-shell structures. To obtain a 
homogeneous core-shell structure, as well as to improve the properties of the mate-
rial, the synthesis technology of core-shell nanoparticles is of great importance. The 
synthesis of these nanostructures can be organized in various ways. Possible tech-
nologies for the formation of core-shell structures based on II-VI compounds are 
described in the Chap. 12 (Volume 1).

17.4.6  Biochips

Biosensors can be designed using a variety of approaches. For example, electro-
chemical biosensors can be manufactured using the so-called bulk technology, in 
which the individual components listed in the diagram (Fig. 17.1) are assembled 
into a single physical ensemble as they are manufactured. Such biosensors are cur-
rently dominant and are used in practice. But they have disadvantages associated 
with difficulties in organizing their mass production and microminiaturization. 
Advances in the development of microelectronic technologies have pushed the 
developers of electrochemical biosensors to new solutions.

In particular, it turned out that planar and printing technologies offer great oppor-
tunities for microminiaturization of electrochemical biosensors. Screen-printed 
three-minielectrodes are deposited or printed onto polymer substrate forming 
ultrasmall measuring system. Taking advantage of these opportunities, laboratory- 
on- a-chip (LOC) devices were developed in which the three-electrode system was 
miniaturized to a platform of several square centimeters with many laboratory func-
tions. Such devices can handle very small volumes of liquid (picoliter level) [19]. 
Currently, LOC devices are mass-produced with high reproducibility and low cost. 
This kit makes it easy to modify the WE surface [79, 175]. With the help of this 
technology, it has also become possible to manufacture a so-called biochip that 
combines a sensor system, a converter, an analog-to-digital converter, and a micro-
processor for measuring an analytical signal and calculating analysis results. This 
approach has allowed the development of a large number of portable and wearable 
biosensors that analyze the biochemical composition of body fluids, such as sweat 
from the skin surface or tears. Such devices have been created by directly transfer-
ring sensors to the skin (using E-skin or temporary printed tattoos), embedding 
sensors in bracelets, patches, or textiles to ensure close contact with the skin. Such 
portable biosensor platforms provide insight into the dynamic processes in biologi-
cal fluids, providing continuous real-time monitoring, which, in turn, is of great 
importance for maintaining the health of the user. Evaluation of indicators in real 
time allows you to monitor the state of health and the course of treatment and warns 
the patient and the attending physician about sudden violations. Although such 
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biochips can be replicated, the main problem in this case will be the reproducibility 
of the microstructure of the surface with the deposited layer of biologically 
active enzyme.

There is another approach to the development of biochips, which has recently 
become very widespread. In this case, a biochip is understood as a set of diminished 
microarrays placed on a solid substrate, which allows many experiments to be car-
ried out simultaneously to obtain a high performance in less time. This device con-
tains a set of sensor elements or biosensors. Unlike microchips, these are not 
electronic devices. Each biochip can be considered as a microreactor that can detect 
a specific analyte like an enzyme, protein, DNA, biological molecule, or antibody. 
The main function of this chip is to perform hundreds of biological reactions in a 
few seconds like decoding genes (a sequence of DNA).

Three types of biochips are currently available, namely DNA biochip, protein 
microarray, and microfluidic chip. The first DNA biochip or DNA microarray was 
developed by the American company Affymetrix, and the product of this company 
is the GeneChip. A DNA biochip is a set of tiny DNA spots fixed on a solid surface 
with an array of nano-wells (see Fig. 17.6b). For example, the SMARTer ICELL8 
multisample nanodispensor from Takara (https://www.takarabio.com) uses a bio-
chip with isolated 5184 nano-wells for specific DNA labels. Each DNA tag contains 
picomoles of specific genes called probes. This may be a short segment of genetic 
material under conditions of high rigidity. Typically, probe-target hybridization is 
noticed and counted by recognition of fluorophore-labeled or chemiluminescent tar-
gets to determine the relative number of nucleic acid series in the target [68, 108].

Protein microarray or protein chips are used to track the actions and relationships 
of proteins and to elucidate their functions in large scale studies [77, 171]. The main 
advantage of protein microarrays is that we can track a large number of proteins in 
parallel. Protein chips are automated, fast, economical, very sensitive, and require 
fewer samples. The first protein array methodology was presented in scientific pub-
lications on antibody microarrays in 1983. Subsequently, protein chip technology 
has been fairly easily adapted to DNA microarrays, which have now become the 
most widely used biomicroarrays. Despite the large number of successful examples 
of the use of protein biochips in biomedical and biotechnological research, many 
problems remain to be solved. Most protein biochips are currently made using tra-
ditional strategies that result in the random orientation of proteins on the surface of 
the chip. This random arrangement can adversely affect protein activity or ligand 
binding due to steric hindrance and thus can lead to reduced assay performance or 
even falsified assay results [147]. The problem can be solved by introducing more 
advanced methods for preparing protein biochips. Many such methods have been 
developed over the past few years [77].

Microfluidic biochips or “laboratory on a chip” are an alternative to traditional 
biochemical laboratories. Microfluidic biochips combine various biochemical anal-
ysis functions (e.g., dispensers, filters, mixers, separators, detectors) on a chip, min-
iaturizing the macroscopic chemical and biological processes that are often handled 
by laboratory robots to the submillimeter scale. There are several types of microflu-
idic biochips, each with its own advantages and limitations [88]. In flow biochips 
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Fig. 17.6 Representative microfluidics-based biochips and representative references. 
Microfluidics-based biochips can be categorized into three major platforms: (a) microfluidic 
channel- based, (b) well-array-based, and (c) droplet-based. After biological samples are dissoci-
ated into solution, the samples are processed through these biochips and can be applied to various 
fields in biology and medicine. (Adapted from Lee et al. [88]. Published by AIP as open access)

(Fig. 17.6a), the on-chip microfluidic channel circuit is equipped with microvalves 
built into the chip, which are used to control the flow of fluid on the chip. By com-
bining multiple microvalves, it is possible to create more complex devices such as 
mixers, micropumps, multiplexers, etc., with thousands of devices on a single chip. 
In droplet-based biochips, liquid is treated as individual drops on an array of elec-
trodes (Fig. 17.6c).

Microfluidic biochips have a number of advantages over conventional chemical 
analyzers. These include reduced sample and reagent volumes, faster biochemical 
reactions, ultra-sensitive detection, and higher system throughput allowing multiple 
analyzes to be performed simultaneously on a single chip. Microfluidic biochips 
have great potential in many applications such as clinical diagnostics, advanced 
sequencing, drug discovery, and environmental monitoring. The use of microfluidic 
biochips also facilitates tasks such as DNA analysis, protein studies, and disease 
diagnosis (clinical pathology) [34, 57, 61, 100].
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Of course, biochips are expensive. But the positive effect of their application is 
obvious. Biochips have helped to significantly accelerate the identification of 
approximately 80,000 genes in human DNA as part of the international Human 
Genome Project. In addition to genetic applications, the biochip is suitable for toxi-
cological, protein, and biochemical research. Biochips can also be used to quickly 
detect chemical agents used in biological warfare so that protective measures can 
be taken.

17.5  Applications of Biosensors

Currently, biosensors have a very wide field of applications (see Fig.  17.7). 
Environmental monitoring and pollution control using biosensors is also of great 
importance [7, 130], since human activities and industry create many environmental 
hazards that worsen the quality of human life. Agriculture and veterinary medicine, 
military affairs, drug development and quality improvement, disease diagnosis, 
treatment, and clinical research are also areas where biosensors should be widely 
used [11]. Several examples of the use of the biosensors are shown in Table 17.4. 
According to the experts’ forecasts, in 10–15 years the market for these analytical 
devices will exceed $ 70 billion [55]. Companies such as Roche Diagnostics, 

Fig. 17.7 Major areas of applications for biosensors. (Data extracted from Bhalla et al. [22])
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Table 17.4 Various approaches to the detection of biological objects

Approach Target bio-analyte Detection limit References

Electrochemical Protein 10 pM [96]
Carcinoembryonic antigen 
(CEA)

3.3 fg/mL [166]

Xanthine, 0.25 mM [46]
Antipsychotic clozapine 24 nM [138]
Salmonella 101 CFU mL− 1 [48]

Amperometric Aromatic hydrocarbons 0.5 μm [28]
Baeyer–Villiger (BV) – [137]

Electrical Hepatitis B-antigen 20 aM [29]
Voltammteric Fluvoxamine 3.5 × 10−9 Mol L−1 [21]
Potentiometric Lead 8.5 pM [151]

Zinc 510−4 M [41]
Conductometric Diazinon 60 μg/L [182]
Impedemetric Bacterial endotoxin 2 μg mL−1 [26]

Escherichia coli 0157:H7 102 CFU mL−1 [25]
Piezoelectric Pesticide residue – [143]
Optical Bacterial endotoxin 0.4 ng/mL [101]
Electrical/Fluorescent Bacteria 1 CFU/mL [71]

Johnson and Johnson Innovative Biosensors Inc., Cranfield Biotechnology Centre, 
EG and IC Sensors, Inc., Biosensor BV, QTL Biosystem, Molecular Devices 
Corporation, AZUR Environmental, Pharmacia Biosensor AB, Strategic 
Diagnostics, Affinity Sensor, Pinnacle Technologies Inc., DuPont Biosensor 
Materials, and others work in the field of biosensors and biochips development.

17.5.1  Biosensor Detection of Diseases

Biosensors are of great importance for monitoring and detection/diagnosis of dis-
eases and subsequent treatment [11, 109, 136, 159]. This is because the biosensor 
approach is easy to use, has high sensitivity, fast detection time, real-time analysis 
and miniaturization, as well as low cost. The use of biosensors, which make it pos-
sible to detect diseases at an early stage, dramatically increases the effectiveness of 
therapy. In addition, rapid and accurate laboratory diagnosis of infectious diseases 
can reduce the incidence and prevent the formation and spread of dangerous epi-
demics. Therefore, biosensors designed for these purposes can serve as an alterna-
tive tool for the development of diagnostics of epidemic diseases [3, 50, 146]. For 
example, a disposable electrochemical immunosensor using a screen electrode with 
functionalized gold nanoparticles was developed by Rama and colleagues [128] to 
detect amyloid beta 1–42  in situ. This identification is significant because 
Alzheimer’s disease is one of the most common forms of dementia. Testing showed 
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that these immunosensors had detection limits of 0.1 ng/mL. Biosensors can also be 
used for early detection of heart disease, cancer, diabetes, and many other infectious 
diseases. QD-based biosensors make it possible to detect viral, bacterial, and fungal 
diseases in human. Some other examples of such applications of biosensors are 
listed in Table 17.5. All these indicate that biosensor technologies that have appeared 
in recent years and are actively developing are innovative platforms for the analysis 
of infectious process biomarkers. They have a high potential to become affordable, 
fast and reliable, highly specific and sensitive tools for timely and reliable diagnosis 
and monitoring of bacterial and viral diseases [85, 178].

17.5.2  Biosensor for Detection of Toxins and Pathogens

In the last decade, more and more attention has been paid to the use of biosensors 
for monitoring toxins and pathogens. Microbial pathogens such as bacteria, fungi, 
viruses and protozoa can have a major impact on public safety and human health 
[110]. Therefore, the detection of microorganisms as well as microbial toxins is of 
great importance for security and public health care systems [150]. In these applica-
tions, sensitivity, accuracy, and speed of detection are important. The developed 
biosensors solve this problem. For example, Sheng et al. [145] developed a label-
free biosensor with an RNA aptamer that allows for rapid quantitative recognition 
of foodborne pathogens. In the proposed aptosensor, the RNA aptamer acts as “anti-
nucleic acid antibodies” of target microorganisms. The oligonucleotide nature of 
aptamers makes it possible to amplify or chemically synthesize the desired pool 
rather quickly and in any quantities, which makes it possible to create highly spe-
cific homogeneous sensors that perform accurate quantitative detection of pathogen 
nucleic chains [47, 113].

Table 17.5 Use of biosensors in disease diagnosis

Biosensor
Disease diagnosis or medical 
applications

Glucose oxidase electrode-based biosensor and 
HbA1c biosensor

Diabetes

Uric acid biosensor Cardiovascular and general disease 
diagnosis

Microfabricated biosensor Optical corrections
Hydrogel (polyacrylamide)-based biosensor Regenerative medicine
Silicon biosensor Cancer biomarker development and 

applications
Nanomaterials-based biosensors For therapeutic applications

Source: Reprinted from Vigneshvar et al. [160]. Published by Frontiers as open access
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17.5.3  Biosensor for Environmental Monitoring

Biosensors play an important role in environmental monitoring, in particular in the 
control of water, air, and soil pollution [7, 28, 52, 112]. For example, Bidmanova 
et  al. [20] have developed a portable biosensor to detect halogenated pollutants 
(halogenated aliphatic hydrocarbons). The developed optical biosensor with a fluo-
rescent indicator makes it possible to detect pollutants with halogen-containing 
compounds in water samples in the pH range of 4–10 and the temperature range of 
5–60 °C. In addition, the biosensor with detection limits of 2.4, 1.4, and 12.1 mg/l 
had a short measurement response time (1  min) and small dimensions 
(60 × 30 × 190 mm3), which is an additional advantage of the developed sensor. The 
functionalized nanopolymer immunosensor developed by Deep et al. [43] had high 
sensitivity specificity for atrazine and gave a detection limit of 0.01 ng/mL. A bio-
sensor based on the Au@Ag core-shell for SERS detection of arsenic (III) was suc-
cessfully developed [148]. This biosensor had high efficiency in the range of arsenic 
III concentrations from 0.5 to 10 ppb and a detection limit of 0.1 ppb. This detection 
limit is below the maximum value established by the US Environmental Protection 
Agency (EPA) and the World Health Organization (WHO), respectively. In addi-
tion, the results showed that the detection of As(III) did not interfere with other ions 
present in the water sample.

17.5.4  Biosensor for Food Quality Control and Agriculture

Biosensors are of great importance in food quality control and agriculture [6, 8, 13, 
14, 67, 110, 116], etc. The agricultural sector plays an important role in the sustain-
able economic development of the country and the world community, in connection 
with which it is of great importance to develop methods that allow early detection 
of plant diseases and prevent their spread over large areas. To achieve regional and 
global food security goals, there is also an urgent need for food control at all stages 
of their production and storage. The experiment showed that biosensors have such 
an opportunity. For example, it has been reported that biosensors can be used to 
detect plant pathogens [70, 99]. Wang et al. [163] showed that a biosensor can be 
used to monitor plant health. Fang et al. [58] developed electrochemical biosensors 
to detect p-ethylguaiacol, a fungus that infects fruit plants with Phytophthora cac-
torum pathogens and causes root rot during growth. To do this, they investigated the 
effect of various treatments on specific plant stress. In the field of quality control in 
the food industry, the importance of express methods for assessing shelf life, spoil-
age, and contamination of products is studied. Advances in biotechnology are stim-
ulating the development of methods for monitoring fermentation processes, which 
also expands the possibilities of continuous monitoring of these processes.
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17.6  Conclusion

Many approaches can be used to detect analytes. However, traditional methods are 
labor-intensive, expensive, and require well-trained staff and personnel. This chap-
ter shows that biosensors are ideal for this task. Biosensors can provide real-time 
detection of various analytes with high efficiency, sensitivity, low detection limits, 
and good linearity. Therefore, biosensors can become a promising analytical tool 
for routine analysis and monitoring in various fields such as medicine, environmen-
tal monitoring, food quality assurance, the agricultural sector, etc. Unfortunately, 
most biosensors are disposable or have a short lifespan. Therefore, the goal of the 
next level of development should be to create more stable regenerative biosensors 
for long-term use.
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Chapter 18
Fluorescent Biosensors Based on II–VI 
Quantum Dots

Nguyen Thu Loan, Ung Thi Dieu Thuy, and Nguyen Quang Liem

18.1  Fundamentals of Biosensors 
and Fluorescence Biosensors

Biosensors are sensors to detect biological analytes, and then transduce the detected 
responses into measurable and/or processable signals. Depending on the kind of 
analytes, concentrations and objective applications, the difficulty and sophistication 
in designing biosensors are different. The general structure of a biosensor is just 
composed of three main parts as shown in Fig. 18.1. For matching to analyte, recep-
tor (1) must be appropriately designed to catch the analyte selectively and sensi-
tively. Transducer (2) must respond sensitively, selectively/specifically and 
reproducibly to any change got by the receptor. Eventually, responses from the 
transducer would be measurable, displayed, monitored and/or further processed in 
(3). All three main parts of a biosensor are equally important and have to well match 
together to demonstrate the most effective and selective responses from the recep-
tor. The biosensing event can be qualitatively detected (to know if the analyte is 
there or not) or quantitatively analysed (to know how much analyte is in the sam-
ple). An FBS uses fluorescence materials to detect/recognise bio-analytes and then 
the fluorescence signals are analysed by measuring the fluorescence intensity as a 
function of change of the analyte or by imaging the fluorescence-bound analytes. 
There have been good reviews on different kinds of biosensors using QDs as fluo-
rescence monitors [1–5].

A good biosensor must exhibit (i) high selectivity, (ii) high sensitivity or low 
limit of detection, (iii) reasonable range of detection, (iv) signal readability and (v) 
reproducibility/reliability. Also, biosensors should demonstrate rapid detection/fast 
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Fig. 18.1 General structure of a biosensor that is composed of (1) receptor, (2) transducer (fluo-
rescence QDs or NCs) and (3) signal reader/processor

response, to be easy to operate and process the detected signals, and to be low-cost. 
In many cases, it must be compromised between the features mentioned above or 
made the priority for some of them.

 (i) Regarding the selectivity, it can be achieved on the basis of specific biochemi-
cal reactions or selective match between analyte and receptor. In a FBS, the 
selectivity or elimination of wrong detection of analyte can be accomplished 
by appropriate functionalisation of the fluorescence material (FM) for directly 
and selectively combining to the analyte; or to a specific biomarker which is 
representative for the analyte; or to a specific biomarker which is representa-
tive for the analyte. In the latter, the biomarker must be prepared to specifically 
combine with the analyte. The FMs used in FBSs can be organic dyes, lumi-
nescence complexes or semiconductor QDs. These fluorescence entities have 
sizes smaller than those of most analytes. Using each kind of the mentioned 
FMs, people have tried to exploit the advantage and avoid the drawback. 
Recently, QDs have been intensively considered because of their remarkable 
optical characteristics suitable for FBSs, such as emitting strong and narrow 
luminescence at certain wavelengths in the visible spectral range dependent on 
their sizes or compositions, while absorption in a wide spectral range due to 
the semiconductor nature. This is practically efficient for simultaneously 
detecting different analytes at the same time, by using the same excitation. In 
addition, the QDs can be functionalised with different molecules/complexes to 
selectively couple to different analytes/biomarkers. Compared to traditional 
fluorescent proteins or organic dyes, QDs emit stable brightness, and almost no 
bleaching during the measurement which is a big advantage in applications. 
Most FBS based on QDs exhibits the fluorescence signal dependent on the 
energy transfer between the QDs and analytes/biomarkers via dipole-dipole 
interactions (Förster Resonance Energy Transfer, FRET). This non-radiative 
energy transfer process is strongly dependent on the distance between the QDs 
and analytes/biomarkers, and the spectral overlap of the QDs emission and 
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analytes/biomarkers absorption. QDs based on II–VI compounds (CdSe, 
CdTe,… and their core/shell structures with the shell made from ZnS and/or 
ZnSe) are easily synthesised by chemical method in organic solvents or in 
water to achieve very high quality, emit narrow fluorescence peaking in the 
whole spectral range from UV to IR with the high quantum efficiency [6, 7]. In 
order to achieve high selectivity of a QDs-based FBS, QDs need to be appro-
priately functionalised for well coupling to various vectors specific to the ana-
lyte or biomarker. After being functionalised, the fluorescence entity is ready 
to selectively couple on the target analyte or biomarker via covalent coupling 
to and/or specific recognition of antibodies, enzymes, proteins, supramole-
cules, etc. QDs-functionalised antibodies are very suitable proteins responsible 
for foreign antigens such as virus particles, drugs, toxins, etc. Also, aptamers 
(oligonucleotide or peptide), which are less expensive, more stable and easy 
synthesise, and capable of binding to different target proteins with high affini-
ties and specificities, are alternatives to antibodies in designing flexible sensing 
platforms [8]. Appropriate fluorophores could be used to label the analytes to 
enhance the selectivity. In some cases, immobilisation of the complexes of 
functionalised fluorescence entity and analyte/biomarker/label on a substrate is 
needed for fluorescence measurement or imaging/display. In other cases, the 
fluorescence-analyte/biomarker combinations in colloidal solutions are good 
and convenient enough for signalling or imaging. To avoid interference from 
the self-fluorescence of the studied specimens in imaging, type-II quantum 
structured QDs are good because they show strong luminescence with a very 
long decay time so that one can get the image after a certain delay time from 
the excitation when the self-fluorescence is already most decayed.

 (ii) About the signal detection limit, it depends on both the absolute fluorescence 
intensity from the complexes of functionalised fluorophore and analyte/bio-
marker/label and the readability by eyes or by certain instruments. In other 
words, both the absolute fluorescence intensity and the readability play equally 
important roles in the final result. This is because if the fluoresce is strong but 
the reading device is bad to read or the device reads well but has no fluoresce, 
neither the analyte signal could be detected. The harmony and match between 
the two is a mandatory requirement when designing an FBS. Nowadays, it is 
easy to use a UV- or blue-LED as the excitation source for QDs to fluoresce, 
then their fluorescence can be recorded and analysed using a compact, portable 
spectrometer. Of course, the ideal limit should be as low as possible, even to 
the single-molecule level. This is of particular significance when using FBS for 
diagnosing the disease at a very early stage or detecting extremely toxic sub-
stances in very low concentrations. However, striving for a low detection limit/
high sensitivity often comes with complexity and high cost. Therefore, practi-
cally, the detection limit is often harmonised to the specific use for certain 
analyte detection, for example, it must be better than the requirement for the 
analyte concentration which is under the safe level. For safety reasons, many 
countries/organisations determine and announce the safe concentrations of 
pesticides, herbicides, and antibiotic residuals in food products and the envi-
ronment. In some cases, to increase the sensitivity, one can collect the analytes/
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biomarkers which were bound to magnetic nanoparticles by using an external 
magnetic field to concentrate them in a small space to increase their density.

 (iii) The range of detection is dependent on the low limit of detection and the satu-
rated measure. Usually, a sensor with high sensitivity is soon saturated by a 
strong enough signal to limit the operating range. In practice, in order for an 
FBS works in the large signal response range, people can divide the whole 
range into smaller intervals, in which the appropriate filters are put to avoid the 
saturation; the known attenuation factors of the filters are used for normalising 
the final data after measurement. Another characteristic that is practically use-
ful is the linear range of the measured signal. The more linear the device, the 
easier it is to use so that the user can extrapolate the measured concentration 
more easily.

 (iv) Any fluorescence signal from the analyte/biomarker/label must be finally read-
able or displayed, imaged with high repeatability and reproducibility. The sim-
pler the reading and the more linear the better. It is important and applicable for 
an FBS is that it must give repeatedly or reproducibly the response from the 
analyte. This show the reliability of a measure. For single-use biosensors, it is 
simpler because it only needs to manufacture the same sensors and perform 
measurements in the same manner under the same conditions. However, with 
a multi-use biosensor, cleaning the sensor to remove any interference from the 
previous measurement as well as correcting the degraded sensitivity after mul-
tiple measurements are essential to ensure the accuracy. For imaging biological 
objects, as already mentioned above, it is very important that the fluorescence 
decay time of QDs, especially in type II quantum structure or transition metal- 
doped QDs, is much longer compared to that of self-fluorescence from the 
biological objects, so that one can do the temporal discrimination of the signal 
from cellular self-fluorescence and scattered excitation light.

18.2  Fluorescent Biosensor for Clinical Diagnostics, 
Treatment of Diseases, and Health Care

After the success of synthesising high-quality CdSe QDs in 1993 by Murray et al., 
attempts to use QDs in FBSs had bloomed [1–5, 9]. The first FBS and imaging sys-
tem based on QDs were developed by Alivisatos and Nie in 1998 [10, 11]. The most 
important applications of FBS are for detecting viruses, mycotoxins, pathogens, 
specific proteins, enzymes, nucleic acids, cellular, reactive oxygen species and 
in  vivo targeting/imaging that serve clinical diagnostics, disease treatment and 
health care. For the mentioned issues, it is extremely important to detect correctly 
and as early as possible the cause of the disease. FBSs of different types are inves-
tigated and manufactured for this purpose, namely to detect antigens (viruses, can-
cer cells, bacteria, etc.) at low concentrations but they are signs of the early stage of 
diseases. In the living body, the normal body’s immune system can produce 
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antibodies when antigens are present. At the early stage of infection, the concentra-
tion of antigens or pathogens, in general, is very low and the body does not sense 
enough unusual, but it is a dangerous stage for developing the disease because the 
concentration of antigens would quickly increases to take over the body’s immune 
system function, making body really sick. Therefore, detecting the antigens or 
pathogens at very low concentrations at the early stage of the disease is very impor-
tant for not only diagnostics but also for the treatment of the diseases and health 
care. In the approaches of FBS, there are two types of signal that can be readable or 
displayed: (i) the change of the luminescence intensity from QDs-bound analyte 
(antigens or pathogens or biomarkers) or (ii) fluorescence imaging. QDs can be 
functionalised to bind directly to the analyte or can also target the analyte via 
another analyte-specific marker. Because QDs are synthesised in organic solvents or 
in water depending on the chemical reaction nature, the final QDs usually exist dif-
ferent ligands on the surface, consequently, appropriate functionalisation is needed. 
One more thing should be noted is that the functionalisation of QDs surfaces must 
ensure the QDs are in association with the living analyte, not with the dead one, to 
avoid the misinterpretation of QDs fluorescence efficiency as well as false signal 
analysis. For imaging, suitable light is used to excite the QDs-bound analytes to 
have luminescence, then people can take images of the objects under the micro-
scope. In other cases, measurement of the luminescence spectra as a function of the 
analyte concentration or even the on-off luminescence is applied. Because human 
tissues are made up of organic molecules which absorbed UV-Vis light and lumines-
cence under ultraviolet light excitation, it is more convenient to use near-infrared 
(NIR) light to excite QDs for imaging to avoid absorption and autofluorescence 
from the tissues. Practically it is good for FBSs to work with light in the two bio-
logical windows of 750–940 nm and 1200–1700 nm because that light is able to 
penetrate deep into the human body with low absorption and is not-excitable to give 
the autofluorescence from the tissues.

Among the II–VI QDs, CdTe and CdSe are probably the most studied and syn-
thesised to emit strong and narrow excitonic luminescence in the whole visible 
range [6, 7, 12]. However, because CdTe is efficiently and easily prepared in aque-
ous media, it is easily used for biomedical applications without the need for ligands 
exchanges. As result, there have been more publications on the use of CdTe QDs in 
FBSs. Moreover, by varying the shell (CdS, CdSe and ZnSe) thickness, one can 
form type I or type II quantum structure to emit efficiently luminescence peaking at 
different wavelengths (Fig. 18.2). For type-II CdTe/CdS core/shell structure, which 
has a very long fluorescence lifetime of up to several hundred ns, it is very conve-
nient for application in time-gated fluorescence imaging to eliminate the autoemis-
sion from the organic analyte [13].

Analytes including viruses, biomarkers, specific proteins, enzymes, and patho-
gens, in general, have the size of several tens nm to micrometres (SARS-CoV-2 
have differently reported diameters ranging between 50 nm and 140 nm). In con-
trast, the QDs used for labelling or attaching to analytes are  several nm  in size, 
therefore many QDs may bind to one analyte to improve the fluorescence intensity 
at the target. Though the designs and structures of FBSs are different for detection 
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Fig. 18.2 (a) HR-TEM images of CdTe/CdS QDs with the different CdS shell thicknesses and (b) 
the sketch of their energy diagram showing the transition from (a) type I to (b and c) type II quan-
tum structure along with thickening the CdS shell, (d) the energy diagram of bulk CdTe/CdS for 
comparison. (Reproduced with permission from Ref. [13]. Copyright 2016: Elsevier B.V)

of various analytes, the reading signals are based on (i) the change in the fluores-
cence intensity or (ii) the image of the fluorescence QDs-bound analytes. The 
change in the fluorescence intensity may be caused by the change of pH in the vicin-
ity of QDs, the charge state at the surface of QDs or by fluorescence resonance 
energy transfer (FRET) from QDs to analytes. In the following, examples of the two 
kinds of FBS mentioned above are presented.

18.2.1  Reading Signals by Measuring 
the Fluorescence Intensity

Figure 18.3 illustrates a typical design of the FBS for the detection of H5N1 influ-
enza virus using CdTe/CdS QDs bound to chromatophores with Fo F1–ATPase [14]. 
In this design, it is practically nice and convenient for the detection of various ana-
lytes (by replacing accordingly in the peripheral part) with the same core part. The 
core is kept with the working principle that any change in the peripheral part would 
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Fig. 18.3 (a) A typical fluorescence biosensor for virus detection. The core part consisted of (1) 
CdTe/CdS QDs, (2) chromatophores with Fo F1–ATPase and (3) the antibody of β-subunit. (4) the 
biotin–streptavidin–biotin bridge linked the core part with the peripheral part consisting of (5) the 
antibody of the H5N1 avian influenza virus and (6) the H5N1 avian influenza virus. (b) the PL 
intensities of (a) H5N1 viruses and (b) biosensor composed of all the CdTe/CdS QDs, chromato-
phore and H5N1 virus under detection as a function of the H5N1 virus concentrations. (Reproduced 
from Ref. [14]. Published 2012 by IOP Publishing as open access)

make change the H+ flux in the chromatophore, correspondingly changing pH of the 
local environment, causing the change of the fluorescence intensity from the bound 
QDs. The biotin–streptavidin–biotin bridge (4) is a good biolink to bind the core 
part with the peripheral part of this FBS. The selectivity is determined by using the 
right antibody (5) to match antigen (6) in the peripheral part and it can be flexible 
depending on the antibody-antigen couple. For this design, it is possible to detect 
the H5N1 avian influenza virus at a concentration as low as 3 ng/μL [14]. This kind 
of FBS demonstrates really higher sensitivity and selectivity, and flexibility as well. 
Other kinds of biosensors for the detection of the H5N1 avian influenza virus were 
also developed, for example the one used isothermal amplification method for the 
sensitive detection of the H5N1 influenza virus in the concentration range from 10 
fM to 0.25 pM, with a detection limit of 9 fM at a signal/noise ratio of 3 [15]; or a 
sensitive quantitative lateral flow immunoassay (LFIA) to detect influenza viruses 
H5 and H9 simultaneously showing the accuracy is as high as that of real-time PCR 
[16]; or recently the label-free one based on three-segment branched DNA-templated 
fluorescent silver nanoclusters to detect the H5N1 gene sequence with the wide 
linear range of 500 pM-2 μM and a low-limit of detection (LOD) of 500 pM [17].

Another example is the use of highly luminescent CdTe/CdS QDs covalently 
attached to the polyamidoamine (PAMAM) dendrimer to make the ultrasensitive 
solid surface fluorescence immunosensor for determination of HBsAg (hepatitis B 
virus surface antigen), the earliest definite serologic marker of hepatitis B [18]. 
Therefore, this FBS has great potential in early diagnostics of hepatitis B, an 
immune disease that causes cirrhosis and liver cancer. The study shows a good 
analysis with the excellent linearity of HBsAg concentration from 5  fg/mL to 
0.15 ng/mL with the LOD of 0.6 fg/mL. The sensitivity and LOD of this FBS are 

18 Fluorescent Biosensors Based on II–VI Quantum Dots



482

thousands times better than that obtained by using other kinds of sensors (namely 
based on the differential pulse voltammetry, electrochemical detection and normal 
fluorescence) reported in the literature (Table 1A in Ref [18]). The selectivity of this 
FBS is responsible for the right antibody of hepatitis B virus.

Proteins are the main constituent of viruses, cells, and any live entity. In the 
structure of FBSs using QDs to detect/analyse proteins, molecules that efficiently 
conjugate the proteins (or peptides, DNA) with the QDs surface are indispensable. 
Upon the presence of proteins, the fluorescence of the QDs donor is quenched via 
FRET. Note that the energy transfer, in this case, is via electrical dipole-dipole inter-
action, it is therefore inversely proportional to the distance to the power of 6 
[E = nR6/(nR6 +  r6)]. Dihydrolipoic acid (DHLA)-functionalized CdSe/ZnS QDs 
emitting at 550 nm were selected for assembly with mCherry because of the favour-
able spectral overlap (Forster distance R0 = 4.9 nm). Polyhistidine(His6) could be a 
good one to append proteins, peptides and even DNA to CdSe/ZnS QDs via metal- 
affinity coordination [19]. Figure  18.4 illustrates a sensitive and specific FRET- 
based protease sensor to detect caspase 3, an important downstream protease in 
apoptosis. Once activated by upstream initiator caspases, this cysteine protease spe-
cifically cleaves substrate proteins as part of the apoptotic cascade. Detection of 
caspase 3 is necessary and of particular interest in cancer research, as its activity is 
a prognostic indicator of chemosensitivity in breast and ovarian tumours. In this 
FBS, mCherry, a monomeric red fluorescent protein, with an N-terminal linker 
expressing the caspase 3 cleavage site and a His6 sequence is chosen to be the FRET 
acceptor that is self-assembled on the surface of CdSe/ZnS QDs, resulting in FRET 
quenching of the QD fluorescence. The FRET also sensitizes emission from the 
mCherry acceptor. When adding caspase 3 to this complex, it cleaves the linker to 
reduce the FRET efficiency to recover the fluorescence from the QD [19]. The 
change in FRET efficiency depends on the ratio of mCherry to QD emissions. The 
recovered fluorescence from the CdSe/ZnS QDs is proportional to the caspase 3 

Fig. 18.4 A sensitive and specific FRET-based protease sensor to detect caspase 3. mCherry with 
an N-terminal linker expressing the caspase 3 cleavage site and a His6 sequence were self- 
assembled to the surface of CdSe/ZnS QDs, resulting in FRET quenching of the QD and sensitized 
emission from the mCherry acceptor. Caspase 3 cleaves the linker, reducing the FRET efficiency 
to recover the fluorescence from the QD. (Reproduced with permission from Ref. [19]. Copyright 
2009: American Chemical Society)
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concentration, with the ability to detect enzymatic activity for caspase 3 concentra-
tions as low as 20 pM.

In human body, C-reactive protein (CRP) is a measure for inflammation. Doctors 
might order a CRP test to check for inflammation due to an infection, for diagnosing 
a chronic inflammatory disease, and for determining a risk of heart disease or risk 
of a second heart attack. A high-sensitivity C-reactive protein (hs-CRP) test has 
been developed to detect slight increases within the normal range of standard CRP 
levels. This is a novel fluorescence-linked immunosorbent assay (FLISA) for rapid 
detection of C-reactive protein using QDs as a fluorescence label (Fig. 18.5) [20]. 
The selectivity for the antigen (CRP in this case) is determined by the monoclonal 
antibody (mAb) labelled on CdSe/ZnS QDs. First, CRP antigens (Ag) are captured 
by the CRP mAb coating on the microplate. Then, the QDs-labelled antibodies are 
combined with antigens to form a mAb-Ag-mAb sandwich structure after sufficient 
incubation time. Fluorescence intensity from QDs is first increased by increasing 
the incubating time of QDs-mAb probe after the CRP antigen was incubated, then 
stable after 20–30 min, namely the optimal incubation time. The fluorescence inten-
sity is increased with increasing the concentration of the CRP antigens. The FLISA 
showed a good linear correlation with the concentration range from 1.56 ng/mL to 
400 ng/mL, with the limit of detection (LOD) of 0.46 ng/mL. The accuracy of the 
assay meets the requirements with recoveries of 95.4–105.7%. This in vitro QDs- 
based detection method offers a lower LOD and a wide liner detection range than 
ELISA. And, the total reaction time is only 50 min, much shorter than the commer-
cialisation ELISA (about 120 min). All of the results show that FLISA is a fast, 
convenient, sensitive, selective and accurate method for the detection of CRP sam-
ples, and can be a rapid, selective and cost-effective in vitro diagnostic kit.

Deoxyribonucleic acid (DNA) plays a very important role in biochemical pro-
cesses occurring in the cellular system including gene expression, gene transcrip-
tion, mutagenesis, carcinogenesis, etc. [21]. The binding of small molecule drugs to 
DNA has been an active area of research to better understand the mechanism of 
antiviral activity, as well as the advanced design of new drugs. A QDs-based FBS 
using Pr3+–rutin complex is presented in Fig. 18.6. Rutin is a well-established che-
lating agent reactable with rare earth elements to form complexes. Pr3+–rutin com-
plex is the one efficiently quenches the fluorescence of glutathione (GSH)-capped 
CdTe QDsdue to the ultrafast photoinduced electron transfer (PET). The ensemble 

Fig. 18.5 Schematic illustration of FLISA procedure. Antibodies are immobilised on the micro-
plate to selectively catch antigens; while the QDs-labelled antibodies are also combined with anti-
gens to form a mAb-Ag-mAb sandwich labelled with QDs. The measured fluorescence intensity 
from these QDs is the monitor for the antigen concentration. (Reproduced from Ref. [20]. 
Published in 2017 by Springer Nature as open access)
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Fig. 18.6 Schematic diagram of the mechanism to detect hsDNA. ‘OFF-state’ of FBS is due to 
Pr3+–rutin complex that efficiently quenches the fluorescence of GSH-capped CdTe QDs. Then, 
‘ON-state’ is recovered by adding hsDNA into ensemble of GSH-capped CdTe QDs-Pr3+–rutin 
complex to release GSH-capped QDs free for their fluorescence. (Reproduced with permission 
from Ref. [21]. Copyright 2012: Elsevier B.V)

of GSH-capped CdTe QDs-Pr3+–rutin complex is therefore able to display a desir-
able ‘off-state’ of the biosensor. On the other hand, the Pr3+–rutin complex also 
serves as the receptor to bind specifically with herring sperm (hs) DNA. When the 
hsDNA is added, because of its strong binding affinity with the Pr3+–rutin complex, 
hsDNAcan break up and remove the Pr3+–rutin complex from the surface of CdTe 
QDs to restore the fluorescence of QDs. Concentrations of rutin and Pr3+ are 
50 nM/L, and the total volume of rutin and Pr3+is 5.0 mL in the Job’s method; the 
solutions of rutin and Pr3+ are mixed and diluted with water to the mark of the 
10 mL calibrated flask, and then are shaken thoroughly. The relative recovered fluo-
rescence intensity is directly proportional to the concentration of hsDNA between 
0.0874 μg/mL and 20 μg/mL, and the detection limit is 0.0262 μg/mL. More than 
the FBSs described above, CdTe/ZnSe QDs were also successfully applied to detect 
easily any change in the sequence (mutation) of DNA. The QDs also showed their 
ability to detect DNAs directly from the extracts of human cancer (PC3) and normal 
(PNT1A) cells (detection limit of 500 pM of DNA) [22].

Human serum albumin (HSA) is an endogenous protein abundant in human 
blood and is a hot object in research in clinical medicine. The development of albu-
min drug carriers is gaining increasing importance in the targeted delivery of cancer 
therapy. Therefore, the detection of HSA is of great significance in clinical diagno-
sis. In recent years, to satisfy the clinical requirements, many detection methods for 
HSA have been developed, such as high-performance liquid chromatography, elec-
trochemical, resonance light scattering, spectrofluorimetric, etc. However, due to 
the complexity, low sensitivity and selectivity, and high cost of sample preparation, 
the application of most aforementioned methods is limited. Therefore, a highly sen-
sitive and selective FBS for the detection of HSA based on the ‘turn-off-on’ fluores-
cence of QDs has been developed [23]. Because of the facile synthesis in water to 
produce highly luminescent CdTe QDs, these QDs have been again efficiently used 
for the fabrication of FBSs. The principle of such an FBS is shown in Fig. 18.7. The 
fluorescence of CdTe QDs is first quenched due to resveratrol, a polyphenol, because 
of the collision between excited CdTe QDs and resveratrol. Then, when adding 
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Fig. 18.7 Schematic diagram of the proposed “turn-off-on” mode of the QDs-resveratrol-HSA 
system. “OFF-state” is due to the interaction between excited CdTe QDs and resveratrol. Then, 
“ON-state” is established by adding HSA into the system to form resveratrol-HSA binding com-
plexes to release QDs free to fluoresce. (Reproduced with permission from Ref. [23]. Copyright 
2020: Elsevier B.V)

HSA to the system, the resveratrol-HSA binding complexes is formed resulting in 
the resveratrol to move away from the QDs, leading to the recovered fluorescence 
of CdTe QDs. This fluorescent “turn-off-on” biosensor can selectively and rapidly 
detect HSA in a wide concentration range of 0.0237–100 μg/mL, with very low 
detection limit of 6.898 ng/mL. This QDs-based FBS is successfully applicable to 
determine HSA; the method is accurate, rapid and sensitive enough for determining 
HSA at low ppb levels.

Along with viruses, proteins, DNA that cause diseases and affect human health, 
bacteria are also the important source to cause different diseases. Therefore, how to 
efficiently detect the bacteria by using BFSs is attracting the attention of many 
researchers. This is important and necessary for clinical diagnostics, treatment of 
diseases and health care. Bacteria are usually very large compared to QDs, which is 
advantageous and convenient to bind many QDs on bacteria for the good fluores-
cence signal. In an FBS, to detect directly bacteria or just its representative bio-
marker, in many cases, QDs need certain molecules to work as matchmakers to 
conjugate to both the QD and bacteria/biomarker. Among bacteria, Serratia marces-
cens is the one most commonly isolated from human infections including bacterae-
mia, pneumonia, etc. S. marcescens is the Gram-negative bacillus found ubiquitously 
in soil, water, plants, insects, animals, food and the gastrointestinal tract. 
Lipopolysaccharide (LPS) is a major component of the outer membrane of Gram- 
negative bacteria that induces a strong immune response upon its internalisation 
into the mammalian cells. Detection of LPS from S. marcescens is therefore very 
important in healthcare and public biodefense. The design and working principle of 
an FBS using CdTe QDs is based on the conjugation of fluorescence QDs with 
Concanavalin A (Con A), a lectin from jack bean, to detect selectively and specifi-
cally LPS. Upon the presence of LPS, the fluorescence of CdTe QDs is quenched. A 
good linear relationship between the relative fluorescence intensity and the cell 
population of S. marcescens in the range from 10 to 106  CFU/mL at pH  7 was 
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established. The fluorescence of CdTe QDs-Con A is linearly decreased with 
increasing the LPS concentration from 10 to 90 fg/mL [24].

Another kind of analytes, which is blood glucose that must be importantly deter-
mined because it is the most common and very necessary indicator for the human 
health. Blood glucose comes from the food and is the main source of energy for 
keeping all body cells alive. Blood glucose level refers to the total amount of glu-
cose circulating in the blood that is between 4 and 7 mmol/L (mM) or 0.72–1.26 mg/
mL for normal non-diabetics. Recently there is a comprehensive review of com-
mercial and scientific solutions for blood glucose monitoring by using different 
methods [25]. Commercial products for blood glucose measurement are mainly 
based on the microwave and electrochemical principle. However, due to the high 
sensitivity and the ability to measure many other blood parameters at the same time, 
many studies on blood glucose measurement using fluorescent biosensors have 
been conducted. Blood glucose content can be determined through measurements 
of plasma, body secretions or of tears [25–29]. The principle of these measurements 
is based on the change of fluorescence intensity from QDs due to redox chemilumi-
nescent reactions. Figure 18.8 shows a typical FBS to detect H2O2-bioprecursors 
(glucose) in the presence of glucose oxidase (GOx). Many important biomolecules 
in body fluids, including glucose, sarcosine, uric acid, cholesterol, etc., can be 
defined as “H2O2-bioprecursors” because they release H2O2 by the catalytic action 
of their oxidases. This H2O2-bioprecursors belong to the reactive oxygen species 
(ROS) which have been found in living bodies including mammals and plants. In 
other words, in the reaction, GOx catalyses the oxidation process to change glucose 
into gluconic acid and produces H2O2 simultaneously. H2O2 then provides the elec-
trons at the surface of the CdTe QDs to quench fluorescence or produce nonfluores-
cent CdTe QDs anion. The working principle of such an FBS to detect glucose is 
based on the change in the fluorescence intensity of QDs in conjugation with GOx 
[29]. Using CdTe QDs, the FBS demonstrated good linearity in the glucose concen-
tration range of 1–20 μg/mL (0.6–11.1 mM) [27] and could determine glucose in 
the wide concentration range from micro- to milli-molar with the LOD of 0.1 μM 
[29]. The calibration and appropriate protocol (sample preparation including GOx- 
QDs and glucose, excitation light and fluorescence detection) are needed for real 
applications of FBS to detect glucose from different sources (blood, urine, saliva 
and tears) of human body [28].

Very similar to the FBS that used CdTe QDs mentioned above, FBS used TGA- 
capped CdSe/ZnS QDs (of the mean particle size of 10–12 nm to emit luminescence 
peaking at 620  nm) conjugated with GOx and horseradish peroxidase (HRP) 
enzymes was developed for the detection of glucose in aqueous samples. Here, 
glucose was determined depending on the enzymatic reaction of glucose that 
releases H2O2 to change the fluorescence intensity from CdSe/ZnSQDs. In more 
detail, the process is explained by the exchange of the electron at the outer surface 
of the core-shell QDs, whereby H2O2 is reduced to oxygen and H2O, which traps the 
electron holes at the surface of the QDs, further causing the decrease of the fluores-
cence intensity. The higher glucose concentrations used, the more H2O2 produced 
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Fig. 18.8 (a) a typical FBS based on CdTe QDs conjugated with GOx for the detection of glucose. 
The oxidation catalysed by GOx changes glucose into gluconic acid and produces H2O2 simultane-
ously to quench the fluorescence of CdTe QDs and (b) the changes in fluorescence intensity from 
CdTe QDs-GOx as a function of glucose concentration. (Reproduced with permission from Ref. 
[29]. Copyright 2008: Wiley-VCH Verlag GmbH & Co.)

and thus the greater the fluorescence quenching effect on the QDs. The bioconju-
gated GOx:HRP/QDs capped with TGA shows a good linearity for the glucose 
determination in the range of 0–10 mM, with the LOD to be 0.045 mM [30].

Other kinds of II–VI QDs such as ZnO [31] and Mn-doped ZnS [32] were used 
to fabricate FBSs for the detection of blood glucose that shows high sensitivity and 
good selectivity. The fluorescence sensing of several monosaccharides using boronic 
acid-substituted viologen quenchers/sugar receptors in combination with the fluo-
rescent Mn-ZnS QDs as signals that are capable of identifying six sugars (d- fructose, 
d-glucose, d-galactose, d-mannose, l-sorbose and sucrose) and discriminating dif-
ferent sugar concentrations [32]. For all these FBSs, H2O2 must be borne by the 
enzyme (mainly GOx)-assisted oxidation of glucose to quench fluorescence of QDs 
[26–34].
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18.2.2  Reading Signals by Imaging the Fluorescence 
QDs-Bound Analytes

Imaging is an effective way to monitor tumours or tissues or cells. The first impor-
tant requirement for imaging is how the QDs can be targeted and linked to the object 
to be imaged. This means that in order to image the analytes by fluorescence QDs, 
the QDs must be prepared to selectively bind to the analytes via functionalisation 
with antibodies or any suitable binder on the surface so that QDs are target-oriented 
with analytes, ignoring other objects around. Then, the second important issue is the 
manner in which the QDs are delivered for in vitro or in vivo imaging. For in vitro, 
it is simple but in case in vivo is needed the direct injection of functionalised QDs 
into the living body is the best way for this purpose. Finally, good fluorescence 
images could be taken to observe with the suitable excitation light and camera. If 
QDs could give fluorescence by the near-infrared (NIR) excitation (two-photon 
excitation process) it would be advantageous because the near-infrared light can 
penetrate deep into the living organism, excite QDs-bound tumours or tissue deep 
inside the body and NIR is usually could not excite living protein to have lumines-
cence which interferes to that from QDs. In fact, because it is possible to target the 
cancer cells or pathogens, tumours, then checking by imaging them under micro-
scope would help very much to determine the cancer cells or pathogens or tissues/
tumours for necessary clinic actions. There have been comprehensive reviews and 
original articles on the use of CdTe, CdSe QDs for imaging cells and tumours or 
biomarkers [35–40]. Some examples of multi-colour in vivo imaging by using dif-
ferent QDs are presented in Fig. 18.9.

18.3  Fluorescent Biosensors for Detection of Pesticides 
and Growth-Promoting Hormone 
in Agricultural Productions

Along with the agricultural production, people have used various kinds of pesti-
cides, herbicides, growth-promoting hormones, etc., that more or less remain in the 
products and soil, and environment. These residuals are toxic in contaminated prod-
ucts and also make the environment harmful after a long-term accumulation. 
Therefore, detection of the toxic residuals in agricultural products or environmental 
samples is mandatory to confirm the cleanness of products and safe production. 
FBSs seem to be effective and practically applicable from the viewpoints of cost, 
time-consuming and sensitivity to ensuring constant control of the concentration of 
pesticides in agricultural productions. There have been a number of articles devoted 
to the studies of biosensors for the detection of pesticides and antibiotics, growth- 
promoting hormones, etc., using QDs showing the potential of QDs in practical 
applications [41–45]. In the following are demonstrated two examples of detecting 
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Fig. 18.9 (a) Dual-colour immunofluorescence cellular imaging with QDs (scale bar: 20 mm). 
The Hela cells are labelled by the QDs/protein conjugates (red) and Hoechst (blue). Reproduced 
with permission from Ref. [38]. Copyright 2011: Wiley-VCH Verlag GmbH & Co. (b) multiplex 
imaging capability of CdTe/CdSe QDs in a live athymic nude mouse. Reproduced with permission 
from Ref. [39]. Copyright 2011: RSC Publishing

pesticides and growth-promoting hormones. The working principles of these two 
can be applicable to other kinds of analytes with some modifications.

Pesticides are chemical compounds commonly used in agricultural production to 
ensure high outcomes. Among them, organophosphorus (OP) compounds have been 
widely used because of their high efficiency for insect killing, easy synthesis and 
low cost. The good selectivity of biosensors for the detection of OPs is based on the 
selective interaction potential of OPs with acetylcholinesterase (AChE) enzyme. 
These selective biosensors are a promising alternative to conventional techniques 
for field sensing [42]. Figure 18.10 represents an example of FBSs to detect para-
thion methyl (PM), a kind of organophosphate insecticide, possessing an organo-
thiophosphate group. This FBS is actually constructed from the complex of CdTe 
QDs, acetylcholinesterase (AChE) and acetylthiocholine (ATCh). The biosensor 
activity is based on the change of luminescence from CdTe QDs with pH, while the 
pH is changed with the hydrolysis rate of ATCh catalysed by the enzyme AChE, 
whose activity is specifically inhibited by pesticides. The inhibition of the AChE 
enzyme would lead to many health issues in the living system by affecting the func-
tionalities of important organs. CdTe QDs could be efficiently synthesised in water 
in the presence of thioglycolic acid (TGA) or mercaptoacetic acid (MAA) or 
3- mercaptoprionic acid (MPA) or mercaptosuccinic acid (MSA) as surfactants/sta-
biliser. By using the fabricated FBSs, normal checks show the detection of PM at 
very low concentrations of ppm with the LOD as low as 0.05 ppm. The dynamic 
range from 0.05 ppm to 1 ppm for the pesticide detection could be expandable by 
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Fig. 18.10 (a) PL spectra (under the 405 nm laser light excitation) of CdTe-AChE-ATCh as a 
biosensor to detect different PM contents. The inset shows the relationship between the PL inten-
sity and the PM contents; (b) extending the dynamics of PM concentration by increasing the AChE 
enzyme. (Reproduced from Ref [43]. Published 2012 by IOP Publishing as open access)

increasing the AChE amount in the biosensor [43]. Another FBS without AchE 
enzyme has been performed for TGA-capped CdTe QDs to detect malathion, a kind 
of OPs [44]. CdTe QDs functionalised by TGA give the carboxyl heads which 
mimic the AChE enzyme binding sites. The OPs pesticides specifically bind to the 
active sites (carboxyl and hydroxyl moieties of amino acids) of AChE and lead to 
the phosphorylation of the enzyme. Here, pesticides interact with the carboxyl func-
tionalities on the CdTe QDs. The high coordination ability of TGA-capped CdTe 
QDs with malathion enables the electron transfer rate between QDs and malathion 
of 2 × 108 s−1. The fluorescence quenching of CdTe QDs as a function of the con-
centration of malathion is evaluated and presented, showing the LOD and limit of 
quantification (LOQ) as low as 0.68 nM and 2.26 nM, respectively. These results 
were considered as an arsenal tool to deliberate selective sensing approach among 
the pool of OPs that have the same mechanism of interaction with acetylcholine 
enzyme inhibition.

Chlorothalonil (CHL, 2,4,5,6-tetrachloroisophthalonitrile) has also been widely 
used in agricultural productions because of its broad spectrum effect, a nonsystemic 
fungicide. To detect effectively and selectively CHL, a new FBS has been realised 
based on the inner-filter effect (IFE) between AuNPs and ratiometric fluorescent 
QDs (RF-QDs), which are designed by two different colour CdTe QDs. Concretely, 
one kind of RF-QDs is designed to emit green luminescence in resonance with the 
plasmonic absorption of AuNPs, at around 540 nm; while the other emits red lumi-
nescence at around 640 nm. The zeta potentials of the RF-QDs and AuNPs were 
−13.4 and −27.8 mV, respectively, meaning that they both have negative charges to 
electrostatically repel each other to keep their distance far. Due to IFE, the AuNPs 
quench the fluorescence of the green RF-QDs; but then, because of the electrostatic 
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attraction between protamine (PRO, a basic protein having high-density positive 
charges) and AuNPs, the PRO makes restoration of the green fluorescence effec-
tively. With increasing the amount of PRO added, the IFE is decreased to release 
more the green fluorescence. The red luminescence is kept unchanged as a reference 
in the ratiometric fluorescent measurement. Papain (PAP), a cysteine protease 
enzyme, is used to easily hydrolyse PRO to keep quenching the green fluorescence; 
while its activity is inhibited by CHL. Therefore, to determine CHL, just add CHL 
into the [RF-QDs + AuNPs+PRO+PAP]complex and measure the restored fluores-
cent signal. The ability of CHL to inhibit PAP activity is evaluated by measuring the 
fluorescence of the green RF-QDs in reference to that of the red one. Under the 
optimal conditions, this FBS shows the good selective detection of CHL in the 
range of 0.34–2320 ng/mL with the LOD of 0.0017 ng/mL. The practical applica-
tion of the proposed FBS was demonstrated by detecting CHL in food and environ-
mental samples with satisfying results [45].

Clenbuterol is a chemical used in farming to increase meat for pigs and cows. 
This is a growth-promoting hormone often used by the breeder in a short period of 
time (21 days) before selling farmed animals. The big problem is that clenbuterol in 
pork meat cannot be decomposed by cooking at high temperatures. The clenbuterol 
residuals in meats could affect human health, causing cancers, poisoning, heart fail-
ure, hypertension and even death. To detect these residuals in meats, the key points 
for designing this FBS are based on the fluorescence resonance energy transfer 
(FRET). First, CdTe QDs are coated with naphthol, the clenbuterol-recognisable 
agent. Because CdTe QDs synthesised in water with MPA molecules on the surface 
that contain carboxyl group (-COOH), which can be further modified with carbodi-
imide, then can react with the amino group from 2-amino 8-naphthol-6-sulphonic 
acid to form stable amide coupling. Also, clenbuterol is diazotised by a chemical 
reaction in the presence of NaNO2 in HCl. This reaction forms the specific orange- 
yellow colour of the azo compound and occurs with the diazo group only. Then, the 
naphthol-complexed QDs can recognise the diazotized clenbuterol [46], changing 
the fluorescence intensity from CdTe QDs. Thus, this reaction can be used as a spe-
cific reaction to recognise clenbuterol in solution. In the practical case, there are 
also some amine groups in protein and urea from a test sample obtained from urine 
or internal organs of animals but this amine group cannot form diazo coupling with 
QDs. The change in fluorescence intensities of the FBS is utilized to determine the 
clenbuterol concentrations. Without CdTe QDs in the FBS, the quantitative clen-
buterol concentration in a solution cannot be determined because of lack of the 
FRET. Without clenbuterol, the fluorescence intensity from CdTe QDs is maximum. 
The fluorescence intensity detected from FBS is found to decrease with increasing 
clenbuterol concentrations, following a linear correlation in the range of 0–40 pg/
mL, with a sensitivity up to 10 pg/mL. Another kind of growth promoter used in 
animal foods is doxycycline. A rapid, simple and inexpensive spectrofluorimetric 
biosensor for the determination of doxycycline has been developed based on the 
quenching of fluorescence of TGA/CdTe QDs in the presence of doxycycline due to 
electron transfer from the QDs to doxycycline. This FBS exhibited to be fast (the 
response time of <10 s) and could determine the doxycycline in a concentration 
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range of 1.9 × 10−6–6.1 × 10−5 mol/L with a LOD of 1.1 × 10−7 mol/L. The sensor 
was applied for the determination of doxycycline in honey and human serum sam-
ples [47].

18.4  Fluorescent Biosensors for Food Safety

The food safety is very serious for human healthcare. Daily used foods are made 
from agricultural products in which various kinds of harm or toxicity are possibly 
reduced. Also, during food processing, some additives have been introduced acci-
dentally or intentionally, potentially causing harm to consumers’ health. To detect 
these toxic residuals in fruits, vegetables, drinking water, processed foods and other 
agricultural products, FBSs seem to be effective and practically applicable from the 
viewpoints of cost, time-consuming and sensitivity. Especially how to select and 
on-site detection of pesticide residues with rapid, simple operation and low cost is 
still a hot topic. In the following, as examples, some types of FBSs for the detection 
of pesticides in fruits, some toxins in milk and bacteria contaminated in foods are 
presented.

As mentioned in the previous section, for many years, millions of tons of 
OP-based pesticides have been used in agricultural productions worldwide that have 
consequently contaminated the air, water, soil and many kinds of agricultural prod-
ucts, ultimately long-term accumulation in ecosystems, including humans. 
Therefore, there is a great demand for fast, sensitive, high-accuracy detection of OP 
pesticide residues to improve food safety and to protect the environment. OP pesti-
cides are composed of two main types of derivative compounds, organophosphorus 
esters (containing P=O bonds) and organophosphorus thioates (containing P=S 
bonds). Of the organophosphorothioate pesticides, chlorpyrifos (CP) has received 
the most attention because they are widely used and environmentally sustainable, 
making them easier to accumulate and long-lasting in agricultural products and the 
environment. CdTe QDs again are good materials for the fabrication of an FBS to 
detect residues of the above pesticides [48]. The working principle of this FBS is 
based on the change of the fluorescence intensity from QDsdue to fluorescence 
resonance energy transfer (FRET). The general design of the fabricated FBS is the 
“turning on” fluorescence when detecting pesticides by changing the ligands, which 
can be described as follows:

- Dithizone has the ability to combine with Cd2+ ion in CdTe QD to form the 
dithizone–Cd (DZ-Cd) complex. This complex has an absorption peak at 510 nm, 
which can completely overlap the fluorescence spectrum of CdTe QDs, as shown in 
Fig. 18.11A. Thus, when the DZ–Cd complex adheres to the surface of the CdTe 
QDs, the FRET process will occur, which quenches the fluorescence of CdTe QDs. 
Therefore, when combined with dithizone to form the DZ–Cd complex, the CdTe 
QDs do not fluoresce and is called a DZ–QD detector.
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Fig. 18.11 (A) Absorption spectra of (a) the DZ-Cd complex, (b) the DEP-Cd complex and (c) the 
PL spectrum of CdTe QDs; (B) PL of CdTe QDs is minimum in the presence of DZ-Cd complex, 
then recovered as the DZ-Cd complex on the surface of CdTe QD is replaced by DEP–Cd complex. 
The inset shows the fluorescence “on” when CP is detected; (C) example for detection of CP insec-
ticide residues on the apple peels in that the fluorescence intensity from the DZ-Cd complex- 
quenched CdTe QDs is increased due to the replacement of the DZ-Cd complex by DEP–Cd 
complex. (Reproduced with permission from Ref. [48]. Copyright 2010: American Chemical 
Society)

CP insecticide molecules are easily hydrolysed in water to form diethyl phospho-
rothioate (DEP) and trichloro-2-pyridinol (TCP); in which DEP also has the ability 
to form complexes with Cd2+ ions like dithizone (the bond between DEP and Cd2+ is 
stronger than that of dithizone and Cd2+). When the DZ–QD detection material 
encounters the CP insecticide, because the complexing bond between DEP and Cd2+ 
is stronger, DEP replaces DZ, forming a DEP–Cd complex. Since there is no longer 
a DZ–Cd complex, so there is no longer a FRET, the fluorescence of the CdTe QDs 
is restored (the new DEP–Cd complex does not quench the 520 nm fluorescence of 
the CdTe QDs) as seen in Fig. 18.11B. Figure 18.11C presents a fascinating exam-
ple of the detection of CP insecticide residue on apple peels. The allowable CP resi-
due limit of apples is the lowest (10 ppb) in agricultural products because apples 
possess many nutritional components including cellulose, sugar, vitamins, organic 
acids, minerals substances, polyphenols and flavones. The experiment was con-
ducted as follows: dilute CP in methanol and spray on apples with a spray bottle. 
After 2 days at room temperature, take about 20 g of apple flesh and mix it with 
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50 ml of acetonitrile, shake for 20 minutes, then filter out the insoluble fraction. 
Then, take 30 μL of filtered apple juice, and add to 1 mL of DZ-QD detection solu-
tion. In the figure, it is clearly seen the two samples with different amounts of CP 
give different fluorescence intensities; from which CP residues of 5.5 and 33 ppb 
were calculated, respectively [48]. These values   are very small, close to those anal-
ysed by chromatography, indicating the high sensitivity of the fluorescent labelling 
method, with the advantage of simplicity and convenience.

The immunosorbent assay is an alternative method widely used for the detection 
of OPs, with high sensitivity and efficiency. However, the antibodies have low sta-
bility and short lifetime and high cost. Attempts have been made to design and 
synthesise artificial antibodies as replacements for natural antibodies. The molecu-
larly imprinted polymers as antibodies possess good rigidity and stability, and high 
specific recognition ability is used to detect trichlorfon, a phosphonic ester belong-
ing to the OPs family, with CdSe/ZnS QDs as the marker. The hydrophilic imprinted 
film was synthesised directly on the surface of a 96-well plate. The method exhibits 
high stability, selectivity and sensitivity showing the LOD and sensitivity of the 
biomimetic immunosorbent assay of 9.0 μg/L and 5.0 mg/L (0.1 mg/kg and 62.5 mg/
kg for vegetable samples), respectively. The method was applied for the detection of 
trichlorfon residues in leek and cucumber samples, and results correlated well with 
those obtained using standard gas chromatography [49].

Another kind of pesticide is thiram a type of sulphur fungicide which has drawn 
considerable attention in agriculture, environment and food safety in recent years. 
An effective method for the detection of thiram is proposed using Mn-doped ZnS 
QDs (ZnS:Mn2+ QDs) combined by an affinity reaction between thiram and Ag+ 
ions. As-prepared ZnS:Mn2+ QDs fluoresce strongly at 590 nm characteristic of the 
electronic transitions in Mn2+ ions. A commercial UV-LED can be effectively used 
as an excitation light. The Mn-originated fluorescence can be effectively quenched 
by Ag + ions due to the direct cation-exchange reaction at the surface of QDs. In the 
presence of thiram, the formation of a stable Ag-thiram complex can inhibit fluores-
cence quenching, resulting in a recovery of the 590-nm emission intensity. This 
relationship is used to determine the amount of thiram. In buffer condition, thiram 
could be detected within the concentration range of 50 nM to 2.5 μM with the LOD 
of 25 nM. Moreover, the proposed method has been successfully applied to thiram 
residue identification at fresh fruit peels, providing an instant and visual detection 
of surface residues using QDs [50].

Recently, in some markets, melamine was added into milk, infant formulas and 
animal feed to give a false measure of the milk’s high protein due to its 66% nitro-
gen content. This of course makes troubles the consumers’ health and distorts the 
market for milk production and consumption. Melamine (1,3,5-triazine-2,4,6- 
triamine), a trimer of cyanamide (CH2N2), is toxic with a safety limit of 2.5 ppm in 
the United States and European Union, 1 ppm for infant formula in China. Therefore, 
the detection of melamine in milk products and animal feeds has become very 
important to public health. An efficient and enhanced fluorescence energy transfer 
system between CdTe QDs entrapped into the mesoporous silica shell (CdTe@
SiO2) as donors and AuNPs as acceptors have been proposed to detect melamine 
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[51]. At pH 6.50, CdTe@SiO2 and AuNPs coalesce together to form larger clusters, 
giving rise to the fluorescence quenching of CdTe@SiO2 as a result of energy trans-
fer, provides an “off-state” of the sensitive “turn-on” assay. Upon addition of 
melamine, because of the strong interactions between the amino group of melamine 
and the AuNPs via covalent bond that release AuNPs from the surfaces of CdTe@
SiO2 to turn on the fluorescence of CdTe@SiO2 QDs. Under the optimal conditions, 
the fluorescence enhanced efficiency shows a linear function against the melamine 
concentrations ranging from 7.5 × 10−9 to 3.5 × 10−7 M (i.e. 1.0−44 ppb). Moreover, 
the proposed method was successfully applied to the determination of melamine in 
real samples with excellent recoveries in the range from 97.4 to 104.1% [51]. 
Similarly, another study has reported the use of TGA-capped CdTe QDs of different 
sizes to determine melamine by the quenching of the fluorescence of TGA-CdTe 
QDs in an aqueous solution. Under optimum conditions, the fluorescence intensity 
of TGA-CdTe QDs versus melamine concentrations shows a linear response accord-
ing to the Stern–Volmer equation. The proposed method has been successfully used 
to detect melamine in liquid milk with the LOD of 0.04 mg/L for the whole process 
including sample pre-treatment within 30 min. The obvious merits provided by this 
method, such as simplicity, rapidity, low cost and high sensitivity would make it 
promising for on-site screening of melamine adulterants in milk products [52].

Foods contaminated with different bacteria may cause different diseases to affect 
differently to human health. The traditional methods for detecting foodborne patho-
gens are time-consuming (on the order of days). Rapid screening of bacteria- 
contaminated foods is therefore the key to preventing and controlling the outbreaks 
of foodborne diseases. It is also needed to develop a portable and low-cost technol-
ogy to make on-site detection of pathogenic species. Among common foodborne 
pathogenic bacteria, E. coli O157:H7 is well known to be an important opportunis-
tic pathogen to human, and often causes a variety of intestinal infections. Li Xue 
et al. have developed a novel FBS for ultrasensitive and rapid detection of E. coli 
O157:H7 [53]. The specificity of this proposed FBS is mainly dependent on the 
monoclonal antibody (MAb) and the polyclonal antibodies (PAb) against the E. coli 
O157:H7 cells that make the FBS selective. The proposed FBS uses the double- 
layer channel with the immune magnetic nanoparticles (MNPs) for specific separa-
tion and efficient concentration of the target bacteria, the immune CdSe/ZnS QDs, 
and a portable spectrometer for quantitative detection of the bacteria. First, the bac-
teria are captured by the immune MNPs in the channel in the presence of the high 
gradient magnetic fields to form the MNP-bacteria complexes to contribute to the 
increase of the sensitivity. Then, the immune QDs are used to react with the target 
bacteria to form the MNP-bacteria-QDs complexes in the channel. Finally, the 
enriched complexes are collected and detected using the portable spectrometer to 
take the fluorescence spectra relative to the E. coli O157:H7 cells in the sample. In 
a real measurement, 20  μL of the streptavidin-modified red-emitting CdSe/ZnS 
QDs (used as fluorescent indicator) were mixed with 20 μL of biotinylated PAbs 
(0.4 ~ 0.5 mg/mL) against E. coli O157:H7 and 160 μL of phosphate-buffered saline 
(PBS, pH 7.4) solution and incubated using a rotating mixer at 15 rpm for 30 min at 
room temperature to form the immune QDs. The proposed biosensor could detect as 
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low as 14 cells of E. coli O157:H7 within 2 h. To evaluate the applicability of this 
FBS for real sample, different concentrations of E. coli O157:H7 cells ranging from 
101 CFU/mL to 105 CFU/mL were artificially added into the diluted milk to prepare 
the spiked milk sample. The recovery of E. coli in the spiked milk samples ranged 
from 95.92% to 108.15%, indicating that it can detect E. coli in real samples. The 
proposed FBS might be extended for the detection of other foodborne pathogens or 
biological targets by changing the antibodies and could be further studied for mul-
tiplex detection and high-throughput detection. Another convenient and useful FBS 
was designed using MPA-capped ZnSe/ZnS QDs and established a rapid fluores-
cence method to detect E. coli cells. Fluorescence microscopy was used to obtain 
fluorescence microscope images of MPA-capped ZnSe/ZnS QDs that bind to bacte-
ria. The fluorescence peak intensity increases with increasing cells to detect total 
E. coli in the range of 101–108 CFU/mL, with a LOD of 10 CFU/mL [54].

18.5  Fluorescent Sensors for Detecting Heavy Metals 
in Environmental Samples

Heavy metal ions are among environmental pollutants that are long-term toxic for 
health if accumulated  enough in the human body. Suitable FBSs are needed to 
detect such heavy metal ions in environmental samples. For this kind of work, it is 
still mainly based on the analyte with ligands that are selective for the metal ion to 
be recognized, but the selectivity mechanism is unknown, so it is often tested with 
many different types of metal ions to confirm the selectivity. However, it must be 
seen that the test is not exhaustive anyway with all metals and other agents that can 
decrease/increase the fluorescence of QDs, so substantive selectivity remains 
unconfirmed. Among heavy metals, Hg is highly harmful even at low content. In the 
following, typical FBSs for the detection of Hg ions in the environmental samples 
are presented to demonstrate the applicable analytical methods. The working prin-
ciple is based on the change of the fluorescence intensity from QDs in FBSs in cor-
relation with the presence of Hg2+ ions. As having many advantages, CdTe QDs 
synthesised in water again exhibit to be very good materials for designing such FBSs.

Cysteamine-capped CdTe QDs (CA–CdTe QDs) are used to fabricate the FBS to 
detect Hg2+ ions. The working principle of this FBS is based on the selective quench-
ing of the fluorescence from CA–CdTe QDs by Hg2+ ions that originate from the 
photogenerated electron attraction of Hg2+ ions. This implies that the fluorescence 
quenching mechanism may happen by effective electron transfer from the amide 
groups of CA to the Hg2+ ion due to strong affinity of mercury for nitrogen atoms as 
illustrated in Fig. 18.12. The fluorescence measurement is performed in the acetic–
acetate buffer solution at pH 5.0.60 μL of 0.01 mol/L CA–CdTe QDs, 70 μL of 
10.0 mmol/L acetic–acetate buffer and an appropriate amount of Hg2+ stock solution 
are sequentially added to give the desired concentrations. The mixture was diluted 
with pure deionized water to a final volume of 3.00 mL and then incubated at room 
temperature for 5 min to get a sufficient reaction between Hg2+ ions and CA–CdTe 
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Fig. 18.12 Schematic illustration for an FBS based on cysteamine-capped CdTe QDs(CA–CdTe 
QDs) for detection of Hg2+ ions. Fluorescence from CA–CdTe QDs is selectively quenched by 
Hg2+ ions due to the electron attraction of Hg2+ ions which have a strong affinity for nitrogen atoms 
of cysteamine. (Adapted with permission from Ref. [55]. Copyright 2014: Wiley-VCH Verlag 
GmbH & Co.)

QDs to reaching equilibrium. The fluorescence spectra of CA–CdTe QDs are nar-
row, peaking at about 550 nm under the 350 nm light excitation. The fluorescence 
quenching effect of CA–CdTe QDs is linear at the Hg2+ concentrations in the range 
of 6.0–450 nmol/L, with the LOD of 4.0 nmol/L. To estimate the selectivity to the 
detection of Hg2+ ions, the fluorescence of CA–CdTe QDs in 80 nmol/L Hg2+ and 
10-fold concentrations of other metal ions (Pb, Cu, Ag, Co, Ni, Mn, Fe, Mg, Zn, Al, 
Ca and Na) are measured showing that even with a 10-fold addition of other metal 
ions, the quenching effect on the fluorescence from CA–CdTe QDs caused by them 
is just less than 7%, much smaller than that caused by Hg2+ ions [55]. Similar work 
has been reported on the TGA or L-cysteine capped CdTe QDs emitting at about 
550 nm that are used to fabricate FBSs for detecting Hg2+ ions in very low concen-
tration in the range of nM or pM depending on the type of capping agents. These 
concentrations are calibrated based on the quenching of fluorescence intensity from 
CdTe QDs in FBSs. For quenching the fluorescence in FBSs, different possible 
mechanisms are proposed including cation exchange, competition of ligands, elec-
tron transfer, binding with surface ligands and inner filter effect. In the case of TGA- 
capped CdTe QDs, the fluorescence is sensitive to the surface states via surface 
charges. Thus, Hg2+ ions make quenching the fluorescence of the CdTe QDs through 
the release of photogenerated electrons from the surface of the TGA-capped CdTe 
QDs due to interacting with Hg2+ ions. For fluorescence measurement, typically 
2 mL of CdTe QDs solution is prepared in a 5-mL flask, and then various amounts 
of freshly prepared Hg2+ ions solution are sequentially added. The mixture is diluted 
with ultrapure water and is incubated under darkness for 20 min at room tempera-
ture. The fluorescence spectra of the mixture are taken in the range from 470 to 
700  nm with the 450-nm excitation using a spectrometer. For estimating the 
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selectivity, the Hg2+ solution is replaced by solutions containing different ions Zn2+, 
Se2+, Cu2+, Cd2+, Al3+, Fe3+ or Pb2+ with the same concentration. For FBS using 
TGA-capped CdTe QDs, Hg2+ ions quench the QDs’ fluorescence linearly with the 
Hg2+ concentrations in the range from 1.25 to 10 nM. While for the one using l- 
cysteine- capped CdTe QDs, it shows the linearity and sensitivity of 6 × 109 M−1 with 
the LOD of 2.7 pM in the range from 5 to 25 pM. There are two possible interaction 
modes between l-cysteine capped CdTe QDs and Hg2+ ions: at relatively low Hg2+ 
ions concentration, the Hg2+ ions interact with the carboxylate moiety of l-cysteine 
on the surface of CdTe QDs by electrostatic forces; however, at high Hg2+ ions con-
centration, Hg2+ ions interact with CdTe QDs by forming an alloy of CdxHg1-xTe 
QDs. A weak signal response was noted upon the addition of other metal ions indi-
cating the good selectivity of these CdTe QDs-based FBSs for detection of Hg2+ 
ions [56].

Using biocompatible CdSe/CdS core/shell QDs, one can design and fabricate 
FBSs highly sensitive FBS for detecting Hg2+ ions. This FBS is integrated into the 
use of QDs and liposome carrier signal amplification to boost the signal response 
and improve the detection capability. To construct this FBS, three single-stranded 
DNA probes are designed based on the thymine−Hg2+−thymine (T−Hg2+−T) coor-
dination chemical principles that adequately reduce the ambient interference to 
avoid the false results, and take advantage of the biocompatibility of the biosyn-
thetic QDs. Hg2+ could be determined in the range from 0.25 to 100 nM with a LOD 
of 0.01 nM, which met the requirements of environmental sample detection. This 
FBS also exhibits the high selectivity for Hg2+ detection in the presence of other 
high-level metal ions, as tested by using samples containing Fe3+, Al3+, Zn2+, Pb2+, 
Ni2+, Mn2+, Mg2+, Cu2+, Cr2+, Co2+, Cd2+, Ca2+, Ba2+ and K+ at a concentration of 
500 nM [57].

Another strategy to determine Hg2+ ions is the ratiometric fluorescence measure-
ment, in which red-emitting CdTe QDs embedded in SiO2 nanoparticles are used as 
the fluorescence reference, while blue-emitting carbon dots (CDs) distributed on the 
surface of the SiO2 nanoparticles play the role of fluorescence probes. Both CdTe 
QDs and CDs strongly luminesce under the 365-nm light excitation. The CdTe QDs 
are fully wrapped by the silica shell which can improve the optical stability and also 
prevents direct contact of QDs with external Hg2+ions to be the reliable reference 
signal in the ratiometric measurement. While the blue-emitting CDs are very sensi-
tive to Hg2+ exhibiting continuous colour change from light purple to red with 
increasing concentrations of Hg2+ ions. This ratiometric FBS demonstrates the high 
sensitivity to Hg2+ ions with an LOD of 0.47 nM, much lower than the allowable 
level of mercury (10 nM, ~10 ppb) in drinking water set by the US Environmental 
Protection Agency. To examine the selectivity of the ratiometric FBS for Hg2+ ions, 
the effects of different metal ions including Na+, K+, Li+, Ag+, Cd2+, Mg2+, Ni2+, Ca2+, 
Co2+, Cu2+, Ba2+, Al3+, Mn2+, Pb2+, Zn2+ and Fe3+ on the fluorescence intensity ratios 
are recorded, showing that except Fe3+ caused slight change of the CDs fluorescence 
intensity ratio, other 10-fold metal ions do not give tremendous quenching of the 
ratiometric probe, and same for even 1000-fold concentrations of K+, Na+, Ca2+ and 
Mg2+. This kind of ratiometric FBS can be prepared in filter paper-based assays for 
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point-of-care pollution control, showing potential applications for rapid and low- 
cost visual identification of Hg2+ ions [58].

The ratiometric fluorescence probe using two different coloured fluorescences is 
advantageous to increase the sensitivity, built-in correction for ambient noises, and 
to visualising the colour change  when detecting analytes by the naked eyes. 
Therefore, this kind of FBS is attractive for practical applications, especially for 
on-site analysis. In the ratiometric fluorescence measurement, the red-emitting 
CdTe QDs (to emit strong luminescence peaking at 650  nm) embedded in SiO2 
nanoparticles are used as the fluorescence reference, while green-emitting CdTe 
QDs (550 nm) covalently distributed onto the surface of the SiO2 nanoparticles play 
the role of fluorescence probes. These CdTe QDs are capped with MPA ligands to 
facilitate the fabrication of the ratiometric FBS, in which MPA ligands act as reac-
tion sites for Cu2+ ions. MPA-capped green-emitting CdTe QDs are linked on the 
surface of SiO2 nanoparticles via functional 3-aminopropyltriethoxysilane by react-
ing the end amino groups with the surface carboxylic groups of the MPA.  By 
hybridising dual-emission CdTe QDs on-site visual determination of Cu2+ ions can 
be performed. In fact, Cu is an element that is small, very mobile, is one of the 
important elements for human health, and ranks third in abundance among the 
essential transition metals in the human body. The working principle of the ratio-
metric FBSs based on the dual-emission CdTe QDs is shown in Fig.  18.13a, in 
which the red fluorescence of the embedded CdTe QDs is insensitive to the presence 
of Cu, meanwhile, the green-emitting QDs on the surface of SiO2 nanoparticles are 
functionalized to be selectively quenched by the Cu2+ ions. Upon exposure to differ-
ent amounts of Cu2+ ions, the variations of the dual emission intensity ratios display 
continuous colour changes from green to red clearly visible to the naked eye (see 
Fig. 18.13b). The ratiometric FBS was tested showing a good response to detect 
Cu2+ ions in the range 0–500 nM with the LOD for Cu is estimated to be 1.1 nM, 
much lower than the allowable level of Cu (∼20 μM) in drinking water set by US 
Environmental Protection Agency. This ratiometric FBS is simple, easy to use, fully 
self-contained and thus potentially attractive for visual identification without the 
need for elaborate equipment. It is quite applicable to determining Cu2+ ions in lake 
water and mineral water samples. A special example is the use of this ratiometric 
FBS in the on-site visual determination of Cu2+ ions on herb leaves: 10 μL of the 
ratiometric probe solution is dripped on the surface of a diarrhoea leaf sprayed with 
CuSO4 solution, then observing the fluorescence under a 365-nm light excitation. 
Note that UV-LEDs are available commercially, cheap and easy to use as a pointer 
to excite QDs for the fluorescence in this kind of application. The observation of the 
“off” fluorescence (the last part of Fig. 18.13b) with a leaf treated with Cu2+ ions 
shows the nice potential for visual on-site application of this ratiometric FBS. The 
quantitative amount of Cu2+ ions on the surface of diarrhoea leaves can be calibrated 
by using the inductively coupled plasma emission analysis. To evaluate the sensitiv-
ity and selectivity of this ratiometric FBS to various metal ions other than Cu, 50 μL 
of the as-synthesised ratiometric probe solution and a series of selected metal ions 
(Cd2+, Mg2+, Ni2+, K+, Ca2+, Co2+, Ba2+, Na+, Pb2+ and Fe3+) of the concentration of 
0.5 μmol/L are mixed in 2.0 mL of a HEPES buffer (pH 7.4, 10 mM) solution, 
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Fig. 18.13 (a) Schematic illustration of the ratiometric probe structure, in which the red fluores-
cence CdTe QDs embedded in SiO2 NPs are insensitive to the presence of Cu, meanwhile, the 
green-emitting QDs on the surface of SiO2 NPs are functionalized to be selectively quenched by 
the Cu2+ ions; (b) the colour change for visual detection of Cu2+ ions and their corresponding PL 
spectra in sensing Cu2+ ions at different concentrations in comparison between single- and 
ratiometric- fluorescence response. The right half of (b) shows an example of visual on-site detec-
tion of Cu2+ residues on diarrhoea leaves using CdTe QDs-based ratiometric FBS to observe the 
“off” fluorescence with the leaf treated with Cu2+ ions. (Reproduced with permission from Ref. 
[59]. Copyright 2013: American Chemical Society)

respectively; then observe then change of fluorescence from the mixtures. The 
results show that 500 nM of the mentioned metals do not quench significantly the 
green fluorescence for the obvious colour change while adding 250 nM of Cu2+ ions 
make quenching the fluorescence of the green-emitting CdTe QDs to change the 
colour in the ratiometric FBS. This presents the good selectivity of the fabricated 
ratiometric FBS for visual identification of Cu2+ ions over other metals [59].

Other heavy metals such as Fe, Pb, Cd, Ag, etc., are detectable by using FBSs 
fabricated from QDs capped with appropriate ligands [50, 60–62]. The working 
principles for such FBSs are similar to those presented above. Once FBSs are used, 
it is clearly advanced that the sample preparation is simple and the detection time is 
fast, and in most cases can be implemented on-site.
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18.6  Fluorescent Imaging for Forensic Science 
and Criminal Investigation

In addition to the FBSs for different applications mentioned in the previous sec-
tions, in the following, we present two other applications of QDs in forensic science 
and criminal investigation, namely the fluorescence enhancement of fingerprint 
imaging and the detection of TNT explosive traces. Highly luminescence QDs can 
be easily used for onsite applications with simple protocols that are necessary and 
convenient for these kinds of applications.

For fluorescence imaging of the fingerprint, the following elements are equally 
important that needs to be well done. First, QDs have to efficiently bind to the fin-
gerprint using methods that the fluorescence of QDs must be retained as much as 
possible; second, appropriate photoexcitation is required to make QDs fluorescent 
only while other materials of the substrate, on which is the fingerprint remains, do 
not fluoresce to cause any interference to the fluorescence image; third, a sensitive 
photoaparatus is needed to take the final good images. There have been commonly 
two main kinds of fingerprint images which are processed with solutions or pow-
ders. For the former, Fig. 18.14 illustrates the super-fast detection of latent finger-
prints on different surfaces (transparent tape, aluminium and stainless steel) with 
highly fluorescent water-soluble CdTe QDs and comparisons to those without QDs 
[63]. The results show very clear that without QDs to give fluorescence one could 
not take images of the fingerprints in these cases. CdTe synthesised in water are 
usually capped with TGA or MAA or MPA or MSA to have a carboxyl (–COOH) 
group on the surface as the binding sites of fingerprint residues. It needs very short 
time (1–3 s) to immerse the latent fingerprints into the QDs solution to get excellent 

Fig. 18.14 Fluorescent images of fingerprints developed by CdTe QDs on different surfaces: (a) 
transparent tape, (b) aluminium and (c) stainless steel. In each one, the right half of the fingerprint 
was processed by fluorescence QDs, while the left half was unprocessed. (Reproduced with per-
mission from Ref. [63]. Copyright 2013: Elsevier Ireland Ltd.)
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fingerprint images. Moreover, compared to methyl violet and rhodamine 6G, which 
are commonly used to develop the latent fingerprints remained on non-porous sur-
faces, especially on non-porous surfaces with light colours, CdTe QDs have demon-
strated the much higher sensitivity and image quality with great details of latent 
fingerprints. Clear images then can be maintained for months by extending the 
exposure time of the CCD camera and storing fingerprints in a low-temperature 
condition, and the digital images can be used for further processing and development.

For the latter, as an example using powder brushing technology, Fe3O4@SiO2- 
NH- CO-CdTe-QDs nanoparticles for the visualisation of latent fingerprints are pre-
sented in Fig. 18.15. As mentioned above, the powder technique is one of the two 
most common and widely used methods for identifying latent fingerprints. The 
basic principle of the powder technique is based on the fact that the inorganic salts 
and organic grease substances in latent fingerprints have strong adhesion or electro-
static interaction with the powders used for latent fingerprint detection. Currently, 
the most widely used powders are ninhydrin, aluminium and bronze, which show 
strong adhesion interaction with fingerprints. However, these powders have an 
irregular shape and large particle sizes and are easily dispersed in the air when 
brushing, they, therefore, affect the detection details of latent fingerprint ridges. 
Fe3O4@SiO2-NH2 NPs of 30  nm in size then functionalized with GSH-modified 
CdTe QDs (of the mean size of about 3 nm) to have the bifunctional Fe3O4@SiO2- 
NH- CO-CdTe-QDs NPs could be easily fabricated in spherical shapes to facilitate 
the brushing. In most cases, the fingerprint ridge details on the selected object sur-
faces could be well defined with high fluorescence and low background interference 
[64], showing much better resolution and less background interference than using 

Fig. 18.15 Fluorescence visualisation of a latent fingerprint on a glass slide using Fe3O4@SiO2- 
NH- CO-CdTe-QDs NPs powder: (a) level 1 features and magnified images of (a) under a fluores-
cence microscope to detail at (b–d) level 2 and (e, f) level 3 features. (Reproduced with permission 
from Ref. [64]. Copyright 2019: Springer Science Business Media B.V)
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commercial fluorescent powder and brushing silver powder. High resolution for 
both level 2 and level 3 details would be really useful in forensic applications.

For the detection of trace explosives for homeland security and environmental 
concerns, some important factors need to pay attention. First, how to conjugate or to 
make complex of QDs with 2,4,6-trinitrotoluene TNT explosives; second, using a 
suitable spectrometer to detect the signal and do further processing. Amino ligand- 
modified Mn2+-doped ZnS QDs have been used to detect TNT with a LOD of 50 nM 
[65]. Figure 18.16 demonstrates the detection of trace explosives [66]. A new strat-
egy for increasing the detection sensitivity is based on the ratiometric fluorescence 
measurement using two kinds of CdTe QDs. One is MPA-capped green-emitting 
CdTe QDs (gQDs) embedded into the SiO2 sphere and the other is l-cysteine 
(Lcys)-capped red-emitting CdTe QDs (rQDs) conjugated onto SiO2 surface. The 
surface Lcys is used as the stabilizer of the rQDs and also the primary amine pro-
vider which can react with TNT to form Meisenheimer complexes. The fluores-
cence of rQDs capped with Lcys is selectively quenched by TNT because electrons 
of the rQDs are transferred to TNT molecules due to the formation of Meisenheimer 
complexes. Meanwhile, the fluorescence from embedded gQDs always remained 
constant and is used as a reference. With increasing the TNT amounts, the fluores-
cence from rQDs is quenched correspondingly and is compared to that from the 
gQDs. The dual emission intensity ratios exhibited a good linear correlation with 
the TNT concentration over the range of 10 nM-8 μM with a LOD of 3.3 nM. Because 

Fig. 18.16 (a) Detection of trace TNT explosive using ratiometric fluorescence from MPA-capped 
green-emitting CdTe QDs (gQDs) embedded into SiO2 nanosphere and from l-cysteine-capped 
red-emitting CdTe QDs (rQDs) conjugated onto the SiO2 nanosphere surface. The gQDs give the 
reference red fluorescence that is not influenced by TNT explosive, meanwhile, the rQDs having 
l-cysteine to react with TNT to form Meisenheimer complexes which selectively quench the red 
fluorescence from rQDs; (b) normalised to the gQDs fluorescence intensity, the rQDs fluorescence 
intensity is decreased with increasing concentrations of TNT (the bottom inset for a to j: 0, 10, 50, 
100, 500, 1200, 2100, 5000, 8000 and 16,000  nM, respectively). As the TNT concentration 
increased, the red fluorescence is correspondingly quenched to make the ratio of green-to-red fluo-
rescence increase to show more green colour that enables to perform on-site visual determination 
of TNT. (Reproduced with permission from Ref. [66]. Copyright 2016: Elsevier B.V)
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of the ratiometric fluorescence in the two colours, the system can obviously change 
the fluorescence colour enabling to perform onsite visual determination of TNT 
with high resolution. This sensing strategy has been already integrated into a filter 
paper-based assay to successfully apply in real samples showing potential applica-
tions with featuring easy handling and cost-effectiveness [66].

18.7  Conclusions

In conclusion, we have remarked that the FBSs based on II–VI QDs possess unique 
advantages such as easy fabrication, high fluorescence efficiency in the whole visi-
ble- IR spectral region and large Stokes shift, particularly when they are in the type 
II quantum structure that has long fluorescence lifetime for fluorescence imaging 
out from the autofluorescence noise. Among the II–VI QDs, CdTe-based ones have 
appeared to have more promising applications because of their advantageous char-
acteristics such as being easily synthesised in water or in organic solvent, not need-
ing any ligand exchange for most applications, being of high quality suitable for 
many orientably designed applications. II–VI QDs should be intensively used in 
FBSs, especially in applications that do not put directly them inside the human body 
in case such QDs are based on Cd to avoid toxicity. Numerous examples from litera-
ture have been cited to provide the overview of applications of FBSs in different 
fields, for the detection of: (i) viruses, mycotoxins, pathogens, specific proteins, 
enzymes, nucleic acids, cellular, in vivo targeting imaging for diagnostics, disease 
treatments and health care; (ii) residues of pesticides/herbicides, the growth- 
promoting hormone in agricultural productions; (iii) banned/toxic residuals, 
bacteria- contaminated in foods, drinking water, agricultural products for food 
safety; (iv) heavy metals in environmental samples and (v) latent fingerprints and 
TNT explosive trace for criminal, forensic and security investigations. It is impor-
tant to note that with the development of technologies in the fourth industrial revo-
lution, particularly the internet of things in human life and production, FBSs would 
play an integral role in many future technologies. It is also noted that there is poten-
tial for further investigations of QDs in multiplex detection, particularly via contin-
ued miniaturisation and integration into lab-on-chip platforms.
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Chapter 19
QDs-Based Chemiluminescence Biosensors

Fahimeh Ghavamipour and Reza H. Sajedi

19.1  Introduction

Chemiluminescence (CL) generates light through a chemical reaction that induces 
the transition of an electron from the ground state to an excited electronic state, and 
the decay of the excited molecules to the electronic ground state emits photons 
ranging from ultraviolet and visible to infrared radiation [1]. In the aqueous phase 
system, CL is mainly produced by reactions with suitable redox conditions and CL 
reagents. Unstable products generated by intermediate radicals in the CL reaction 
process decompose to form electronically excited molecules that are inactivated by 
CL emission [2]. The CL can take place by direct oxidation of the target compound 
to generate emitting species or by indirect enhancing or inhibitory effects of certain 
luminescence compounds [3]. The CL generated from the reactions of inorganic 
molecules is relatively weak due to low quantum yield, therefore, increasing the CL 
intensity is necessary for analytical applications. Compounds or reaction strategies, 
including nanomaterials, catalytic process, transition elements, and energy transfer 
process, have been proposed for an enhanced CL. In this regard, quantum dots 
[QDs] have attracted a great deal of attention as CL emitters or as a new alternative 
to catalyse CL redox reactions due to their reactivity, brightness, and continuous 
bandgap tunability, enhancing the CL emission under proper conditions [4–7]. 
Because of their good optical and electrical properties, large Stokes shifts, broad 
excitation spectra, high quantum yield, size-dependent and tunable luminescence, 
and long-term photostability, QDs have been used in the CL reactions either as a 
catalyst or as light emitters [8, 9]. High-quality semiconductor nanocrystals exhibit 
strong luminescence from ultraviolet to near-infrared light with precisely adjustable 
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emission bands. These superior emission properties in QDs have attracted much 
attention for the development of QDs-based nanoprobes for CL analysis [10]. The 
nanocrystal chemiluminescence can be substantially improved by optimising the 
nanocrystal composition, capping ligands, and the chemical “fuel” which provides 
energy for the generation of the excited state. In addition to the academic interest in 
this phenomenon that is novel for QDs, nanocrystal chemiluminescence might find 
use in analytical and biomedical applications. Thus, CL analysis, for example, CL 
labelling and detection of immunoassays, is the most sensitive of any nonradioac-
tive method, allowing attomolar amounts of the target to be detected [11]. In this 
chapter, an overview of CL of QDs was provided including mechanisms of princi-
ple, covering characteristics, advantages and disadvantages, and the applications in 
biosensors in which they have been put to use.

19.2  QDs and Core/Shell QDs

QDs of groups II–VI elements such as CdTe, CdSe, CdS [12], ZnSe [13], CdSe/ZnS 
[14], etc., are semiconductor crystals at the nanometre scale and are defined as par-
ticles with physical dimensions smaller than the exciton Bohr radius. Core/shell 
QDs are a special class of nanoparticles with unique optical properties including 
wide absorption, narrow emission, and photo-stability. The specific structure of 
core/shell QDs elevates their optical properties. Bare QDs are commonly thought to 
be impractical for biological applications for a variety of reasons. Because QDs are 
water-insoluble in most synthesis strategies. Therefore, to use their optical proper-
ties in the biological system, the surface must be modified by a hydrophilic coating. 
On the other hand, due to the large surface area to volume ratio, the QDs core is 
highly reactive and suffers from very strong unspecific interactions with macromol-
ecules, leading to particle aggregation and emission variation. In addition, the sur-
face modification method can greatly reduce the toxicity of QDs. QDs also attract a 
great deal of attention for the toxicity and biocompatibility during biomedical appli-
cations due to their heavy metal composition, small size, and active surface. It has 
been reported that QDs could induce biological toxicity mainly in the following two 
ways [15]. One is that the slow oxidation process occurs for bare QDs exposed to 
UV light and free cadmium ions are released into the environment, causing toxicity 
to labelled living organisms. Other cases include the formation of reactive oxygen 
species [ROS] such as free radicals (hydroxyl radical: OH• and superoxide: O2

•−) 
and singlet oxygen (1O2), which are known to cause irreversible damage to nucleic 
acids, proteins, and cellular components such as mitochondria and both plasma and 
nuclear membranes. After surface modification, the impermeable coating shell 
effectively prevents the release of heavy metal ions and detects interaction between 
the producing ROS and the functional molecules in the biological system, thus, 
reducing the toxicity of QDs.

Among the various surface modification techniques, two general methods are 
shown in Fig. 19.1: A surface exchange of hydrophobic surfactants for bifunctional 
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Fig. 19.1 An overview of two common strategies used to disperse hydrophobic QDs in an aque-
ous solution. (a) Ligands surrounding tri-n-octyl phosphine oxide (TOPO)-coated QDs may be 
replaced with heterobifunctional ligands, like mercaptoacetic acid. (b) Native TOPO ligands on 
the QDs surface may be retained and used to interact with an amphiphilic polymer. (Adapted with 
permission from Ref. [16]. Copyright 2004: Elsevier)

linker molecules [17], and B phase-transfer methods using amphiphilic molecules 
that act as detergents for solubilising the QDs coated with hydrophobic groups [18, 
19]. Both methods use a wide variety of molecules that act in similar ways to solu-
bilise QDs and provide functional groups [carboxylic acid, amine, etc.] which are 
conjugated to biomolecules through well-established protocols.

The synthesis of QDs can be adjusted according to specific requirements, with 
core, shell, and coating properties that all affect photochemical characteristics. QDs 
may be made with diameters ranging from a few nanometres to a few micrometres, 
and size distribution can be controlled within 2% using precise growth techniques, 
which include high annealing temperatures [20, 21]. The choice of shell and coating 
is of particular importance, as the shell stabilises the nanocrystal and alters the pho-
tophysical properties to some extent, while the coating confers properties to the 
QDs that allow its integration into the desired applications [21].
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So far, various surface stabilising and coating materials and protocols have been 
used to obtain monodispersed, bioinert, and highly stable QDs. Among the various 
surface modification strategies, the ligand exchange method has been extensively 
studied. One of the simplest ways is the binding of thiolated poly (ethylene glycol) 
polymers, which produces water solubility and decreases unspecific cellular uptake 
of QDs [22–24]. Other polymers with different chain lengths and the number of 
binding dentates, such as dendrimers [25], PEGylated dihydrolipoic acid [26, 27], 
and multidentate phosphine polymers [28], are also applied to stabilise QDs in an 
aqueous solution. An alternative method for solubilisation and stabilisation is ligand 
capping by various amphiphilic polymers such as triblock copolymer and alkyl- 
modified poly (acrylic acid) [29, 30] and poly (maleic anhydride alt-1-tetradecene) 
[31] to form highly stable polymeric link or micelle-like structures [19, 32]. 
Depending on the coating of QDs with polymers, the overall size of the assemblies 
may increase to 5–10 nm. However, the main advantage of the hydrophobic interac-
tion technique is that ligand exchange reactions are avoidable. Also, the second 
method has been particularly advantageous in that it allows for the preservation of 
the native surfactant molecules, which appear to increase stability and efficiency in 
samples that have been separated from the native layer and replaced with a bifunc-
tional linker molecule. It is worth noting that this approach has already been inves-
tigated via small organic molecules instead of polymers. The QDs are in that case 
coated with cyclodextrins [33, 34] or amphiphilic phospholipids [35, 36], to achieve 
the same goal. In addition, the silica coating method has been used to adapt QDs to 
obtain solubilisation and functionalisation to conjugate with bifunctional molecules 
[37, 38]. By microemulsion or reverse microemulsion strategies, the silica-coated 
QDs of uniform sizes have been synthesised. The core/shell QDs show good photo-
stability and low cytotoxicity requisite for biological use.

Recently, various methods have been introduced to produce biocompatible QDs 
with long-term stability including the use of engineered recombinant proteins elec-
trostatically bound to a surface of QDs modified with dihydrolipoic acid, the use of 
hydrophilic organic dendron ligands to form hydrophilic shells around the QDs, and 
the use of a micellar encapsulation method in which phospholipid molecules sur-
round the TOPO-coated QDs surface [39–41]. In the latter method, the phospho-
lipid hydrocarbon tails interdigitate with the alkyl chains extending from the particle 
surface, and the polar phosphate head groups extend out into the solution to form a 
water-stable micelle [19]. In addition, QDs conjugated to streptavidin via an amphi-
philic polymer coating are now commercially available [18].

19.3  The Functionalisation of Quantum Dots

To make more useful for biological applications, QDs must be conjugated into biologi-
cal molecules without interfering with the biological function. Biomolecules including 
peptides, proteins, and oligonucleotides have been successfully linked to QDs. Several 
successful methods have been used for the binding of biological molecules to QDs, 
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including non-specific adsorption, electrostatic interaction, mercapto [–SH] exchange, 
and covalent bonding (Fig.  19.2) [43]. First, biological molecules containing thiol 
groups can be conjugated to the surface of QDs through a mercapto exchange process 
[44]. Unfortunately, since the bond between Zn and thiol is not very strong and is 
dynamic, biomolecules attached to QDs in this way can be easily separated from the 
nanoparticle surface and cause QDs to precipitate from the solution. It has also been 
reported that simple small molecules such as oligonucleotides [45] and serum albumin 
[46, 47] are readily adsorbed to the surface of water-soluble QDs. This nonspecific 
adsorption depends on pH, temperature, ionic strength, and surface charge of the mol-
ecule. However, due to the complexity of the biological environment, electrostatic 
interactions are generally not sufficiently specific. Therefore, conjugates made in this 
way are not suitable for in vivo or ex vivo cell labelling due to the potential interference 
of positively charged proteins. Covalent bonding of biomolecules to functional groups 
on QDs surfaces results in more stable bonding using cross-linker molecules (Fig. 19.2) 

Fig. 19.2 General methods used for the biofunctionalisation of QDs, including direct linkage, 
electrostatic interaction, and covalent bonding. (Data extracted from Ref. [42])
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[17, 48, 49]. Most water solubilisation methods cause the QDs to be covered with 
carboxylic acid, amino, or thiol groups. Under these conditions, it is easy to bind QDs 
to biological molecules that also have these functional groups. For example, the cross-
linker 1-ethyl-3-[3- dimethylaminopropyl] carbodiimide (EDC) is commonly used for 
cross-linking of –NH2 and –COOH groups, while 4-[N-maleimidomethyl]-cyclohexane 
carboxylic acid N-hydroxysuccinimideester (SMCC) can be used for cross-linking 
of –SH and –NH2 groups. Using these methods, there have been several reports of 
conjugating QDs with various biological molecules, including oligonucleotides [50], 
biotin [48], peptides [51], and proteins such as albumin [46, 52], avidin/streptavidin 
[18], antibodies, and adaptor proteins [e.g. protein A and protein G] [18, 49]. In addi-
tion, native functional groups (–COOH, –NH2 or –SH) on the surface of water-soluble 
QDs can be further converted to other functional groups to allow more versatile conju-
gation of QDs with biomolecules (site-specific conjugation, molecules that are sensi-
tive to EDC or SMCC modification) (Fig. 19.2). For example, the carboxylic acids on 
QDs have been converted to hydrazides, which allow the binding of biomolecules 
containing sugar groups [49]. To date, various affinity reagents for modifying QDs, 
such as peptides, aptamers, and small molecules, which specifically detect certain bio-
markers on cancer cells, have been reported to produce cancer diagnosis probes and 
target drug delivery vesicles [53, 54].

19.4  Chemiluminescence Mechanisms of QDs

Three possible mechanisms can be used to describe the involvement of QDs in a CL 
reaction: (a) QDs as emitter species after direct oxidation; (b) QDs as reaction cata-
lysts containing other luminophores; and (c) QDs as emitter species after chemilu-
minescence resonance energy transfer (CRET). The identification of the QDs role in 
a CL emission could be a challenging task. Indeed, when for example the QDs are 
the final emitters, it is particularly difficult to determine if the CL generation mecha-
nism is related to the direct QDs oxidation or if a CRET phenomenon has occurred. 
Sometimes, these two mechanisms may occur simultaneously. Nevertheless, in a 
broad perspective when QDs are the only luminescent compound in a CL system, it 
can definitely be presumed as a direct oxidation. However, if an additional lumino-
phore is also included in the reaction scheme, the mechanism can be either CRET, 
if the final emitters are QDs, or CL catalysed by the QDs, when the final emitter is 
the luminophore [55, 56].

19.4.1  Direct Chemiluminescence

This mechanism involves the direct excitation of the QDs which leads to the pro-
duction of the electron in the conduction band and hole in the valence band due to 
chemical reaction. Excitons are produced by the recombination of the injected 
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electrons and holes. Direct QDs CL occurs when chemically produced excitons 
relax by radiant energy emitting. The intensity of CL depends on the redox reactions 
that regulate electron-hole transfer as well as on the efficient coupling of these reac-
tions and the QDs. The transition of injected electrons from a higher energy state to 
a lower energy state leads to CL as shown in Fig. 19.3 [57].

Wang et al. were the first to directly oxidise CdTe TGA-capped nanocrystals in a 
solution with a corresponding CL emission. They found thioglycolic acid (TGA) 
coated CdTe QDs could be directly oxidised by oxidants, especially hydrogen per-
oxide and potassium permanganate. In this work, the evaluation of the effect of the 
oxidants used in the reaction exhibited that the intensity of the CL produced depends 
on the nature of the oxidant, as H2O2 > KMnO4 > KIO4 > Ce4+ > K3Fe[CN]6 > 
[NH4]2S2O8 [58]. The proposed mechanism for the CdTe QDs–H2O2 system is pre-
sented in Reactions (19.1)–(19.6):

 RSH OH RS� � � � �� �O O H O2 2 2  (19.1)

 
O CdTe CdTe e O2 1 2

� �� � �� �� �QDs QDs se  (19.2)

 O H O O2 2 2 2
1� � � �OH •

 (19.3)

 
OH QDs QDs OHsh

• � � �� �� �
� �CdTe CdTe h 1  (19.4)

 
CdTe e CdTe h CdTeQDs QDs QDsse sh

� � ��� �� � �� �� �1 1  (19.5)

 CdTe CdTe hQDs QDs� �� �  (19.6)

Fig. 19.3 Schematic representation of the electron-hole transition leading to direct chemilumines-
cence. (Adapted with permission from Ref. [55]. Copyright 2012: Elsevier)

19 QDs-Based Chemiluminescence Biosensors



516

19.4.2  Chemiluminescence Catalysts

QDs can also be utilised as a catalyst in CL systems, due to the redox properties of 
both the conduction and valence bands. A hole can be injected into the valence band 
by a strong oxidiser and an electron can be injected into the conduction band by a 
reducer. During the injection process, short-lived radical species, such as O2

•− and 
hydroxyl radicals [OH•] are produced that can oxidise CL organic dyes, such as 
luminol, resulting in a CL emission, or act individually as radical. In addition, in the 
production of oxidising species by photoirradiation of QDs solutions [10], these can 
be considered as catalysts because they formed exciton itself acts as a redox system, 
producing radical species (Fig. 19.4). Wang et al. confirmed that the combined utili-
sation of TAG capped CdTe QDs and luminol in the presence of KMnO4 has a sig-
nificant sensitising effect on the CL emission [59]. The enhanced signals are the 
result of the accelerated luminol CL induced by the oxidised species of CdTe. Qu 
et al. reported soluble glutathione-capped ZnSe QDs can increase the CL emission 
from the luminol–K3Fe[CN]6 system in an alkaline medium, and phenols can inhibit 
the CL [60]. The enhanced CL originated from the catalysis of ZnSe QDs in the 
radical generation and electron-transfer process of the luminol CL reaction. Zhao 
et al. added CdTe QDs into the running buffer of capillary electrophoresis to catalyse 
the post-column CL reaction between luminol and hydrogen peroxide [61]. CdTe 
QDs accelerate the electron-transfer process and facilitate the CL radical generation 
in luminol CL reaction, achieving higher CL emission. Kanwal et  al. found that 
mercaptosuccinic acid-capped CdTe QDs with a diameter of 3.8 nm can signifi-
cantly increase the CL of the pyrogallol–H2O2 system [62]. In this system, the excit-
ing product of pyrogallol (purpurogallin) was the main CL emitter. There was no 
energy transfer from purpurogallin to CdTe QDs, and CdTe QDs only acted as an 
enhancer in the enhanced CL reaction.

Fig. 19.4 Emission with quantum dots as chemiluminescence catalysts. (Adapted with permis-
sion from [55]. Copyright 2012: Elsevier)
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19.4.3  Chemiluminescent Energy Acceptor

CRET is the nonradiative process in which energy transfer takes place from a che-
miluminescent donor to a fluorophore acceptor, provided that the CL emission spec-
trum must overlap with the absorption spectrum of fluorescent acceptor. Due to the 
wide-spectrum range of QDs, they act as excellent the fluorescent acceptors in 
CRET processes [57] (Fig. 19.5). In CRET, contrary to what was mentioned in the 
previous section, QDs are the final emitters and not the sensitisers as this evidence 
is clearly understood when monitoring the emitted spectra. Also, with CRET it is 
difficult to understand if the QDs excited species are generated by a resonance 
energy transmission process or by a redox process because there are different reduc-
ing and oxidising species in all reactions. Another important point is that in various 
conditions QDs play a double role in the reaction: acting initially as sensitisers and 
after that as final emitter, sometimes even co-emitting with a CL organic dye [55].

In CRET, QDs are the final emitters, which can be verified by the emitted spec-
tra. Ren et al. first demonstrated an efficient CRET between luminol and CdTe QDs 
based on the HRP-QDs conjugates and the immuno-interaction of the QDs-BSA 
and anti-BSA-HRP in the hydrogen peroxide–luminol CL system (Fig. 19.5) [63]. 
The luminol CL can efficiently excite the CdTe QDs acceptor, which means the 
performing of the CRET between the luminol donor and QDs acceptor. Li et al. 
examined the resonance energy transfer between CL donor (luminol–H2O2 system) 
and TGA-capped CdTe QDs (with different emission peaks) acceptors [64]. Zhao 
et al. [65] observed the resonance energy transfer from CL donor (luminol–H2O2 
system) to CdSe/ZnS QDs (emission at 593 nm) acceptors.

19.5  Advantages and Disadvantages of QD-Based 
Chemiluminescence Sensors

Chemiluminescence assays of a wide range of compounds (immunoassays, drugs, 
biotechnology, food technology, biosensing, clinical, etc.) are a well-known lumi-
nescent technique and have grown exponentially in the last decade [66]. CL-based 
sensors are better than optical sensors due to the very low background signal 

Fig. 19.5 Chemiluminescence emission in CRET system. (Adapted with permission from Ref. 
[55]. Copyright 2012: Elsevier)
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compared to the absorbance and fluorescence emitted by a light source [67]. CL is 
often defined as a dark-field technique. The absence of a strong background light 
level, as in absorption spectroscopy, decreases the background signal, improving 
detection limits. Small changes in a small signal are more easily observed than 
small changes in the presence of a large signal. The most common advantages of CL 
reactions include the relatively simple instrumentation required, low detection lim-
its and wide dynamic ranges, reproducible, rapid, sensitive, and selective method 
has contributed to the interest in CL detection in HPLC and flow injection analysis 
(FIA). They have unique size-dependent properties (optical and electronic) and 
have excellent analytical potential [68]. As a principle, CL measurement in a fluo-
rometer is possible by turning off the excitation source. What is needed, is a photo-
multiplier tube, sufficiently sensitive in the spectral region of interest [69].

Most CL-based reactions have low quantum efficiencies and therefore produce a 
weak luminescence. Semiconductor quantum dots can be employed as sensitizers 
due to their size-dependent and optical properties and consequently can have a sig-
nificant increase in weak emission. CL sensors were widely discovered and devel-
oped based on the CL behaviour of these nanoparticles. These nanoparticles have 
great properties as CL emitters such as large molar extinction coefficients, easy 
multicolour labelling for visible and NIR spectral regions, surface trap-control 
luminescence, low photobleaching/photodegradation, high quantum efficiency, and 
are chemically resistant [70]. Due to their high fluorescence quantum yield, wide 
excitation range, and good optical stability, QDs have been adopted as suitable 
energy acceptors for traditional CL luminophore donors for CRET design. The 
advances of QDs-based CL not only open a new field for the development of novel 
CL-emitting species but also extend the conventional optical application of QDs. 
Nanosized materials-based diagnostics can be a great alternative to expensive tech-
niques such as liquid chromatography-mass spectrometry (LC-MS). These 
nanomaterials- based CL assays will serve as an inexpensive, more efficient system 
in the future for the detection of toxins, antibiotics, chemical contaminants, and so 
on in food materials [57].

However, some disadvantages must also be considered. A CL reagent may yield 
significant emissions not just for one unique analyte, that is, a lack of selectivity 
may happen. Furthermore, the intensities of CL emission are sensitive to a variety 
of environmental factors such as solvent, temperature, pH, ionic strength, and other 
species present in the system. As a result, the separation conditions (HPLC, CE, 
etc.) may not always correspond to the optimum CL emission conditions. Because 
the emission intensity of a CL reaction changes with time (light flash consists of a 
signal increase after mixing of the reagent, passing through a maximum, then 
decreasing back to the baseline), the CL emission versus time profile differs broadly 
from one compound to another and care must be taken to detect the signal in the 
flowing stream during strictly defined periods. For many CL systems, there is a low 
background level of emission in the absence of an analyte. Hence, CL signals in 
flow systems, which increase in proportion to the analyte concentration, appear as 
sharp peaks superimposed on a low constant blank signal, measured as viewed by 
the time window when the mixture of analyte and reagent[s] pass through the 
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detector cell. Due to the small portion of CL emission that can only be measured 
from this time profile, reactions with complex kinetics can provide nonlinear plots 
of response to analyte concentration [69, 71].

In addition, conventional semiconductor QDs contain heavy metals that are haz-
ardous and therefore have toxicity concerns in the living system, so there is a need 
to discover more environmentally friendly and biocompatible QDs. The optical and 
electronic properties of QDs may be used to design sensitive multiplexed biosen-
sors. As far as bioconjugation of nanomaterials is concerned certain issues such as 
stabilisation due to pH, agglomeration, toxicity, and the large size of the biomole-
cules are still prevalent. Besides, the integration of QDs in real-life clinical applica-
tions is a major challenge especially in the production of reproducible nanoparticle 
bioconjugates [57]. Some of the challenges that still need to be overcome are eco-
nomic factors.

QDs are more expensive than organic dyes, and early investment is needed for 
researchers and instrument suppliers to produce systems optimised for use with 
QDs. Also, the size of the probe and steric hindrance should be considered when 
evaluating the suitability of a QD-based approach to labelling molecules [16]. 
Because labelling various biomolecules with QDs of different sizes can lead to 
varying degrees of perturbation due to the large differences in the QDs sizes. 
Recently, however, it has been demonstrated that the size differences of multicolour 
QDs can be addressed using alloyed semiconductor QDs in which tuning of the 
emission wavelength is achieved through nanocrystal composition rather than size 
[72–74].

19.6  Applications of QDs-Based Chemiluminescence

The use of metal nanoparticles in CL reactions has provided new paths to increase 
the inherent sensitivity and develop novel applications of this detection mode [75]. 
Nowadays, CL has been extensively employed in various fields including bioengi-
neering, pharmacy, molecular biology, clinical diagnosis, and food and environmen-
tal analysis [76–78]. So far, certain small molecules or macromolecules like proteins 
and DNAs, metal ions, and enzyme activity have been successfully detected through 
QDs-based CL as follows.

19.6.1  Detection of Small Biological Molecules

Many CL analytical methods are well-established based on the amplification 
(enhanced CL signal) or inhibition (reduced CL signal) of various analytes in QDs- 
based CL systems [75, 79]. Phenolic compounds have been shown to inhibit CL 
emission from the CdTe−H2O2−Tween 20 system and could be detected using CL 
with this proposed system. CL emission from l-cysteine-capped CdS QDs in the 
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presence of acidic KMnO4 was reported by Khataee and coworkers [80]. Na2S2O3 
could markedly amplify CL emission from the L-cysteine-capped CdS QDs− 
KMnO4 system. The CL signal was strongly inhibited by baclofen, therefore a flow- 
injection CL method was developed to test baclofen. In addition, this group further 
designed a CL method to detect vancomycin with l-cysteine-modified CdS QDs as 
the nanoprobe in the morin−KMnO4 system [81]. Due to the excellent separation 
capacity of aimed analytes using molecularly imprinted polymers (MIPs), the mol-
ecule imprinting technique is a promising tool to improve the selectivity of QDs- 
based CL nanoprobes for extensive applications [82, 83]. Combining the high 
sensitivity of CL with the good selectivity of MIP, Lin and colleagues [84] synthe-
sised Mn-doped ZnS QDs capped with MIPs and applied these to CL detection of 
4-nitrophenol in tap water. A CL sensor was designed by Ge and colleagues to 
determine deltamethrin (DM) using CdTe QDs and MIP [82]. QDs system was uti-
lised by Chen et al. [56, 85] as a chemiluminescence probe to determine L-ascorbic 
acid in human serum. The results showed that CL intensity and the concentration of 
L-ascorbic acid had a good linear relationship and detection limit. Zhou et al. [86] 
found that CL intensity of the luminol-KIO4 system was catalytically enhanced by 
thioglycolic acid-capped CdTe quantum dots in alkaline media. The effect of KIO4 
on the CL intensity suggested that at optimum concentration KIO4 decomposes to 
produce some radical intermediates [such as O2

•− and OH•] that accelerated the oxi-
dation of luminol. The system was utilised to determine methionine in commercial 
pharmaceutical formulations [86]. Azizi et al. [87] developed a CL analysis system 
based on l-cysteine-capped ZnS-Mn QDs and used for the chemiluminometric 
determination of folic acid in the pharmaceutical formulation. So that when the 
ionic liquid 1,3-dipropylimidazolium bromide/copper complex was exposed to the 
system, an increase in intense light emission was observed due to the strong interac-
tion between Cu2+ and the imidazolium ring. Khataee et al. [88] observed that the 
CL intensity of the KMnO4–carminic acid system catalysed by CdS QDs was 
quenched in the presence of a trace level of cloxacillin. The results recommended 
that the decreased CL intensity had a good linear relation with the concentration of 
cloxacillin. A CL system based on the reaction between KMnO4–CdS QDs reaction 
catalysed by cetyltrimethylammonium bromide (CTAB) in an acidic medium was 
developed as a CL probe for the sensitive determination of atenolol by Khataee 
et al. [89]. The method provided suitable results in detection of atenolol in spiked 
environmental water samples and commercial pharmaceutical formulation. Hosseini 
et al. [90] found that amino acids histidine and tryptophan catalysed the CL reaction 
of the CdSe QDs–H2O2 system due to the reaction of QDs with hydrogen peroxide. 
In another work, Hosseini et al. utilised the CdSe QDs–H2O2 system for the deter-
mination of dysprosium ions in water samples. The results showed that QDs opti-
mum concentration should be preserved as the CL intensity quenches with increasing 
concentration of QDs. The limited energy produced due to reaction between H2O2 
and OH− cannot excite all QDs and therefor affect CL efficiency [91]. Dong et al. 
[92] very recently found that weak CL of lucigenin obtained in alkaline solution (in 
the absence of H2O2) could be significantly enhanced by CdS, CdSe, and CdTe QDs 
(CdS QDs produced the most intense CL). The enhancement in the intensity was 
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attributed to CRET that could occur due to overlapping of the lucigenin CL spec-
trum and the UV–vis absorption spectrum of CdS QDs. This method was satisfac-
torily applied to determine ascorbic acid in juice samples. Kang et al. reported a CL 
energy transfer process in K3Fe(CN)6)– calcein system in alkaline medium cata-
lysed by CdTe. The process involved CdTe QDs as an energy donor and the calcein 
as an acceptor. It was found that a good linear relationship existed between the 
quenched CL intensity and the concentration of polyphenols hence the method was 
applied for the determination of the polyphenols like chlorogenic acid, quercetin, 
hyperin, catechin, and kaempferol. The CdTe/calcein/K3Fe(CN)6 CL system was 
applied for determining hyperin in the seed of Cuscuta chinensis Lam. with satis-
factory results [93]. TGA-capped CdTe QDs were applied in a CL Ce[IV]–SO3−
FIA system by Sun et al. [94] for the determination of various reducing organic 
compounds. Fortes et al. [95] implemented an automated multi-pumping flow sys-
tem combining Ce[IV]–SO3−QDs CL system, using MPA capped CdTe QDs for the 
determination of two anti-diabetic drugs in pharmaceutical formulations. Both glip-
izide and gliclazide quenched the CL emission, probably due to radical scavenging 
activity. Zhao et al. found an efficient CRET occurred between a luminol donor and 
a CdTe QDs acceptor in the luminol–NaBrO–QDs system. The CL emission was 
sensitively inhibited by certain organic compounds of biological interest, such as 
biogenic amines and thiols, amino acids, organic acids, and steroids [96]. Based on 
these findings, they developed sensitive microchip electrophoresis [MCE]-CL 
method for the detection of the above compounds. Willner et al. [97] modified glu-
cose oxidase with hemin/G-quadruplex units and conjugated the hybrid to CdSe/
ZnS QDs for the CL detection of glucose. The glucose oxidase catalysed the oxida-
tion of glucose to produce gluconic acid and H2O2. The latter in the presence of 
luminol catalysed by hemin/G-quadruplex produced strong CL, which originated a 
CRET process to the CdSe/ZnS QDs.

19.6.2  Detection of Proteins

In the CdTe QDs-based CRET reported by Ren’s group, the energy donor was lumi-
nol, which was not directly attached to CdTe QDs, and the catalyst as HRP was 
linked to the CdTe QDs. CRET was activated when HRP continuously catalysed the 
CL reaction between luminol and H2O2 [63]. They applied CRET to immunoassay 
based on the antigen (BSA)-antibody (anti-BSA IgG) interaction. CRET was stimu-
lated when anti-BSA-HRP bounded to the BSA-CdTe QDs. Also, Ghavamipour 
et  al. [98] developed a novel convenient CL-sensing protocol to detect vascular 
endothelial growth factor (VEGF) using catalase-mediated chemiluminescence 
immunoassay based on the CdTe QD/H2O2 system.

In another work, a CRET aptasensor was proposed based on the VEGF-induced 
assembly of a CdSe/ZnS QDs-hemin/G-quadruplex. The amine-modified anti- 
VEGF aptamer was covalently conjugated to CdSe/ZnS QDs. The hemin/G- -
quadruplex- VEGF complex was formed when VEGF and hemin were added, which 
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catalysed the CL from luminol–H2O2 system. The CL proceeded in the vicinity of 
the CdSe/ZnS QDs and led to the CRET process and the luminescence of the CdSe/
ZnS QDs. The system was used to determine VEGF in human serum samples [99].

Li et al. [94] synthesised TGA-capped CdTe QDs which could enhance the CL 
of Ce[IV]–SO3

2− system from an efficient CRET [111]. The mechanism was 
explained as follows: in acid environment, HSO3

− was oxidised by Ce[IV] and 
HSO3

• radical was generated. Then, the combination of two HSO3
• radicals pro-

duced S2O6
2−, which further converted to the excited intermediate SO2

•. Finally, 
CdTe QDs were excited by the CL energy transfer from SO2

•. When the excited 
CdTe QDs returned to its ground state, the CL emission was produced. Organic 
compounds containing –SH, –NH2, or –OH groups, and some electron transfer pro-
teins such as haemoglobin, myoglobin and cytochrome c, can quench the emission 
of this CL system by interacting with CdTe QDs. In combination with the flow 
injection technique, this CL system has been used to detect the above compounds 
and proteins [94].

19.6.3  Detection of DNA

Willner et  al. [100] also developed aptamer sensing and DNA-sensing platforms 
using DNAzyme to stimulate CRET with luminol as donors and CdSe/ZnS QDs as 
acceptors. CdSe/ZnS QDs were attached to one of the aptamer subunits in the self- 
assembled ATP-aptamer subunits/hemin-G-quadruplex DNAzyme. The QDs- 
conjugated hairpin nucleic acid included the G-quadruplex sequence in a “caged” 
configuration, that was used to analyse DNA. The CRET process was stimulated 
when the target DNA opened the hairpin structure and assembled the hemin-G- 
quadruplex DNAzyme. Zhou et al. [101] developed a CRET-based aptasensor for 
the detection of ATP using CdTe QDs. The CL reaction of luminol–H2O2 catalysed 
by HRP was used as the light source. Two pieces of ssDNA cut from an adenosine 
aptamer were conjugated to CdTe QDs and HRP, respectively. The CRET occurred 
when the two fragments reassemble into specific structures in the presence of ATP, 
which decreased the distance of HRP and CdTe QDs. ATP can be selectively deter-
mined according to this mechanism.

19.6.4  Detection of Metal Ions

Zhang and colleagues [102] investigated the influence of metal ions on the CdTe−
H2O2 CL system and showed that Fe2+, Ca2+, Ba2+, Pb2+, and Cu2+ enhanced CL 
intensity, while Ni2+, Zn2+, Cr3+, and Ag+, inhibited CL intensity. Similarly, Cu2+, 
Ag+, and Hg2+ reduced CL emission from the reaction between TGA-modified CdTe 
QDs and H2O2, based on which Han and colleagues developed a CL method to test 
for Cu2+, Ag+ and Hg2+ [103]. K3Fe(CN)6–CdTe–GSH system was successfully 
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applied to detect nine different ions (Ca2+, Co2+, Mn2+, Hg2+, Mg2+, Cu2+, Ni2+, Cr3+ 
and Fe3+). An interesting example of CRET is the system studied by Kanwal et al. 
[104] MSA-capped CdTe QDs conjugated with IgG were used to successfully 
enhance the CL emission of luminol–H2O2 and to determine some reducing com-
pounds and metal ions.

19.6.5  Determination of Enzyme Activity

Li’s group [105] found that horseradish peroxidase [HRP]-mimicking DNAzyme 
amplified greatly CL emission in the CdTe QDs − H2O2 system, although HRP did 
not enhance CL intensity that could be used to detect targets labelled with HRP- 
mimicking DNAzyme. Ghavamipour et al. [75] reported that the CL emission from 
the CdTe–H2O2 system decreased due to consumption of H2O2 via the catalytic 
action of catalase (CAT), therefore a rapid and convenient determination method for 
CAT was proposed. In another work, Ghavamipour et al. [106] proposed a chemilu-
minescence assay for HRP activity using QDs/H2O2 system and developed an 
improved chemiluminescence method for HRP-based ELISA.

19.7  Conclusion

In a nutshell, the quantum dots of nanoparticles are extremely promising with great 
potential for application in very distinct fields of analytical chemistry, combining 
great functionalisation simplicity with a good chemiluminescence property. In this 
chapter, we describe the mechanism of QDs in CL reactions, and their summaries 
and applications. These wide applications show that the combination of QDs with 
CL is a good platform for the development of analytical methods and the design of 
new optical sensors. QDs with excellent optical properties provide powerful tools 
for designing the ideal CL with signal amplification, which is an efficient analytical 
technique with high sensitivity, wide linear range and, simple instrumentation. 
Since QDs have a wide absorption spectrum and a narrow symmetrical emission, 
QDs luminescent at multiple wavelengths can be excited by the light produced by 
the same CL system, making it possible to perform multiplex analysis. The QDs- 
based CRET mode is defined by no interference of autofluorescence and photo-
bleaching. It has great potential applications in intracellular sensing and in  vivo 
imaging, as well as providing excellent platforms for the easy monitoring of changes 
in protein structure and the sensitive detection of molecular binding events in com-
plex samples without isolation. The development of CRET probes with low toxicity 
and environmentally friendly QDs is an important direction in the future to realise 
the application of CRET in biological systems. Further efforts are needed to find 
some new QDs with high quantum yields or to search for novel and efficient CL 
systems to improve the sensitive detection of QDs-enhanced CL and to expand  
the promising potential applications. Although continuous advancements and 
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increasing applications of QDs-enhanced CL are already known, new developments 
and challenges are continuously appearing, and the research of QDs-enhanced CL 
remains an active subject.
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Chapter 20
Electrochemiluminescent Biosensors Based 
on II–VI Quantum Dots

Xiao-Yan Wang, Zhi-Yuan Che, and Shou-Nian Ding

20.1  Introduction

Electrochemiluminescence (ECL) refers to the light emitted when the excited state 
formed by the high-energy electron transfer reaction on the electrode returns to its 
fundamental state [1–3]. In other words, ECL is chemiluminescence excited by 
electrochemistry. Therefore, ECL not only has the advantages of electrochemistry, 
such as simple operation, simple instrument, and fast response, but also possesses 
the advantages of traditional chemiluminescence with wide dynamic range and high 
sensitivity [4–6]. According to the source of free radicals, the ECL mechanism can 
be divided into annihilation ECL and co-reactant ECL [7]. In the application of 
biological analysis, water is often used as the main medium. However, it is difficult 
for luminescent species to be simultaneously oxidized and reduced due to the elec-
trochemical splitting of water itself. Thus, although the annihilation pathway is the 
origin of early ECL studies, the co-reactant pathway is more prevalent in basic 
research and practical applications.

In recent decades, the rapid development of biosensors with high sensitivity and 
specificity has brought great breakthroughs for early clinical diagnosis [8–10]. It is 
well known that biosensor includes biometrics and physicochemical signal trans-
duction. The former is responsible for selectivity of biosensors and the latter corre-
sponds to sensitivity of biosensors. Biosensor should be stable, rapid, of high 
sensitivity, and low cost to realize commercial application. Therefore, various 
energy conversion pathways are used in signal transduction, including photolumi-
nescence [11–13], chemiluminescence [14, 15], fluorescence [16], and electroche-
miluminescence [17–19]. Among them, ECL biosensors have many unique 
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advantages. First, ECL does not require excited light, which reduces the background 
noise of scattered light and unnecessary luminescence. Second, ECL is activated 
and regulated by potential, which provides excellent controllability and reproduc-
ibility. Third, the diversity of ECL luminescent materials make ECL widely used in 
different biosensors. In addition, ECL also has the advantages of fast response, 
simple operation process, and low equipment cost [20–22]. ECL biosensor, as a 
powerful analytical method, has been successfully applied in clinical diagnosis.

Luminophores are the most important part of ECL biosensor system. The early 
molecular luminophores such as tris(bipyridine)-ruthenium (Ru(bpy)3

2+) and lumi-
nol have some disadvantages such as poor modificability, monotonous, and wide 
emission wavelength. Therefore, researchers have been developing new ECL lumi-
nophores for several years. In 2002, Bard’s group reported the electrochemilumi-
nescence of silicon quantum dots (QDs), which triggered a boom in the research of 
quantum dots in the ECL field [23, 24]. Quantum dots (QDs) are a class of semicon-
ductor nanocrystals whose size is smaller than the Bohr radius of excitons [25]. 
QDs, especially II–VI compound semiconductor QDs, have wideband absorption, 
narrowband emission, and continuous tunable wavelength of size under the influ-
ence of quantum limiting effect [26]. With the development of synthesis chemistry 
and spectroscopy of quantum dots, the luminescence properties of QDs have been 
continuously improved [27]. High-quality QDs possess perfect fluorescence proper-
ties, such as 100% fluorescence quantum yield, single exponential decay of fluores-
cence lifetime, and stable non-scintillation of light [28, 29]. Thus, QDs have the 
potential to replace the traditional ECL luminescent molecules due to their excellent 
optical properties and flexible structural composition.

This chapter mainly summarizes the ECL signal transmission strategy and ECL 
mechanism of II–VI semiconductor quantum dots as ECL. Furthermore, the practi-
cal application of ECL biosensor based on II–VI semiconductor quantum dots will 
also be discussed. Finally, we describe some critical issues and some perspectives 
for the future development of ECL sensors.

20.2  ECL Mechanism of II–VI Quantum Dots

The basic principle of ECL consists of two parts: one is redox generation of excited 
states and the other is light radiation. By applying a scanning voltage, the ECL 
luminescent material undergoes a redox reaction and high-energy electron transfer 
on the electrode surface to generate an unstable excited state, which produces ECL 
emission after relaxation [2] (Fig. 20.1).

ECL mechanisms of quantum dots mainly include two types; the first type is an 
annihilation-type mechanism, and the second type is a co-reactant-type mechanism. 
In the annihilation pathway, a reductant and an oxide are simultaneously generated 
on the electrode surface by applying an alternating pulse potential. The reaction 
between these two substances produces an excited state, which emits photons 
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Fig. 20.1 Schematic diagrams showing the general principles of electrogenerated chemilumines-
cence. (Reprinted with permission from Miao [2]. Copyright 2008: American Chemical Society)

during the relaxation process to the ground state [30, 31]. The corresponding lumi-
nescence mechanism is as follows:

 QDs QDs� �� �e •

 (20.1)

 QDs QDs� �� �e •

 (20.2)

 QDs QDs QDs QDs� � �� � �• •

 (20.3)

 QDs QDs h� � � �  (20.4)

In the co-reactant pathway, the co-reactant is reduced or oxidized on the elec-
trode surface through a single potential step to form a very active intermediate, 
which can react with the luminophores in the system to generate excitation state. 
Subsequently, the excited state returns to the ground state accompanied by the phe-
nomenon of luminescence. The introduction of co-reactants can overcome the prob-
lems of limited solvent potential or poor stability of radical ions. The co-reaction 
ECL mechanism of QDs can be divided into “oxidation–reduction” type and “reduc-
tion–oxidation” type. Oxidation–reduction ECL refers to the simultaneous oxida-
tion reaction of the co-reactant and the ECL luminescent material, and the co-reactant 
forms a strong reduction radical and reacts with the oxidative ECL luminescent 
material to form an unstable excited state, which generates ECL emission after 
relaxation. Redox co-reactants, also known as anode co-reactants, mainly include 
Na2C2O4 and TPrA. Reduction–oxidation ECL means that the co-reactant and the 
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ECL luminescent material undergo a reduction reaction at the same time, and the 
co-reactant forms a strong oxidative radical and reacts with the reducing ECL lumi-
nescent material to form an unstable excited state, and the ECL is generated after 
relaxation. The co-reactants of the reduction–oxidation ECL are called cathode co-
reactants and mainly include K2S2O8 and H2O2. The two types of reaction mecha-
nisms are shown below [32, 33]:

Oxidation–reduction:

 QDs QDs– •e� ��  (20.5)

 
C O e C O2 4 2 4 2 2

2� � � �� �� �� � �– • •CO CO
 

(20.6)

 QDs CO QDs CO� � �� � �• •
2 2  (20.7)

 QDs QDs h� � � �  (20.8)

Reduction–oxidation:

 QDs QDs� �� �e •

 (20.9)

 S O e SO SO2 8 4 4
2 2� � � �� � �•

 (20.10)

 QDs QDs� � � �� � �• •SO SO4 4
2

 (20.11)

 QDs QDs h� � � �  (20.12)

20.3  ECL Signal Transduction Strategy

Clinical diagnosis requires accurate detection of microtargets, so it is urgent to 
design more effective ECL sensors. The signal strategy of ECL sensor is the key 
step of biosensor construction. In order to meet the sensitivity requirements of early 
disease detection, a variety of sensing mechanisms to convert biological informa-
tion into detectable signals were explored. At present, the effective conversion of 
sensitive signals mainly includes three modes: signal-on, signal-off, and ratiomet-
ric effect.

Signal-on is the signal processing from weak to strong before and after target 
recognition, which has the advantages of wide detection range and low background 
signal. Signal-on is a very popular ECL signal output mode and has become an 
effective method in the field of analysis and detection. The methods of signal-on can 
be divided into four types: (i) Signal-on induced by luminophores enrichment: the 
ECL signal of quantum dots is easily disturbed and weak in the detection environ-
ment due to the instability and easy agglomeration of quantum dots. At present, 
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materials with high specific surface area, excellent biocompatibility, easy function-
alization, and low cost have been widely used as the carrier of quantum dots. 
Compared with single quantum dots, the quantum dots gathered in the nanocarrier 
have stronger ECL emission, which can effectively improve the sensitivity of the 
sensor. So far, quantum dot carriers commonly used in various ultrasensitive biosen-
sors mainly include silica nanoparticles [34], carbon nanomaterials [35], metal- 
organic frameworks (MOFs) [36], and transition metal oxides [37]. (ii) Signal-on 
regulated by ECL co-reaction: in order to further improve the sensitivity of the 
quantum dot ECL sensor, a co-reaction accelerator can be introduced in addition to 
the introduction of nanocarriers into a single ECL luminescent group [38]. The co- 
reaction accelerator can interact with the co-reactant, thereby increasing the ECL 
reaction rate of the luminophore and the co-reactant. (iii) Signal-on induced by 
nucleic acid amplified strategy: isothermal nucleic acid amplification technology 
converts trace nucleic acid target into a large number of nucleic acid molecules for 
export. The introduction of nucleic acid amplification amplifies detectable signals 
and improves detection sensitivity, which has been widely used in biological detec-
tion [39].

Signal-off refers to the process of signal transition in which the ECL emission of 
the luminophore decreases with increasing analyte concentration. Over the past few 
years, there has been a huge effort to build traditional “signal-off” sensors. The key 
to the structure of the “signal-off” biosensor is that the stronger the initial signal, the 
greater the quenching rate of the “signal-off” state and the lower the background 
signal. At present, there are two common causes of signal-off: (i) Signal-off regu-
lated by steric hindrance effect: the steric hindrance effect is the simplest and most 
effective signal-off mechanism. Steric hindrance suppresses not only the mass 
transfer diffusion on the electrode, but also the electron transfer, thereby reducing 
the current [40]. (ii) Signal-off induced by ECL-RET: ECL-RET usually occurs 
between an efficient energy donor and a suitable acceptor, an attractive technique 
for sensitive detection of analytes due to the absence of interference from scattered 
light [41].

Both signal-on and signal-off modes are based on changes in single emission 
intensity, but instrument errors or some environmental changes may cause false- 
positive/false-negative results during the detection process. In order to effectively 
suppress these interference factors, a measurement method of ratiometric ECL was 
proposed. Ratiometric ECL relies on the ratio change of the two ECL intensities and 
can provide more precise results by normalizing to the most ambiguous data. There 
are three main types of ratiometric ECL biosensors. (i) Dual-potential: dual- 
potential ratiometric sensor refers to a sensor that quantitatively analyzes the ratio 
of ECL intensities produced by two ECL emitters at different potentials. At present, 
the main strategies to realize bipotential ratiometric ECL sensing analysis include 
resonance energy transfer and regulation of co-reactant concentration [42]. (ii) 
Dual-wavelength: dual-wavelength ratiometric ECL biosensors require appropriate 
spectral overlap between the donor’s ECL spectrum and the acceptor’s absorption 
spectrum. When the donor/acceptor pair energies completely overlap, the light 
emitted by the donor can be transferred to the closed acceptor, thereby exciting its 

20 Electrochemiluminescent Biosensors Based on II–VI Quantum Dots



536

optical signal [43]. (iii) Bipolar electrode (BPE): bipolar electrode (BPE) is a con-
ductor immersed in an electrolyte. When a sufficient voltage is applied, the conduc-
tor can undergo electrochemical reactions at its ends without any ohmic contact. 
The two ECL emitters of the BPE-ECL ratiometric ECL biosensor need to satisfy 
the three conditions of high emission intensity, significantly different emission 
potentials, and microwaveable lengths to produce compelling changes [44].

20.4  Applications in ECL Biosensor

20.4.1  Immunosensors

ECL immunosensor is a clinical diagnosis method with high sensitivity and speci-
ficity developed based on the specific recognition properties of antigen–antibody 
and electrochemiluminescence technology. At this stage, immunoassay methods 
mainly include direct immunization, competitive immunization, and sandwich 
immunization.

The most widely used method for detecting cancer biomarker is sandwich immu-
nization, which consists of coated antibodies, target antigens, and target antibodies 
labeled with ECL luminescence. As shown in Fig. 20.2, Dong’s group has designed 
several ECL biosensors for the detection of carcinoembryonic antigen. One of them 
used magnetically separable Fe3O4@SiO2 as the nanocarrier and CdTe@ZnS QDs 
as the ECL luminophore to construct a carcinoembryonic antigen sandwich ECL 
immunosensor with a detection limit as low as 3.0 pg/mL [45]. Subsequently, two 
sandwich ECL immunosensors were constructed using CdTe QDs as ECL emitters, 
and Fe3O4@SiO2-Pt complex with catalytic and magnetically separable properties 
and Fe3O4@SiO2@PS complex as nanocarrier with the detection limit of 0.2 pg/mL 
and 0.3 pg/mL, respectively [45, 46].

In addition to cancer biomarkers, ECL immunosensor is also one of the common 
tools for clinical diagnosis of viruses. Babamiri et al. [47] used PAMAM dendrimers 
to immobilize CdTe@CdS QDs to construct a signal-amplified ECL immunosensor 
for detecting hepatitis B virus with a wide linear range from 3  fg/mL to 0.3 ng/
mL. Zhang et al. [48] reported that 1-(3-dimethylaminopropyl)-3-ethylcarbodiimine 
(EDC)-activated CdS QDs could enhance the ECL strength of CdS QDs and con-
structed the ECL immunosensor of Zika virus with the detection limit of 0.3 fg/mL.

ECL immunosensors are also popular in the field of environmental monitoring 
due to their excellent sensitivity and specificity. However, competitive immune ECL 
sensors are often constructed to detect environmental pollution targets, because the 
environmental targets are mostly small molecules. Zhang et  al. [49] used the 
MoS2-Au hybrid nanocomposite with a large number of active sites as the matrix 
and graphene nanosheet/CdSe QDs composite as the ECL probe to construct an 
electrochemiluminescence immunosensor based on dual signal amplification for 
detection trace microcystin in water. Chen et al. [50] constructed a signal-enhanced 
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Fig. 20.2 Schematic illustration of the preparation process of QDs-labeled Ab2 and fabrication 
process of the proposed ECL nano-immunosensor. (Reprinted with permission from Dong et al. 
[45]. Copyright 2017: Elsevier)

ECL biosensor to detect diclofenac in environmental samples, using Pd NPs/PEI- 
GO- CdSe@CdS QDs composite material as the enhanced ECL luminary and 
Ce:ZnO as the substrate to improve the electron transfer rate. Chen et al. [51] con-
structed an ECL immunosensor with the detection limit of 0.33 pg/mL based on 
enrofloxacin antibiotics based on flower-like Au@BSA nanoparticles enriched with 
a large number of ECL luminescent CdSe QDs and Au/C60,which accelerated the 
electron transfer on the electrode surface.

20.4.2  Aptasensor

Aptamers are single-stranded DNA or RNA fragments screened by ligand index 
enrichment phylogeny [52]. Compared with traditional molecular recognition ele-
ments, aptamers have the advantages of simple synthesis, good stability, easy stor-
age, high affinity, easy curing, and good specificity. Aptasensors are of great research 
significance in the field of gene expression analysis, forensic analysis, and clinical 
diagnosis, because aptamer has the ability to recognize molecular targets including 
ionic, small molecule, proteins, and cell.
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Metal ion analysis is a fundamental and important area of ECL sensing because 
of the adverse effects of some metal ions on human health and environmental pro-
tection. To date, many ECL aptasensors have been manufactured for the determina-
tion of a range of metal ions. Wang et al. [53] prepared lanthanum-doped CdS QDs 
(CdS:La QDs) with significantly enhanced ECL intensity and constructed a mer-
cury ion (Hg2+) aptasensor based on surface plasmon resonance and energy reso-
nance transfer between CdS:La QDs and metal ions. Au NPs-based surface 
plasmonic resonance enhanced the ECL strength of CdS:La QDs (signal-on) when 
GCE/CdS:La QD-ssDNA 1 hybridized with Au NPs-ssDNA 2. In the presence of 
Hg2+, the conformation of oligonucleotide changed from linear chain to hairpin due 
to the base pair of T-Hg2+-T. The ECL intensity of CdS:La QDs reduced (signal-off) 
on account of the forceful energy resonance transfer between CdS:La QDs and Au 
NPs. The difference of ECL intensity in the absence and presence of Hg2+ can be 
used to detect Hg2+ with the detection range of 1 × 10−12 to 1 × 10−5 mol/L and the 
detection limit of 3 × 10−13 mol/L. Similarly, Babamiri et al. [54] used CdTe@CdS 
QDs as the ECL emitter to build a Hg2+ ECL aptasensor based on the energy reso-
nance transfer effect between CdTe@CdS QDs and Au NPs and the interaction of 
T-Hg2+-T base pair. Feng et  al. [55] constructed an ECL aptasensor based on 
MIL-53(Al)@CdTe QDs luminescence, which can be used for multiple detection of 
mercury ions (Hg2+) and lead ions (Pb2+). As shown in Fig. 20.3, Aptamer 2-Au NPs 

Fig. 20.3 Schematic illustration of MIL-53(Al)@CdTe-PEI aptasensor fabrication and detection 
of Hg2+ and Pb2+. (Reprinted with permission from Feng et al. [55]. Copyright 2020: Elsevier)
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formed a hairpin structure and disengaged from the electrode, after GCE/
MIL-53(Al)@CdTe QDs/aptamer 1-Pt NPs/aptamer 2-Au NPs recognizes Hg2+. In 
the presence of Pb2+, aptamer 1-Pt NPs captured Pb2+ to form G-quadruplexes, mak-
ing the Pt NPs carried on aptamer1 close enough to CdTe QDs to generate ECL 
energy resonance transfer. The interaction of aptamers with Hg2+ and Pb2+ enhanced 
the energy resonance transfer between CdTe QDs and metal ions, resulting in the 
continuous decrease of ECL intensity. Therefore, ECL strength difference can be 
used for multiple detection of heavy metal ions with detection limits of 
4.1 × 10−12 mol/L (path 1, Hg2+), 3.7 × 10−11 mol/L (path 2, Pb2+), and 2.4 × 10−11 mol/L 
(path 3, Pb2+), respectively.

Quantitative detection of small molecules is very important in food safety, envi-
ronmental problems, and disease diagnosis. Therefore, it is very necessary to 
develop a series of ECL sensors with high sensitivity and low cost. Liu et al. [56] 
developed a “signaloff-on” aptasensor for detection of chlorpyrifos using a high- 
efficiency electrochemiluminescence resonance energy transfer strategy between 
MoS2/CdS nanospheres and silver/carbon quantum dots (Ag/CDs). Analogously, 
Gao et al. [57] and Wei et al. [58] used CdTe QDs and CdS QDs as donors and cya-
nine dyes as acceptors to construct aptasensors for Ochratoxin A with the detection 
limits of 0.17 pg/mL and 0.012 nmol/L, respectively. Feng et al. [59] designed a 
double-gear ECL aptasensor for the multiple detection of kanamycin and neomycin. 
As Fig. 20.4 shows, the GCE/MIL-53(Fe)@CdS-PEI electrode was assembled with 
gears and aptamers modified with metal materials, and the ECL signal was turned 
off due to the influence of the energy resonance transfer between Au NPs and CdS 
QDs. In the presence of kanamycin, ECL strength was enhanced because the sur-
face plasmonic resonance between Au NPs and CdS QDs was dominant. The dou-
ble gear was “closed” again and the energy resonance transfer between Au NPs and 
CdS QDs plays a leading role when the aptamer 2 was attached to the modified 
electrode. Subsequently, the introduced neomycin was completely hybridized with 
aptamer 2 to form a gear and detached from the electrode, resulting in enhanced 
ECL. The ingenious double-gear aptamer sensing mode realizes the multiple ECL 
detection of kanamycin and neomycin by a single luminant with low detection limit 
of 1.7 × 10−11 M and 3.5 × 10−10 M, respectively.

ECL aptasensors are suitable not only for the detection of ions and small mole-
cules, but also for protein and cell detection. The ECL aptasensors for detection of 
carcinoembryonic antigen [60] and prostate-specific antigen [37] were constructed 
using CdS QDs as the donor and Au NPs or Pt NPs as receptors in the energy reso-
nance transfer system. Ding et al. [61] constructed a ratiometric ECL cell aptasen-
sor using CdTe QDs-labeled cancer cells aptamer as detection signal and luminol as 
internal standard.

20.4.3  Genosensor

Since the discovery of DNA molecule by Friedrichet al. in 1869, this biological 
molecule containing genetic information has become a research hotspot of biolo-
gists all over the world. Gene fragments are widely developed and used in 
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Fig. 20.4 Schematic representation of an ECL aptasensor for kanamycin and neomycin detection. 
(Reprinted with permission from Feng et al. [59]. Copyright 2019: Elsevier)

biosensors, because the stable and specific molecular structure of genes is interacted 
by the base pairs of complementary sequences. ECL genosensor is a kind of sensor 
which takes the single-chain polynucleotides of known sequence as the sensitive 
element and transforms the biological signal formed by hybridization of comple-
mentary sequence to double-chain molecule into detectable light signal for expres-
sion through the transducer. In the beginning, genosensors were mainly used to 
explore the origin of life, study the evolution of species, and diagnose genetic dis-
eases. With the continuous deepening of the intersection of interdisciplinary 
research, the application of genosensors in genetic diagnosis, drug research, envi-
ronmental monitoring, and other fields has received increasing attention. Tan et al. 
[62] devised a brilliant enzyme-assisted multiple amplification strategy to construct 
a sensitive DNA biosensor using amplified PAMAM-Au-CdSe QDs ECL signal 
probes. The authors have designed a powerful hairpin template that contains an 
overhang nucleic acid segment (wathet) complementary to the target DNA, a spe-
cific sequence (yellow) for the recognition site of the nicking endonuclease, and a 
stem structure formed by two complementary sequences linked by 18-carbon spacer 
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(pink).When the target DNA was present, three phenomena were triggered in the 
hairpin template: (1) the target DNA hybridized with the overhanging region of the 
hairpin template, initiating the first polymerization and stopping at the site of the 
18-carbon spacer block; (2) a double-stranded DNA with a recognition site for the 
nicking endonuclease was generated; and (3) the hairpin template was opened. 
Subsequently, the separated arm (blue) of the hairpin template anchored to a com-
plementary sequence of the hairpin modified on the graphene-modified electrode, 
and the PAMAM-Au-CdSe QDs probe hybridized with the exposed stem of the 
hairpin and triggered the second polymerization reaction. With the extension of the 
ECL probe as the primer, the detached arm of the hairpin template was peeled off 
and hybridized with the new hairpin for a new cycle. At the same time, the first 
switch keeps producing a lot of DNA triggers (red). The DNA trigger can be hybrid-
ized directly with the hairpin template to produce the separation arm (blue), which 
then turns on the modified hairpin on the electrode to guide the second switch. A 
large number of ECL probes are fixed on the electrode based on cascade amplifica-
tion technology to achieve ECL signal amplification and sensitive detection of tar-
get DNA.  Dong et  al. [63] constructed a signal-off biosensor for quantitative 
detection of DNA based on the anodic electrochemiluminescence of Ru(bpy)3

2+with 
CdSe QDs as co-reactants and the fact that Ru(bpy)3

2+ can be inserted into the loop 
of hairpin DNA through electrostatic interaction to generate strong ECL signals. In 
addition, ECL energy resonance transfer and cyclic amplification techniques are 
also commonly used in DNA ECL biosensors [64, 65].

MicroRNAs (miRNAs) are a class of non-coding RNA molecules containing 
approximately 19–23 nucleotides that play an important regulatory role in physio-
logical processes by regulating the expression of target genes. More and more 
reports have shown that abnormal expression of miRNAs is closely related to many 
cancer diseases. Therefore, the quantitative detection of highly sensitive miRNAs is 
of great research significance for cancer classification and early disease diagnosis. 
Yuan and colleagues have made great efforts to achieve the ultrasensitive detection 
of microRNAs. For example, Sun et al. [66] used a novel three-dimensional CdTe 
quantum dots–DNA nanoreticulation (3D CdTe QDs–DNA-NR) as a signal probe 
to construct an ultrasensitive microRNA-21 ECL biosensor based on the target- 
induced dual-legged DNA walker circular amplification strategy. As presented in 
Fig. 20.5, DNA 1 and DNA 2 were modified on the surface of CdTe QDs to form 
CdTe QDs–DNA 1 and CdTe QDs–DNA 2, respectively. Subsequently, a novel 3D 
CdTe QDs–DNA-NR, which demonstrated an excellent capacity of CdTe QDs and 
hemin/G-quadruplex for intense ECL emission in the CdTe QDs/S2O8

2−/hemin/G- -
quadruplex system, was hybridized from CdTe QDs–DNA 1, CdTe QDs–DNA 2 
and Linker DNA. Au NPs were electrodeposited at the GCE electrode interface to 
immobilize DNA 3 by the Au–S bond. Then, 3D CdTe QDs–DNA-NR was attached 
to the surface of the electrode based on the ligation of CP DNA to DNA 3 with the 
help of output DNA from the target-induced double-legged DNA walker cyclic 
amplification strategy. When the target miRNA-21 was present, it was hybridized 
with Hairpin 1 and Hairpin 2 to form a dual-legged DNA walker. Then, with the 
participation of Nt. AIwI, the support of Au@Fe3O4  modified with Substrate DNA 
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Fig. 20.5 Schematic illustration of the biosensor. (a and b) Preparation of the 3D CdTe QDs–
DNA-NR; (c) operating principle of the biosensor for miRNA-21 detection and the reaction mech-
anism of the ECL biosensor; (d and e) synthesis and working principle of target-induced 
dual-legged DNA walker circular amplification. (Reprinted with permission from Sun et al. [66]. 
Copyright 2019: American Chemical Society)

(ST) and Assistant DNA (AS), the dual-legged DNA walker free-walked on the 
HC–Au@Fe3O4  to operate the target-induced circular amplification strategy for the 
generation of numerous output DNA, and the target miRNA-21was successfully 
detected with a low detection limit of 34 amol/L. Similarly, an “on–off–super on” 
ECL biosensor for the ultrasensitive detection of miRNA-141 was constructed by 
combining the structure of the earlier 3D walking machine with the unique ECL 
performance of the range-based energy transfer between CdS:Mn QDs and Au NPs 
[67]. Then, Yuan’s team improved the 3D DNA walking machine to build a remark-
able bidirectional DNA walking machine that can detect two miRNAs 
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simultaneously, by designing a DNA walking machine which could move along the 
track and then move back to the original position following the previous steps [68].

20.4.4  MIP Sensor

Molecular imprinting technology (MIT) is a molecular recognition technology that 
can specifically recognize a given analyte or a specific group in an analyte from a 
multicomponent system. The core research content of MIT is molecularly imprinted 
polymer (MIP), which has the advantages of good stability, reproducibility, strong 
specificity and adsorption capacity. MIP-ECL sensor combines the advantages of 
the high sensitivity of ECL and high selectivity of MIP and is widely used in clinical 
diagnosis, environmental monitoring, and food safety. Amoxicillin, as a commonly 
used antibiotic, does great harm to human health due to excessive abuse of residues 
in the environment and animal and plant products. As displayed in Fig. 20.6, Li 
et al. [69] manufactured a MIP-based sensor with dual recognition and dual detec-
tion modes (fluorescence and electrochemiluminescence) based on graphene oxide 
loaded with CdTe quantum dots/gold nanoparticles (GO/CdTe/Au NPs) and MIP 
prepared using amoxicillin as the template molecule. Diethylstilbestrol, as a typical 
synthetic exogenous estrogen, is often used as an animal growth promoter and 

Fig. 20.6 Fabrication of the sensor for amoxicillin detection. (Reprinted with permission from  
Li et al. [69]. Copyright 2020: Elsevier)
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widely used in aquaculture and animal husbandry. Diethylstilbestrol residue in 
human body is associated with potential teratogenicity and carcinogenicity, which 
can cause other reproductive and endocrine diseases. Zhao et  al. [70] and Wang 
et al. [71] constructed ECL biosensor with the limit of detection of 0.25 pmol/L and 
0.1 pg/mL based on diethylstilbestrol MIP using CdTe@ZnS/r-GO and CdS QDs as 
luminescent probe, respectively. MIP-ECL sensors are not only used in the environ-
ment and food fields, but also often used in disease diagnosis. Cao et al. [72] con-
structed creatinine sensor and sialic acid sensor, respectively, based on the 
phenomenon that PEI-CdS QDs significantly promoted the ECL emission of 
Ru(bpy)3

2+ and MIT technology.

20.5  Conclusions and Perspectives

ECL biosensor is a commercially successful analysis platform with excellent speci-
ficity, outstanding sensitivity, satisfactory selectivity, simple construction, low cost, 
fast response, and simple operation. Moreover, ECL is widely used for the detection 
of a wide range of analytes, such as biomarkers, toxins, metal ions, viruses, and 
cells. The uniqueness of ECL technology and the popularity of commercial ECL 
instruments not only provide more possibilities for new disease diagnosis, but also 
pave the way for the application of ECL analysis strategies in drug screening, bio-
logical defense, environmental monitoring, and food testing. This chapter intro-
duced the basic mechanism and common detection strategies of ECL biosensors 
based on II–VI semiconductor quantum dots and reviewed the applications of ECL 
biosensing systems, such as ECL immunosensors, aptasensor, genosensor, and 
MIP sensor.

Although many examples of ECL sensors are cited in this article, the ECL 
method based on II–VI quantum dots is still an underestimated and underutilized 
analysis technique. Improving the sensitivity of ECL biosensors and reducing their 
construction cost should continue to be done. The future development trend of ECL 
biosensing based on II–VI quantum dots may include the following: (1) Improve the 
participation of quantum dots in ECL sensors. Further development of high- quantum 
yield aqueous quantum dots and high-performance nanocarriers is crucial. It is nec-
essary to continuously improve the synthesis methods and modification schemes of 
II–VI quantum dots to obtain satisfactory ECL emitters, because the perfect quan-
tum dots are the basis of ECL sensors. In addition, high-performance nanocarriers 
can not only enrich quantum dots but also improve the efficiency of the ECL reac-
tion, so finding new and efficient nanocarriers is a sustainable research field. (2) 
Construct a low-potential ECL sensing strategy. The ECL reaction starts under the 
excitation of voltage, so the voltage level is the key to ECL generation. High poten-
tials may interfere with the stability of biomolecules. Therefore, it is very necessary 
to construct an ECL system with low excitation potential. Selection of low oxida-
tion luminescence groups, matching of low potential co-reaction, and designing of 
ingenious electrode structure will help achieve low excitation potential ECL. (3) 
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Develop the ECL of a single entity [73]. Single-entity ECL analysis includes inten-
sity- and imaging-based ECL. The study of a single-entity analysis has great poten-
tial in elucidating new natural truths, which are averaged out in the overall analysis 
or hidden in complex systems. Currently, the development of single-entity analysis 
based on II–VI quantum dots is still very scarce. Therefore, it is meaningful to con-
struct more single-entity analysis of II–VI quantum dots to gain a deeper under-
standing of science and nature.

Additionally, we found that not many ECL sensors have been truly commercial-
ized, although the development of ECL sensors has grown exponentially in recent 
years. The portability of the sensor and the accuracy of the analysis are necessary 
steps to commercialize the ECL biosensor. Therefore, how to improve the portabil-
ity and result accuracy of ECL biosensors is the common direction of all future 
biosensors.
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Chapter 21
Electrochemical Biosensors

Mayank Garg, Arushi Gupta, Amit L. Sharma, and Suman Singh

21.1  Introduction

Electrochemical biosensors are the most reported and sought-after biosensors for 
almost all the molecules of interest. By definition, these are the analytical devices 
which help in the detection of analytes of interest by recording the electrochemical 
changes taking place in the system. These have been developed for monitoring envi-
ronmental health, personal health, food quality and so on [15]. By virtue of its 
simple construction, low sample volumes, high throughput, miniaturization, porta-
bility, and cost-effectiveness, many of the electrochemical biosensors have been 
commercialized, for instance glucometers. The integration of the electrochemical 
biosensors with smartphones makes them future proof and enables the IoT platform 
for personalized healthcare [37].

Abundant literature is available for the detailed analysis of the electrochemical 
biosensors, which can be of interest to the readers. However, this chapter focuses 
only on the construction of the electrochemical biosensors made from core–shell 
nanostructures. The most essential part of an electrochemical biosensor is an immo-
bilization matrix. This largely provides a surface for the electrochemical reactions 
to take place. Generally, nanomaterials are employed as immobilization matrices 
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because of high surface-to-volume ratio, ease of synthesis, low toxicity, and bio-
compatibility. For chemo-sensors, these nanomaterials act as catalysts for the oxida-
tion or reduction of the analytes, thereby generating a signature electrochemical 
signal. In case of biosensors, these nanomaterials provide a functional surface for 
the immobilization of the bio-recognition elements such as antibodies, aptamers, or 
peptides as well as provide electrochemical signals.

A comprehensive knowledge is required prior to fabricating an electrochemical 
biosensor. In this regard, this chapter gives an overview of various electrochemical 
techniques, sensing platforms, importance of nanomaterials, especially core–shell 
nanostructures for developing electrochemical biosensors.

21.2  Electrochemical Techniques Used in Biosensors

Based on the electrochemical changes taking place in the reaction, the choice of the 
suitable electrochemical technique varies. While recording electrochemical signals 
from a biosensor, a researcher can choose amongst the following broad techniques.

21.2.1  Voltammetry

Voltammetry involves the study of current generated as a result of application of 
variable potential to a system under observation [3]. There are multiple varia-
tions of voltammetry such as cyclic voltammetry (CV), differential pulse 
voltammetry (DPV), and linear sweep voltammetry (LSV). In a CV measure-
ment, the current is constantly recorded from the system while the potentiostat 
is applying varying potential. This technique is helpful in understanding the 
redox behavior of the analytes [5]. This is the simplest electrochemical tech-
nique, which is often favored while understanding the electrochemical nature of 
the electrodes and materials. For DPV, the potential is applied in a linear ramp-
like fashion and the current is recorded [6]. DPV is highly sensitive as compared 
to a CV scan because in DPV only the Faradaic current is measured as opposed 
to both Faradaic and non-Faradaic current in a CV. As a result, a lot of publica-
tions report the use of DPV for the electrochemical biosensors over CV. Garg 
et al. [12] compared the electrochemical sensitivity of CV and DPV against the 
electrochemical detection of ferritin. The work reported the use of biosurfac-
tant-functionalized tungsten disulfide quantum dots for the modification of the 
screen-printed electrode, which was further modified with anti- ferritin antibod-
ies. The modified electrode was then tested against varying ferritin concentra-
tions using both DPV and CV. It was observed that a better limit of detection 
(LOD) was obtained with DPV as compared to CV.
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21.2.2  Amperometry

Amperometry is the most used electrochemical technique for bioanalysis. In 
amperometry, a constant potential (usually the oxidation or reduction potential of 
the analyte) is applied to the system and the generated current is recorded. More 
often, the generated current is reported as a function of time. This helps in the analy-
sis of redox behavior of the analytes at the interface of the electrode surface and 
electrolyte [22]. It is the most used method for the systems, wherein current is gen-
erated due to biochemical reactions between the biomolecules such as enzymes and 
their substrates. This is the oldest known technique for the analysis of glucose con-
centrations, and is still being employed. The oxidation of glucose into gluconic acid 
by glucose oxidase generates electrons, signaling an increase in the systems current. 
This current is monitored over time to analyze the kinetics of glucose oxidation [7]. 
In similar fashion, catechol can also be detected using biosensors. In a work by 
Singh et al., the authors demonstrated the use of gold nanoparticle-coated surface 
with immobilized tyrosinase enzyme for the amperometric detection of cate-
chol [34].

21.2.3  Impedimetry

Impedimetry or the measurement of impedance is one of the most popular electro-
chemical techniques for biosensing applications. In this technique, a sinusoidal 
voltage is applied to the system under observation and the impedance generated is 
then reported as a Nyquist plot [16]. A Nyquist plot is made from two components, 
i.e., real and imaginary impedance. For a typical Nyquist plot, often a semicircle is 
obtained. The diameter of the semicircle is directly proportional to the resistance on 
the surface. The larger the diameter, the larger is the resistance. In some cases, a 
linear curve is also obtained along with the semicircle, indicating Warburg resis-
tance, representing a diffusion-controlled process. Nyquist plots are useful for the 
calculation of charge transfer resistance. Usually, charge transfer resistance is a sum 
of solution resistance and polarization resistance. As a thumb rule, larger the resis-
tance on the surface, higher will be its charge transfer resistance. In biosensing 
context, the increase in the resistance on the surface can help in the determination 
of analytes of interest. Garg et al. [13] reported the use of electrochemical imped-
ance spectroscopy for the electrochemical detection of ferritin. The work reported 
the use of a screen-printed electrode modified with white graphene quantum dots, 
which were used for the immobilization of anti-ferritin antibodies. These antibodies 
were able to capture ferritin. Since antibodies and antigen are biomolecules, they 
hinder the flow of electrons to the electrode surface, thus creating resistance. Hence, 
higher the antigen concentration, more is the antigen–antibody interactions and 
higher will be the charge transfer resistance.
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21.3  Electrochemical Sensing Platforms

Having discussed the various electrochemical techniques in the previous section, it 
is important to discuss the different configurations of the electrochemical sensing 
platforms. These can be broadly classified into two major classifications:

21.3.1  Non-portable Platforms

As the name indicates, the non-portable platforms use non-portable potentiostats. 
These are conventional and bulky instrumentation which cannot be moved around 
limiting their applicability for on-site usage. Figure  21.1a shows a conventional 
potentiostat with (i) potentiostat, (ii) three-cell electrode system, (iii) working pen-
cil electrode, (iv) reference electrode, and (v) counter electrode. Despite the limita-
tion of their bulkiness, these have various advantages over the portable ones. The 
most noticeable advantage is their high sensitivity and ability to upgrade (multiplex-
ing or bi-potentiostats). These instruments are compatible with almost all types of 
electrodes such as pencil electrodes, interdigitated electrodes, and screen-printed 
electrodes. The pencil electrodes can be used multiple times after cleaning.

Fig. 21.1 (a) Non-portable platform; (b) portable platform; (c) screen-printed electrode
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21.3.2  Portable Platforms

The use of portable platforms enables fabrication of on-site detection platforms. 
These portable systems can even be worn directly over the body to allow for con-
tinuous and real-time monitoring of bodily functions. These portable systems can be 
controlled wirelessly giving huge advantage over the conventional non-portable 
systems. Figure  21.1b shows one such portable potentiostat. Generally, screen- 
printed electrodes are used in the portable platforms because of their small size, 
compactness, and low cost. These electrodes are intended for one-time use and are 
made from plastic or ceramic materials. Figure 21.1c shows a screen-printed elec-
trode having WE: working electrode, RE: reference electrode, and CE: counter 
electrode.

21.3.3  Steps for Fabrication of an Electrochemical Biosensor

The following is a broad sequence that is generally employed for the fabrication of 
a biosensor:

• Electrode preparation: Prior to using an electrode for any application, it should 
be cleaned thoroughly. For most of the pencil electrodes, they are first polished 
with coarse and smooth alumina powder to remove any contamination from the 
electrode surface. The polished electrode is then sonicated in water and ethanol 
to remove any trace chemicals from the previous usage. The electrodes are then 
air-dried and used for any modification steps [30].

• Electrode modification: Since this chapter is discussing the use of nanomaterials 
for biosensor fabrication, this section will focus entirely on electrode modifica-
tion using nanomaterials. Suspensions or solutions of nanomaterials are used for 
electrode modification. The simplest method of electrode modification is using 
the drop-casting method, wherein a small quantity of the sample is placed over 
the electrode surface and allowed to air-dry. Another approach of electrode mod-
ification is the use of electrodeposition, wherein the working electrode is sub-
jected to a seed solution of the material (for instance, chloroauric acid for gold 
nanoparticles) while subjecting the electrode to an oxidation or reduction poten-
tial. This causes the growth and electrodeposition of the nanomaterial directly 
over the working electrode [31]. This nanomaterial-modified surface is then 
modified further with bio-recognition elements such as antibodies, aptamers, or 
nucleic acids. This final prepared electrode is then used for the detection of the 
analyte using one or a combination of the electrochemical techniques mentioned 
in the previous section.
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21.4  Role of Nanomaterials in Electrochemical Biosensors

Nanomaterials have garnered great interest in recent years and have emerged as a 
promising material for the construction of biosensors [27]. They can be defined as 
materials having dimensions less than 100 nm. They possess unique properties such 
as high surface area and improved electrical properties with ease of functionaliza-
tion. These features offer advanced improvements in speed, sensitivity, and selectiv-
ity in comparison to other conventional methods. As a result, they have a wide range 
of applications in the field of nanoelectronics, catalysis, data storage, and biosen-
sors. One of the desired properties of a biosensor is its portable nature capable of 
on-site detection [18, 32].

Due to manipulation at the nanoscale level, they can detect the minute concentra-
tion of an analyte. In addition, electrochemical biosensors incorporating nanomate-
rials hold the potential to improve speed, sensitivity, and selectivity. They also 
endow device miniaturization and high sensitivity giving them great potential to 
assess an analyte on-site. Also, they have higher electrical conductivity and are 
compatible with biological molecules like enzyme, antibodies, DNA, and cell. The 
sensitivity of the biosensor is also increased by the use of nanomaterials. 
Immobilization of bioreceptor at a transducer surface is an important step for the 
construction of biosensor. Various parameters of the sensor can be improved by 
determining the effective method for immobilization. Adsorption, covalent interac-
tions, and entrapment are important methods for conjugation of nanomaterials [4]. 
Despite its use for the construction of various types of biosensors, electrochemical 
biosensors present an interesting class that can be employed for the analysis of a 
variety of samples. Nanostructures such as core–shell (CS), quantum dots, metal–
organic frameworks (MOF), graphene oxide (GO), and nanoparticles offer wide 
range of advantages and can be used for various applications [17, 20, 25].

Core–shell nanostructures can exist in different sizes and shapes (spherical, cen-
tric, tubular, star-like) and are basically composed of metals and metal oxides as 
either core or shell [24]. Ever since their discovery, they have garnered huge interest 
because of their tunable structure and unique morphology. This is because the com-
bination of core and shell possesses advanced properties in comparison to individ-
ual counterparts. The use of stabilizers is widespread and is utilized to control 
different shapes and sizes. For example, Au coated with magnetic core–shell nano-
structure helps in drug loading [9]. The core part can be either solid, liquid, or gas 
but the shell is usually solid in nature and can also vary with the type of application 
targeted. The core material can be either metal or magnetic silica nanoparticles, 
whereas shells are generally metals, metal oxides, proteins, and polysaccharides. 
They can also be classified into various categories depending upon the physico-
chemical properties such as core–shell magnetic nanoparticles, core–shell metallic 
nanoparticles, and core–shell up-conversion nanoparticles.

Core-shell nanostructures can be synthesized using various methods like sol-gel, 
reduction, coprecipitation, hydrolysis, polylol synthesis, and cation exchange [35]. 
The fabrication of C-S nanostructure requires accurate precision at each step so as 
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TEOS + NH3aq -SH, NH2-organosilanes + NH3aq
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Metal nanoparticles
on SiO2

Metal shell
on SiO2

Fig. 21.2 Synthesis procedure of C-S nanostructures by core surface modification and metal 
nanoparticles deposition. (Reprinted with permission from Choma et  al. [8]. Copyright 2011: 
Elsevier)

to obtain structure with application-oriented properties. The major problem in fab-
rication lies with the control in thickness and homogeneity. The general overview 
for synthesis of C-S nanostructures is shown in Fig. 21.2.

Multiple pathways can be adopted for the synthesis of C-S nanostructure. For 
example, in one of the pathways, silica core is modified with Au nanoparticles 
(AuNPs) and organosilanes. The AuNPs act as seed and help in further growth 
of the nanoshell. The sol-gel synthesis can be achieved via Stöber route and 
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microemulsion route. The first method is employed for the synthesis of silica-
coated composites whereas microemulsion route is used for the preparation of 
thermodynamically stable dispersion. This approach was used by Abbas et al. 
[1] for the synthesis of Fe3O4/SiO2 C-S nanostructure with stability of 4 months 
and having magnetization value of 50.7 emu/g. As the name implies, reduction 
method employs the use of reducing agents in the presence of a surfactant. 
Using this method, gold–silver C-S nanostructures were synthesized using tyro-
sine as a reducing agent and octadecyl amine as a surfactant [33]. Thus, because 
of its distinctive structure, popularity of C-S nanostructures in diverse fields 
such as electronics, pharmaceuticals, and biomedical has increased manifold 
times [19]. The unique merits such as protection from high temperature and 
pressure by shell structure are commendable. Also, the cost of material synthe-
sis can be cut down by coating with a cost-effective material. The properties of 
C-S nanostructures can be tuned by changing the ratio between the core and 
shell particles. The shell molecule over the core molecule offers significant 
improvements such as thermal stability, reactivity, and dispersibility. It can also 
help in sustained release of analyte or to improve the optical properties. The 
wide range of classification of C-S nanostructures makes them a much more 
sought-after nanostructure for various applications. Figure 21.3 classifies differ-
ent types of C-S nanostructures.

Due to their unique properties, C-S nanostructures open a diverse field of research 
in multiple sectors such as medical science, healthcare sector, and diagnostic sector 
[11, 29]. They offer unique features such as biocompatibility and efficiency and 
play a crucial role in wide range of applications.
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Fig. 21.3 Classification of C-S nanostructures. (Reprinted with permission from Dhas et al. [10]. 
Copyright 2018: Elsevier)
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21.5  Biosensing Applications of II–VI Semiconductor-Based 
Electrochemical Sensors

Majority of the semiconductor-based quantum dots have very high optical activity 
due to the quantum coupling effect. This means that almost all the research related 
to these materials have been limited to fluorescence- or chemiluminescence-based 
biosensors. However, the focus of the current chapter is the electrochemical biosen-
sors based on these materials. Cadmium-based quantum dots have been the most 
famous choice while developing a biosensor, whether optical or electrochemical. In 
this regard, cadmium-based chalcogens such as cadmium sulphide-, cadmium sel-
enide-, and cadmium telluride-based electrochemical biosensors have been widely 
reported, which shall be discussed now.

Malhotra and co-workers [14] developed a microfluidic electrochemical sensor 
for the determination of DNA sequence responsible for chronic myelogenous leuke-
mia. The electrode surface was prepared by depositing CdSe QDs on an ITO-coated 
glass plate using Langmuir–Blodgett technique. The surface was functionalized 

Fig. 21.4 Fabrication of a microfluidic-based electrochemical sensor for cancer biomarker. 
(Reprinted with permission from Ghrera et al. [14]. Copyright 2015: American Institute of Physics)
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with DNA sequences, complementary to the target DNA sequence. The biosensor 
setup also consisted of a PDMS-based microfluidic channels for the fluid flow over 
the electrodes (Fig. 21.4). The binding of the target DNA sequence to the probe on 
the electrode surface created a charge barrier for the redox probe ions, leading to an 
increase in the impedance signal. The sensor’s linear range was 10−15 to 10−11 M [14].

For the sensitive detection of rifampicin, which is an antibiotic, core–shell mate-
rial such as polyvinyl pyrrolidone-capped CoFe2O4@CdSe core–shell has been 
reported. The developed material was found to be highly porous and hence the 
square wave adsorptive stripping voltammetry was employed for the electrochemi-
cal measurements. The prepared material had a high electrocatalytic activity toward 
the analyte and thus could enable sensitive estimation of the analyte, with detection 
limit of 4.55 × 10−17 M. The biosensor was rigorously tested against biological and 
pharmaceutical samples to claim for selectivity [2]. A CdSe/ZnS quantum dots- 
based core–shell electrochememical biosensor was fabricated for the detection of 
3-chlorophenol [28]. The quantum dots were drop-casted on a glassy carbon elec-
trode followed by the addition of Nafion (a binding agent). The cured electrode was 
used as a working electrode with platinum electrode as the counter electrode. The 
linear detectable concentration range for the analyte was found to be from 0.1 nM 
to 0.1 mM.

Cadmium sulfide (CdS) is another commonly used photoactive nanomaterial. 
The low band gap allows this material to be employed for various catalytic and sens-
ing applications. The optical and electrochemical property of CdS was employed  
to form a conjugate with copper oxide inverse opal photonic crystal for the 

Fig. 21.5 (a) Biosensor fabrication steps and (b) principle of the biosensor operation. (Reprinted 
with permission from Zhong et al. [40]. Copyright 2019: Elsevier)
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photoelectrochemical non-enzymatic detection of glucose. The QDs were deposited 
on the crystal using successive ionic layer adsorption and reaction. This material 
was coated on an FTO. The amperometric detection of glucose using this fabricated 
sensor gave a limit of detection of 0.15 μM [36]. Yao and co-workers [40] employed 
the use of cadmium sulfide-encapsulated ZIF-8 MOF for the detection of pathogen, 
i.e., Escherichia coli. The biosensor fabrication and principle can be understood 
from Fig. 21.5.

Briefly, PABA was first electropolymerized on a glassy carbon electrode to gen-
erate a conductive surface which was used as a platform for the immobilization of 
primary antibodies against the analyte. This modified electrode was then incubated 
against fixed concentrations of the bacteria followed by the addition of secondary 
antibodies tagged with CdS@ZIF-8 nanomaterial. On addition of HCl on the elec-
trode, cadmium ions are released into the electrolyte, which are then recorded using 
differential pulse voltammetry. The amount of cadmium released is directly propor-
tional to the concentration of the bacteria present in the sample [40]. The electrooxi-
dation of the analytes is of high advantage while designing a biosensor as the use of 
external redox probes can be easily avoided. In this regard, cholesterol and hydro-
gen peroxide can be detected because of their unique oxidation signature. Khaliq 
et al. [21] developed a non-enzymatic platform for the detection of these mentioned 
molecules using nanomaterials of titanium and cadmium sulfide. The titanium oxide 
nanotubes grown on titanium electrode were first modified with cadmium sulfide 
quantum dots. These were further modified with gold nanoparticles using sputter-
ing. The prepared electrode was used for the non-enzymatic detection of cholesterol 
and hydrogen peroxide. The redox peaks were observed at −1.2 and −0.55 V for 
cholesterol and hydrogen peroxide, respectively. The role of gold and CdS was to 
channelize the transport of electrons from the oxidation of the analyte to the elec-
trode surface [21].

Cadmium telluride is yet another highly explored optically active material, 
which has not been explored for its electrochemical potential. Yu et  al. [38] 
explored the use of this material for the electrochemical determination of dopa-
mine, which is of neurological importance. A glassy carbon electrode was modi-
fied with the prepared CdTe QDs followed by dopamine exposure. The hydroxyl 
groups on the surface of CdTe QDs can bind to the amine functional group of 
dopamine, thereby enabling their detection. Differential pulse voltammetry was 
employed as the electrochemical technique for this work. The limit of detection 
was calculated to be in micromolar range [38]. A similar approach was used by 
Kus and co-workers [23] for the detection of ascorbic acid, which is an important 
antioxidant. The authors used a composite of graphene oxide and CdTe QDs for 
the detection of the said molecule. Graphene oxide provides a high surface area 
for the electrocatalytic processes to take place, whereas the CdTe QDs provide 
electrochemical activity. This composite was used for the modification of glassy 
carbon electrode. The detection limit for this work was 6.1 μM [23]. High optical 
activity of CdTe QDs has been utilized for the fabrication of a 
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Fig. 21.6 A photoelectrochemical biosensor for the detection of miRNA-21 based on CdTe QDs. 
(Reprinted with permission from Yuan et al. [39]. Copyright 2020: American Chemical Society)

photoelectrochemical biosensor. The work by Yuan and co-workers [39] is a nice 
demonstration for this. The research work used bismuth telluride nanosheets as a 
platform onto which gold nanoparticles and CdTe QDs were added to make the 
base material more sensitive to light. The final material was used for the modifica-
tion of a glassy carbon electrode, which was further immobilized with a probe 
DNA.  The fabricated biosensor (Fig.  21.6) was highly sensitive to the target, 
which can be seen from the ultra-low detection limit of 3.3 fM [39].

A similar photoelectrochemical biosensor was prepared by Zhu et al. [41] for the 
detection of Listeria monocytogenes. The work used tungsten trioxide as the photo-
sensitive material onto which gold nanoparticles were added for the immobilization 
of complementary DNA. Sensitization of the biosensor was done using CdTe QDs. 
The photoelectrochemical biosensor thus developed was able to detect the bacteria 
in the concentration range of 1.3 × 101–1.3 × 107 CFU/mL.

Zinc-based quantum dots have also been reported to some extent. Zinc sulfide is 
one such semiconducting material which is biocompatible and non-toxic in nature. 
Shekhari and co-workers [26] developed a simple biosensor for miR-200a, which is 
an ovarian cancer biomarker based on ZnS QDs. The QDs were functionalized with 
l-cysteine which acted as an immobilization platform for DNA probe. The l- 
cysteine- functionalized ZnS QDs were electrodeposited on the surface of glassy 
carbon electrode using cyclic voltammetry in the range of −0.8 to +2.0 V. The mod-
ified surface was then subjected to EDC/NHS chemistry to enable probe immobili-
zation. The prepared surface was then exposed to miR-200a for its impedimetric 
determination. Higher the concentration of the analyte, more is the impedance. This 
sensor was capable of ultrasensitive detection of the analyte leading to femtomolar 
detection limit [26].
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21.6  Conclusion and Future Outlook

This chapter discusses the various properties, advantages, and disadvantages associ-
ated with core–shell nanostructures with emphasis on their application toward elec-
trochemical biosensors. Electrochemical biosensors are capable of offering high 
sensitivity, selectivity, compactness with ease of fabrication, and involvement of 
clean process in sample preparation and its analysis. However, the scope for future 
research is highly exponential with wide chances of improvements in various 
dimensions. The core–shell nanostructure-based sensors can be explored for smart 
electrochemical devices such as wearables or flexible electronics.
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Chapter 22
Photoelectrochemical Biosensors

Sirlon F. Blaskievicz, Byanca S. Salvati, Alessandra Alves Correa, 
and Lucia Helena Mascaro

22.1  Introduction

Light is fundamental in many photochemical processes in biology and chemistry. 
Due to this, solar energy harvesting technologies represent a sustainable approach, 
as photoelectrochemical processes involve photo-induced chemical phenomena, for 
example, charge generation/separation and charge transport/transfer. These kinds of 
mechanisms can be exploited in areas such as analytical detection, as observed in 
classic techniques such as electroanalytical stripping voltammetry being enhanced 
by light-mediated strategies [1]. An example to highlight is the generation of anodic 
photocurrent at an n-type semiconductor, the photo-generated holes at the electrode 
surface can oxidise an analytical target in the solution. The electrons are then col-
lected by a conductor into the external circuit as a current response (signal from the 
analyte). Among the materials that can be useful for photoelectroanalysis are semi-
conductor oxides, as nanoparticles or as quantum dots (QDs) but also carbon-based 
nanomaterials like graphene, carbon nanotubes and fullerenes. These carbon-based 
nanomaterials often show better conductivity in comparison to semiconductor 
oxides, being an alternative to conventional photoactive materials [2, 3]. Besides the 
electrical conductivity, the usually large surface area leads to enhanced photocur-
rents and enhanced analytical sensitivity, which makes materials such as carbon- 
derived nanomaterials suitable for strategies based on signal amplification [4].
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Other approaches for photocurrent response amplification include the coupling 
with organic molecules that act as electron-relay units [5], or with materials that 
present strong light scattering/absorption such as plasmonic nanoparticles [6]. 
Furthermore, combining small and large bandgap semiconductors with a favourable 
band alignment leads to sensitised heterostructures, with stepwise band-edge levels. 
It improves charge separation and mainly leads to better solar spectra utilisation [7]. 
Not only ways to improve the sensitivity and the photoresponse of the process must 
be discussed, but selectivity is a key factor for correct analytical employ. The sensi-
tivity level of the sensing process depends mainly on the surface interaction between 
the analyte and the photoelectrode. Stronger and selectivity interactions lead to a 
better sensing process. Then, the critical task is to aim at the materials engineering 
and strategies that improve the interactions between the sensor and the analyte, such 
as combination with biomaterials (e.g. enzymes and aptamers) that can act as a 
receptor for the analyte. The advantages that made photoelectrochemical biosensors 
attract great interest are their rapid response and potential for simple on-site mea-
surement, but with the condition that an embedded light source or solar activation is 
tolerable. Otherwise, the operational conditions required change in each material 
studied, but generally are a light radiation energy enough to excite the semiconduct-
ing species and mild conditions of pH and temperature, aiming to maintain the 
biorecognition element (enzyme, DNA, aptamer, etc.) activity. Figure 22.1 repre-
sents the main components and steps of PEC bioanalysis, the interactions between 
the target analyte and the bioreceptor (a), through a redox reaction lead to a change 
in the measured PEC current or voltage response from the semiconductor (b). This 
photoelectrochemical response is transported through the electrical interface (c) to 
the signal processing circuit (d), then shown as the current or voltage signal (e).

In a review del Barrio et al. [8] have summarised many of the benefits of adding 
a light stimulus to biosensing devices. The combination of inorganic semiconduc-
tors with biomaterials, however, brings another question. How are the mechanisms 
of charge generation, separation and transport at the complex inorganic-biological 
interfaces? These mechanisms are not well predictable and can currently be devel-
oped and identified only with extensive research for each sample, not allowing gen-
eral behaviour description.

In Fig. 22.2, different photo(bio)electroanalytical sensors approaches that will 
further be discussed in the present chapter are represented. In Fig.  22.2a, a 

Fig. 22.1 Illustration of photoelectrochemical biosensing components: (a) Bioreconigtion ele-
ment, (b) PEC signal transducer, (c) electrical interface, (d) signal processing and (e) signal output
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Fig. 22.2 Illustration of the typical photo(bio)electroanalytical sensors

semiconductor electrode is directly photo-excited and the oxidation of the analyte 
reacting with holes leads to the measured signal. As the monitored reactions involve 
charge transfer, the combination with metallic nanoparticles (illustrated in 
Fig. 22.2b) that corroborate with charge injection, plasmonic mechanism, or even 
hot electrons is very welcome [9]. An alternative approach (illustrated in Fig. 22.2c) 
is the sensitisation of the semiconductor with a photo absorber to use lower energy 
than the bandgap for the photoexcitation. There are several variations of possible 
mechanisms, as there are benefits from the coupling of biological receptor systems 
with photoactive semiconductor components, as an enhanced selectivity of the sen-
sor. Approaches of integration between photoelectrochemistry and bioanalysis aim 
for a good signal with the selective recognition of a specific analyte [10, 11]. It can 
be exemplified in ways of using biological receptors such as an enzyme (Fig. 22.2d) 
or an aptamer (Fig. 22.2e) directly reacting with the analyte, or by a biochemical 
route as used in immunoassay tests, where the product obtained is an intermediate 
for generating or reacting a semiconductor, being indirectly detected (illustrated in 
Fig. 22.2f).

The use of biological compounds (e.g. enzymes and oligonucleotides) for sens-
ing, however, may introduce intrinsic instabilities depending on the system condi-
tions [12]. It is challenging to maintain the enzyme activity, and it can be overcome 
by the correct architecture of photo(bio)electroanalytical devices. Usually, a biosen-
sor requires a sensing agent, which can be an oligonucleotide or a transducer. The 
transducer must convert the chemical signal obtained by the sensing agent, into an 
electrical signal for the external circuit. Many photoelectroactive materials are suit-
able for the function of the transducer. The electrical signal comes from the photo-
current response. As there are separate sources for excitation and detection, 
photo(bio)electroanalytical methods are potentially more sensitive compared to tra-
ditional sensors.

Hence, photo(bio)electroanalysis is a fast-emerging methodology. Quite differ-
ent openings arising from self-powered photoelectroanalytical sensors had been 
reported [13–15]. Among other examples, light-activated bioelectroanalytical sen-
sors also can be used for the parallel detection of multiple analytes with a single 
device based on an array of sensors with light activation [16]. If a semiconductor is 
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Fig. 22.3 Representation 
of semiconductor quantum 
dot process, suitable for 
sensing applications: (i) 
CRET; (ii) electron transfer 
for an adsorbed substrate; 
(iii) FRET; and (iv) 
photocurrent response

employed as a quantum dot (QD) in the photo(bio)electroanalysis, unique photo-
physical properties are added to the sensor. Besides the electron transfer mecha-
nism, due to size-controlled luminescence properties of QDs, chemiluminescence 
resonance energy transfer (CRET) and fluorescence resonance energy transfer 
(FRET) can be achieved [17] (see Fig. 22.3).

FRET is a useful tool to investigate the formation of recognition complexes. As 
it involves interactions between a donor−acceptor pair, it can be employed in a 
broad range of substrate detection challenges. This includes DNA, aptamer–sub-
strate complex, or even mixtures of ions [18]. The emitted luminescence from QD 
enables a secondary chromophore excitation. It can lead to an electron transfer in 
the recognition process. The fluorescence ratio of a QD may change according to 
the wavelength excitation and before and after the addition of an analyte. It opens 
the possibility of using the material as a ratiometric sensor, as reported by Zhang 
and coworkers [19]. Dopamine dithiocarbamate proved to be a selective energy 
transfer quencher for the Mn2+ and easily displaced by diethylphosphorothioate. 
Due to differences in transition pathways and, consequently emission wavelengths, 
selective modulation of these two bands enables ratiometric sensing.

22.2  Cd-Based Semiconductors 
in Photoelectrochemical Bioanalysis

22.2.1  Cd-Based Sensors for Nucleic Acids and Other 
Biological Samples

As an alternative to FRET, CRET may allow for achieving photocurrent without 
external illumination. The CRET-driven photocurrent was applied by Golub et al. 
[20], for DNA sensing by an architecture of hemin/G-quadruplex immobilised on 
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CdS QDs. In the presence of luminol and H2O2, the hemin/G-quadruplex catalyses 
the chemiluminescence reaction. The CRET results in the photogeneration of 
electron- hole pair in the CdS QD, and the photogenerated electrons are transferred 
to the electrode while the holes are quenched by triethanolamine (TEOA), resulting 
in a photocurrent (Fig. 22.4).

Semiconductors QD sensitizers are well employed to enhance the response of 
sensors in a wide range of targets [21], such as nucleic acids [22], viruses [23], 
environmental potential contaminants [24, 25], glucose [26, 27], among others. 
Wang et  al. [28] developed a glucose sensor by CdS QD combined with three- 
dimensional (3D) nanoporous NiO (3D NiO/CdS) and glucose oxidase. Due to the 
enzyme selectivity, commonly encountered interferents like dopamine, cysteine and 
ascorbic acid showed negligible effect for the cathodic photocurrent. This sensor 
gave satisfactory results in real samples with glucose injections. Similarly, Zheng 
et al. detected glucose with a nanocomposite of TiO2/CdSe@CdS [29]. TiO2/CdSe@
CdS was obtained by depositing water-soluble CdSe@CdS, with a mixture of 
[cobalt(o-phen)3]2+/3+ and poly(ethyleneimine) over TiO2 films. The electrode 
showed good stability and presented a linear relationship between the photocurrent 
with the glucose concentration. Zhao and co-workers employed an interesting strat-
egy for adenosine ultrasensitive detection, based on cascade multiple DNA amplifi-
cation cycle assay protocols combined with silver ion-exchange reaction with CdTe 
QD [22]. The DNA cycle started in the presence of the target (adenosine), with 
complementary DNA s1 being released from adenosine aptamer and hybridising 
with hairpin DNA (HP1). HP1 is further cleaved, leading to DNA b and c products, 
the DNA b then acts as the “DNA trigger”, generating many DNA s1, thus returning 
to the beginning of the cycle. This cycling reaction releases large amounts of DNA 
c, which is captured by carboxylic-modified magnetic beads (MB), generating sil-
ver nanoclusters. In the end, Ag nanoclusters react with CdTe QD through ion 
exchange (forming CdTe/Ag2Te), resulting in significant photocurrent change pro-
portional to the adenosine concentration (with the detection limit of 0.5 fM), an 

Fig. 22.4 CRET-driven 
detection of DNA by of in 
an architecture containing 
CdS QDs associated with a 
hemin/G-quadruplex. 
(Adapted with permission 
from ref. [20]. Copyright 
2012 American Chemical 
Society)
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approach with great potential for trace analysis and that provides insights for differ-
ent biomolecules detection.

The heterojunction is a strategy employed to overcome some drawbacks in semi-
conductors such as limited light-harvesting and high-rate recombination of electron- 
hole pairs [30]. The nature of the semiconductor (n or p-type) deeply modulates the 
properties of the final material in a heterojunction. In a p-n junction (an isotype 
junction), there is a depletion region and an electric field that naturally favours elec-
trons and holes in the opposite direction. For a sufficiently thick junction, this phe-
nomenon will occur to some extent except where the doping levels and electron 
affinities result in Fermi levels in both materials with similar energies before being 
brought into contact.

For junctions of equal natures (isotype), for example, n-n junction, the charge 
transport occurs via the band offsets. For any heterojunction of sufficient thickness, 
it must be considered the band alignment of the different materials, aiming for a 
staggered band structure (type II heterojunction) and p-n equilibration effects [32]. 
An n-n heterojunction between two chalcogenides (CdS/CdSe) can be used to 
exemplify the positive effects of a type-II heterojunction. This material was synthe-
sised by the ion-exchange method and decorated over a flower-like Zn layer [32]. 
This hierarchical structure was coated with molecularly imprinted polydopamine 
(MIP); however, the electropolymerisation of dopamine was carried in the presence 
of l-phenylalanine (l-Phe), to obtain a film of polydopamine containing l-Phe as a 
biomarker (bio-MIP). Due to the interface between the Zn layer with a low work 
function, support with the dichalcogenide CdS/CdSe heterojunction, as well as 
n-type characteristics of bio-MIP sharply increase the light-harvesting in the visible 
range, which dramatically hinders the charge carrier recombination, which is cru-
cial for boosting the material performance. Besides that, the presence of the bio-
marker increased the selectivity of the sensor, allowing the PEC detection of a 
polynucleotide kinase with a detection limit in the order of nanomolar.

A co-sensitisation strategy was explored by Li et al. [31], using CdSe QD, which 
has a narrow bandgap, in combination TiO2 and g-C3N4 (TiO2/g-C3N4/CdS) for 
ultrasensitive evaluation of T4 polynucleotide kinase (T4 PNK). This ternary junc-
tion presented a cascade energy level arrangement, being a suitable matrix to build 
a PEC sensing platform, as it was further confirmed. After functionalisation with a 
DNA probe with 5-hydroxyl termini, it was specifically phosphorylated by T4 
PNK.  This biorecognition route was conducted to an increased photocurrent 
response, and also a wide linear range for T4 PNK, from 0.0001 to 0.02 U mL−1.

22.2.2  Cd-Based PEC Immunosensors and Combination 
with Immunoassay Tests

Heterojunctions and Z-scheme brings a series of advantages to the system that leads 
to a better photoelectrocatalytic performance, such as wide spectra absorption, 
increase in the separation of the photogenerated charges, increasing the lifetime of 
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the charge carriers. In the work of Li and co-workers [31], a g-C3N4/MoS2 hetero-
junction sensitised with CdSe QD and immobilised with a DNA probe was used as 
a PEC biosensor. Both materials (g-C3N4 and MoS2) are bi-dimensional, so the 
obtained heterojunction had unique properties associated with the 2D structure, 
such as better separation of photogenerated electron-hole pairs, and an enhanced 
photocurrent. In the presence of target DNA, CdSe QDs worked as a transducer and, 
due to the better charge separation from heterostructure and sensitisation effect, the 
signal (photocurrent) was sharply increased. On the contrary, Han et al. [32] pre-
pared a CdSe–ZnO flower-rod heterostructure (CSZFRs) and immobilised a DNA 
probe on the surface of CSZFRs. When the probe reaches the target norovirus (NV), 
due to complementary base pairing, occurs combination between the probe and 
target, leading to a decrease in the photocurrent (Fig. 22.5). This “antiphotocurrent” 
is a remarkable way to interpret the signal response from the analyte and is probably 
due to two factors: (i) A steric hindrance and insulation of DNA and RNA and (ii) 
charge transfer inhibited after the DNA probe hybridisation.

A great challenge found for sensing in real biological media is to avoid some 
aggressive metabolites products. H2S for example is often not desired, because sul-
phide is quite aggressive to most materials used as sensors compromising its perfor-
mance. However, it is possible to take advantage of H2S in the system, for in situ 
generations of sulphide-based semiconductors, such as the CdS QD. Enzyme-linked 
immunosorbent assay (ELISA), opens the possibility to use a subproduct from the 
immunoassay test, to generate semiconductors and then, provide unique architec-
tures capable of sensing in the nanogram order. In the work of Barroso et al. [33], a 
photoelectroanalytical immunoassay method for bovine serum albumin antibody 
(BSA) detection was reported. The system operated based on the in situ generations 
of CdS QDs by the reaction of Cd2+ with an enzymatic product. Alkaline phospha-
tase (ALP) was added to the system to catalyse the hydrolysis of sodium thiophos-
phate. The product (hydrogen sulphide) then reacts with Cd2+ ions generating CdS 
QD that is deposited in polyvinyl pyridine osmium complex (Os–PVP) (see 
Fig. 22.6) and used as a signal transducer. Then, 365 nm irradiation of the CdS QD 
results in photoelectrooxidation of 1-thioglycerol, mediated by the Os–PVP 

Fig. 22.5 Norovirus PEC biosensor, with an “anitphocurrent” as the response from the target. 
(Adapted from ref. [32]. Published 2018 by MDPI as open access)
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Fig. 22.6 Representation 
of a PEC-enhanced 
immunoassay method for 
BSA detection based on in 
situ CdS QD generation. 
(Adapted with permission 
from ref. [33]. Copyright 
2016: Elsevier)

complex. This synergic combination of a photoelectron(bio)analytical methodology 
with an ELISA procedure, leads to a photo-enhanced immunoassay method detec-
tion, with a detection limit as low as 2 ng mL−1.

Due to its capacity to combine with immunoassay tests, PEC biosensors are a 
promising platform for clinical diagnostics. Sun et al. combined CdTe QD with gold 
nanoparticles and graphitic carbon nitrides (CdTe QD/AuNPs/g-C3N4) for sensitive 
detection of J avian leukosis viruses (ALV-J) [23]. By immobilising the primary 
antibody of the virus in the electrode for biorecognition, and due to the matched 
energy levels between AuNPs/g-C3N4 and CdTe QDs. The obtained material showed 
to be a PEC immunosensor with specificity and stability for ALV-J, in a wide linear 
range, and with a very low detection limit (85 tissue culture infectious dose-TCID 
50 mL−1).

Amyloid beta (Aβ) is a compound with a progressive neurotoxic effect on 
Alzheimer’s disease (AD). Aβ was detected with high sensitivity with an architec-
ture containing Bi2WO6, CdS and Mn2+ doped CdSe (Mn:CdSe) [34]. While 
Bi2WO6/CdS heterojunction was used aiming for better charge separation, and, con-
sequently an improved photocurrent, Mn:CdSe function in the system was to label 
Aβ to lead to Mn:CdSe-Aβ bioconjugate, detecting Aβ by an immunoreaction pho-
toassisted. The idea of dopping CdSe nanoparticles with Mn2+ was to induce inter-
mediary energy levels, mitigate the recombination of photo-generated charge 
carriers and further enhance the PEC response for ultrasensitive detection of Aβ. 
This showed, besides a low detection limit (0.068 pg mL−1), high selectivity and 
good stability. PEC immunosensors can also be useful for the detection of environ-
mental contaminants such as the pesticide octachlorostyrene (OCS) [24]. CdTe/CdS 
QD-sensitised TiO2 nanotube arrays (NTAs) were cross-linked with the OCS 
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antibody (anti-OCS). To obtain the anti-OCS, the antibody was formed through 
immunisation with BSA–OCS in rabbits. The combination between CdTe/CdS/
TiO2 NTAs was very beneficial for light-harvesting, due to an ideal stepwise band 
edge structure. The obtained PEC immunosensor was able to analyse OCS in real 
samples from river water.

22.2.3  Cd-Based Aptasensors

Aptamers configure a class of biological compounds that also can be a valuable tool 
for photoelectrochemical sensors with enhanced selectivity. Amongst the aptasen-
sors found on literature, must be mentioned  the thrombin sensor developed by 
Zhang et al. [35] based on chemical functionalised graphene and CdSe nanoparti-
cles, and also the work of Liu and co-workers on tetracycline (TET) detection [36]. 
In this work, CdS QDs grafted onto graphitic carbon nitride (g-C3N4), aiming an 
enhanced light absorption for g-C3N4. The obtained nanocomposite (g-C3N4–CdS) 
was the transducer of the immobilised TET-binding aptamer, thus, giving a PEC 
aptasensing platform for TET determination. The response was linear in the range 
of 10 to 250 nM, with a detection limit of 5.3 nM. Another quite interesting example 
of the sensor was built by labelling the anticocaine aptamer subunit with CdS 
nanoparticles. In contact with cocaine, the NP-labelled aptamer subunits lead to the 
formation of a supramolecular complex. This supramolecular complex modulates 
the photocurrent with the addition of a hole scavenger (TEOA), allowing the quan-
titative photoelectrochemical detection of cocaine (Fig. 22.7) [37].

Usually, PEC biosensors work based on a single photocurrent change, which is 
due to biorecognition events among the probe and the analyte. Anyway, some inter-
ferents may give a photoresponse besides target analytes, thus, bringing a false 
result. Hao and co-workers showed an approach for improving the reliability and 

Fig. 22.7 Supramolecular 
complex formation 
between cocaine and 
CdS-functionalised 
aptamer, giving a sensing 
method for cocaine. 
(Adapted with permission 
from ref. [38]. Copyright 
2009: American Chemical 
Society)
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Fig. 22.8 Illustration of 
UCNPs (NaYF4:Yb,Er) 
converting near-infrared 
radiation into visible 
radiation leading to 
photoexcitation of CdTe/
TiO2. (Adapted with 
permission from ref. [40]. 
Copyright 2016 American 
Chemical Society)

precision of PEC biosensing, a dual-channel self-reference PEC biosensor [38]. The 
authors employed pure CdTe and a composite of CdTe and graphene oxide 
(CdTe-GO) as the photoactive anodic and cathodic materials respectively, then 
functionalising both with aflatoxin B1 (AFB1) aptamer. The cathodic and anodic 
photocurrent could be well distinguished through the applied bias voltage, and, by 
applying an on/off signal, it makes it possible to attain dual concentration informa-
tion in one detection. By comparing both results, the signal change from AFB1 can 
be clearly distinguished from any interference factor.

In the topic of biosensing, must be highlighted the use of upconverting nanopar-
ticles (UCNPs). Usually, UCNPs contain in their composition, rare-earth-like lan-
thanides or actinides and exhibit anti-Stokes luminescent (photon upconversion). In 
other words, two or more incident photons of relatively low energy (such as infra-
red) are absorbed by the particle, and then emitted as one photon with higher energy 
(visible or ultraviolet) [39]. Due to the chemical stability of UCNPs, it is widely 
employed as fluorescence probes, facilitating bioassay tests. A near-infrared-driven 
PEC aptasensor for the detection of the MCF-7 cells, a kind of cell directly related 
to breast cancer was reported by Wang et al. [40]. The UCNPs (NaYF4:Yb,Er) were 
combined with a TiO2/CdTe heterostructure, and the aptamer AS1411 was conju-
gated to the electrode for the recognition of the MCF-7 cell. Besides the heterojunc-
tion being photoexcited from visible radiation, the system was able to operate under 
near-infrared radiation. The UCNPs converted the near-infrared light to visible 
light, thus exciting the TiO2/CdTe (see Fig. 22.8). As a result, the obtained PEC 
aptasensor was able to detect specifically MCF-7 cells in a range from 1 × 103 to 
1 × 105 cells/mL.
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22.3  Zn-Based Photoelectrochemical Biosensors

22.3.1  Zn Sulphides and Selenides for Biological 
Samples Sensing

Core-shell QDs have attracted a lot of attention in scientific research due to their 
chemical and physical properties [41, 42]. These materials are nanocrystals com-
posed of a core of a semiconductor material enclosed within a shell of another 
semiconductor, and the second semiconductor has a larger spectral bandgap. QDs 
have small sizes (1–10 nm), then these materials display unique properties, unlike 
the bulk material. Due to the quantum-size confinement effects, QDs have impor-
tant optical properties such as luminescence and photostability [43, 44]. CdE (E = S, 
Se, Te) have been widely used due to their luminescent properties. However, CdE is 
carcinogenic to humans, and inhalation of dust of the CdE can have harmful effects 
on the kidneys (impairment) and bone (bone weakness) [45, 46].

ZnS is considered a good substitute for CdE because is nontoxic to the human 
body, and is very cheap and abundant. This material is an n-type II-VI compound 
with a bandgap of 3.7 eV at room temperature and has high transparency. ZnS is a 
promising material for many applications: window layers of solar cells, data stor-
age, data transfer and coatings that are sensitive to UV light [46, 47]. Zhang et al. 
[48] developed the first biosensor based on zinc sulphide (ZnS) QDs to detect a 
reagentless amperometric uric acid (UA). UA is a waste product found in the blood, 
and it is created when the body breaks down chemicals called purines. Most UA 
dissolves in the blood, passes through the kidneys and leaves the body in urine. 
High concentrations of UA in the human body can lead to gout or other cardiovas-
cular diseases. ZnS QDs with free carboxyl groups on their surface were synthe-
sised to prepare a uricase/ZnS QDs/l-cysteamine biosensor. Amperometric response 
for the uricase/ZnS QDs/l-cysteamine biosensor was performed using differential 
pulse voltammetry (DPV) measurements in uric acid solution. The obtained sensor 
was reproducible and the stabilisation of the sensor was tested in the presence of UA 
and stored at 4 °C for 20 days, maintaining 80.5% of its original activity. ZnS QDs 
presented good biocompatibility and conductivity and acts as an effective conjugate 
to provide a sufficient amount of the sites for binding of uricase and l-cysteamine. 
The ZnS QDs-derived uric acid biosensor exhibited high sensitivity, excellent ther-
mal stability and anti-interference.

Some authors studied ZnS-based nanostructures as electrochemical and photo-
electrochemical biosensors for UA detection [49]. ZnS nanomaterials were depos-
ited on indium tin oxide (ITO) conducting glass and then coated with uricase by 
physical absorption. ZnS nanomaterials with different morphologies were prepared 
by a hydrothermal method and the fabrication of the UA sensor was carried out 
using the spin coating method. Uricase was immobilised to ZnS nanomaterials via 
the entrapment method and the effect of nanostructured material morphology on 
uric acid detection was compared. Different ZnS morphologies were obtained with 
different molar ratios of ethylenediamine and water in the hydrothermal process. 
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When the ratio (ethylenediamine and water) is 0:1 were obtained ZnS nanoparticles. 
Otherwise, when the ratio is changed to 1:1, the observed ZnS nanocrystal was 
urchin-like spherical structures assembled into bunches of nanorods. Finally, for the 
ratio is 3:1, the product obtained was nanoflakes. The ZnS urchin-like nanostruc-
tures electrode shows better sensitivity compared with those made of nanoparticles 
and nanoflakes because of its high surface-area-to-volume ratio. The photoelectro-
chemical method for the detection of UA showed that the sensitivity was increased 
5 times after irradiation of 300 nm UV light.

Using ZnSe-COOH nanoflakes (NFs) decorated with gold nanoparticles, [50] 
developed a dual signal amplification PEC biosensing approach for microRNA 
(miRNA)-122a detection. Due to localised surface plasmon resonance of the Au 
NPs, the UV–Vis absorption spectrum of the Au NPs superimposed with ZnSe-
COOH NFs emission spectrum, leading to an efficient FRET, that further improved 
PEC response. By combining this FRET process, with p19 protein specificity and 
affinity for miRNA-122a, the obtained PEC biosensor was ultrasensitive in a range 
from 350 fm to 5 nm. The authors also reported successful analysis of miRNA-122a 
in HeLa cells, which can be a valuable tool for early tumour diagnosis.

Some authors reported the combination of CdTe/CdSe/ZnSe QDs as a platform 
for enzyme-based electrochemical cholesterol biosensor [51]. The mercaptopropi-
onic acid (MPA)-capped CdTe/CdSe/ZnSe QDs were synthesised in an aqueous 
phase and attached on a poly(propylene imine) (PPI)-coated glassy carbon elec-
trode. Last, the biosensor was obtained by incubating the PPI/QDs-modified elec-
trode into a cholesterol oxidase (ChOx) solution for 6 h. Since an efficient electron 
transfer process between the ChOx and the PPI/QDs-modified electrode was 
reached, the obtained biosensor was, besides being stable, able to detect cholesterol 
from 0.1 to 10 mM with a detection limit of 0.075 mM.

Glucose oxidase (GOD) is a homodimer flavoprotein and catalyses the oxidation 
of glucose to gluconic acid by utilising oxygen as an electron acceptor with simul-
taneous production of hydrogen peroxide. There is a study that makes a comparison 
of the electrochemical and photoelectrochemical behaviours of three biosensors, 
based on the use of Au, CdS and ZnS nanoparticles-GOD systems [52]. The three 
nanoparticles were electrodeposited onto an indium tin oxide (ITO) electrode. The 
immobilisation of GOD on the surface of electrodes modified with nanoparticles 
was performed using the sol–gel technique. The three systems generated outstand-
ing photocurrents upon illumination. The electrochemical and photoelectrochemi-
cal biosensors based on ZnS nanostructures presented higher sensitivity than that of 
Au or CdS nanostructures.

Du et al. [46] did a more in-depth study of biosensors based on GOD and ZnS 
nanoparticles. The electrochemical and photoelectrochemical biosensors were 
investigated. ZnS nanoparticles were directly electrodeposited on the surface of an 
ITO electrode without using any link molecules and organic solvents. GOD was 
immobilised on the ZnS nanoparticles surface by the sol–gel method. The obtained 
biosensor can catalyse the reduction of oxygen and determine the concentration of 
glucose. The photocatalytic property of ZnS nanoparticles was investigated and the 
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glucose sensitivity of the biosensor under illumination was higher than that without 
illumination.

Suganthi et  al. [53] prepared a glucose biosensor using ZnS nanoparticle- 
substituted graphene nanosheets. In this work, graphene was functionalised with 
ZnS nanoparticles by a simple chemical reduction method. The electrode used in 
the biosensor was carbon paper and it was modified by a simple drop-casting 
method, followed by the deposition of GOD (obtaining graphene/ZnS/GOD. The 
incorporation of graphene into the electrode increases the surface area and serves as 
excellent support for ZnS nanoparticles that effectively catalyse redox reactions 
involving H2O2, while ZnS nanoparticles allow for a lower potential amperometric 
detection of glucose. This biosensor presented good reproducibility and stability. 
The same research group [54] also prepared a cholesterol biosensor based on cho-
lesterol oxidase (ChOx) using chitosan (CHI)-capped ZnS nanoparticles (ZnS/
CHI). The biosensor was also prepared on a carbon paper electrode and modified by 
a simple drop-casting method. Initially, the deposition of the ZnS/CHI nanocom-
posite was performed. Next, the addition of nafion and enzyme was made and the 
methodology scheme is shown in Fig. 22.9. This work showed that the ZnS nanopar-
ticles and CHI acted as an effective mediator between the enzyme ChOx and a car-
bon paper electrode. Nafion was added into a carbon paper electrode with 
immobilised ChOx and worked as a protective layer against electroactive 
interferences.

Fig. 22.9 Schematic diagram showing the fabrication procedure of ZnS/CHI/ChOx/NA/CPE bio-
sensor. (Adapted with permission from ref. [56]. Copyright 2016: Elsevier)
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Wang et al. [55] developed a new vapour deposition method, which was used to 
immobilise the horseradish peroxidase (HRP) with lipophilic CdSe/ZnS QDs on 
glassy carbon (GC) electrode surface and then, it was fabricated a hydrogen perox-
ide (H2O2) biosensor. The authors concluded that lipophilic QDs could promote the 
electron transfer between proteins and electrodes and this electrochemical behav-
iour depends on the way that QDs modify the surface of the electrode. In this work, 
several methods for incorporation of HRP and lipophilic QDs were tested, but the 
best way was through vapour deposition.

A recent work prepared a biosensor for the detection of H2O2 [56]. The bioelec-
trode was fabricated over the carbon paper electrode by the drop-casting method. 
The materials used in the biosensor preparation were ZnS, graphene (G), chitosan 
(CHI), horseradish peroxidase (HRP) and Nafion (NA). In this way were prepared 
two kinds of electrodes: ZnS/G/HRP/NA/CPE and ZnS/G/CHI/HRP/NA/CPE. The 
electrochemical activity of the fabricated nanocomposites was studied by recording 
cyclic voltammograms. With the addition of 0.3 mM H2O2, in electrochemical mea-
surements, the reduction peak of the immobilised HRP increased, indicating a typi-
cal electro-catalytic behaviour to the reduction of H2O2. The cathodic current of 
ZnS/G/CHI/HRP/NA/CPE was higher than that for the ZnS/G/HRP/NA/CPE. Thus, 
it was possible to conclude that the existence of amino groups in CHI acting as a 
stabilising mediator is due to its excellent biocompatibility, film-forming ability and 
self-renewability. Moreover, the combination of ZnS/G nanocomposite and CHI 
increased the electroactive surface area of the electrode. The biosensor presented a 
performance for the detection of H2O2 and good reproducibility, high sensitivity, 
rapid response and longtime stability.

22.3.2  Zn-Based PEC Biosensors Designed for Pollutants

The detection of pollutant traces in public water supplies and aquifers is essential 
for the safety of the population. Catechol is considered a target pollutant due to its 
high toxicity and low degradability in the environment. Then, some authors [57] 
studied the catechol biosensor based on ZnS:Ni/ZnS QDs and laccase-modified 
glassy carbon electrode. The electrochemical method developed for the detection of 
catechol used cyclic voltammetry measurements. The biosensor showed excellent 
repeatability, stability and selectivity and was applied for real water samples 
determination.

Acetylcholinesterase (AChE) has drawn the attention of researchers because it is 
inhibited by organophosphorus (OP) compounds. Some authors prepared a highly 
sensitive amperometric biosensor for the detection of organophosphorus (OP) com-
pounds [58]. The biosensor was synthesised based on rat brain acetylcholinesterase 
(AChE) immobilised onto nanocomposite of ZnS-nanoparticles (ZnSNPs) and 
poly(indole-5-carboxylic acid) (Pin5COOH) electrodeposited on Au electrode. 
Construction of nanocomposites modified Au electrode was made by electropoly-
merisation of ZnSNPs/Pin5COOH nanocomposite. On the prepared nanocomposite 
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surface were added few drops of enzyme solution followed by a mixture of N-ethyl- 
N′-(3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide 
(NHS). This biosensor determined malathion and chlorpyrifos in spiked tap water 
samples with high accuracy (95–100%). The biosensor could be used for the direct 
determination of pesticides in real samples as soils extract, vegetables, milk and 
water (see Fig. 22.10).

Li et al. [59] prepared a sensitive photoelectrochemical biosensor for the detec-
tion of OPs pesticides. The biosensor was prepared by nanocomposite of CdSe@
ZnS QDs and graphene deposited on the ITO-coated glass electrode. The graphene/
CdSe@ZnS nanostructures were modified with acetylcholine esterase (AChE). The 
increased photocurrent was observed by the formation of thiocholine, which acts as 
an electron donor for the photogenerated holes in the valence band of the CdSe@
ZnS QDs. Thiocholine was generated because the AChE in assemblies catalyses the 
hydrolysis of acetylthiocholine. The AChE–CdSe@ZnS/graphene nanocomposite 
can generate photocurrent that was inversely dependent on the concentration of 
OPs. The organophosphorus pesticides tested in this work were paraoxon and 
dichlorvos. The photoelectrochemical biosensor showed good sensitivity, reproduc-
ibility and stability.

Fig. 22.10 (a) Schematic illustration of the stepwise amperometric biosensor fabrication process 
and immobilisation of enzyme. (b) Measurement of electrochemical response. (Adapted with per-
mission from ref. [60]. Copyright 2011: Elsevier)
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Mercury is a heavy metal and its excessive accumulation in the human body may 
cause serious diseases such as pneumonia, enteritis and bronchitis. Zhang et al. [60] 
developed a visible-light-driven photoelectrochemical sensor for the “signal-on” 
analysis of Hg2+ by the synergetic combination of low-bandgap Ag2S and wide- 
bandgap ZnS QDs. Ag2S QDs were synthesised by the self-assembly route and fur-
ther covalently coated with ZnS QDs (obtaining ZnS@Ag2S) onto the ITO 
electrodes. The synthetic route employed by the authors is shown in Fig. 22.11a. 
The manufacturing procedure of the ZnS@Ag2S-modified electrode is disclosed in 
Fig. 22.11b. The schematic diagram of the main sensing principle is illustrated in 

Fig. 22.11 Schematic illustration of (a) the synthetic process of carboxyl-derivatized Ag2S and 
amine-derivatized ZnS QDs using 3-MPA and TAA, respectively; (b) the immobilisation proce-
dure of Ag2S and ZnS QDs onto the ITO electrodes (ZnS@Ag2S-modified electrodes) for the 
photoelectroanalysis of Hg2+; and (c) the mechanism of photocurrent responses of ZnS@Ag2S- 
modified electrodes, showing the band structures of HgS/ZnS@Ag2S heterojunction and charge 
separation under the visible-light illumination. (Adapted with permission from ref. [62]. Copyright 
2020: Elsevier)
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Fig. 22.11c. Band edges of Ag2S QDs and ZnS QDs could be excited to generate the 
photoinduced carriers under visible light illumination. ZnS QDs, which otherwise 
are hard to be excited to generate photocurrents under visible light, displaying the 
improved photocurrent responses once coupled with Ag2S QDs, which could act as 
the photoelectrochemical sensitiser to endow ZnS QDs with the enhanced light 
absorption and separation of photogenerated electrons and holes. The photocurrent 
responses of the modified ZnS@Ag2S electrodes obtained were activated in the 
presence of Hg2+ under visible light illumination. This activation occurred due to the 
selective exchange of Zn to Hg in ZnS QDs that could act as the Hg2+ recognition 
probe. The formation of HgS/ZnS@Ag2S heterojunction could be triggered to 
expect the enhanced charge separation towards the improved photoelectrochemical 
performance of ZnS@Ag2S nanocomposites. A visible-light-activated photoelec-
trochemical sensor was developed for the determination of “signalling” of the Hg2+ 
trace, with levels below 1.0 pM.

22.3.3  Zn-Based PEC Immunosensors

Contamination of fish caused by bacteria can cause large-scale deaths. One type of 
bacteria that can contaminate fish is the Aeromonas hydrophila. Some authors stud-
ied a new molecular method for its detection [61]. In this used electrochemical 
techniques work was in preparation of a DNA biosensor. A screen-printed electrode 
was modified with ZnS nanospheres through electrodeposition. The obtained bio-
sensor was able to detect the DNA of Aeromonas hydrophila in the range 1.0 × 10−4 
to 1.0 × 10−9 mol L−1and the limit of detection in this study was 1 × 10−13 mol L−1. 
The biosensor presented high sensitivity and specificity in low concentrations and 
with little amounts of analyte.

Some authors noted the photoelectrochemical immunosensing of Staphylococcus 
aureus using ZnS-Ag2S/polydopamine (PDA) as novel photoelectric material and 
Cu2O for peroxidase mimic tag [62]. ZnS-Ag2S heterojunctions were prepared by 
potentiostatic electrodeposition of ZnS nanoparticles on ITO, followed by silver ion 
exchange. The scheme of photoelectrochemical immunosensing preparation is pre-
sented in Fig.  22.12. ZnS nanoparticles were prepared on the ITO electrode by 
potentiostatic electrodeposition. The ZnS/ITO was subjected to ultrasonic-assisted 
ion exchange in an aqueous solution containing AgNO3. The ZnS–PDA/ZnS–Ag2S/
ITO was prepared by soaking the ZnS–Ag2S/ITO electrode in a Tris-HCl buffer 
containing dopamine. Subsequently, the deposition of CuO2 nanocubes was per-
formed. Due to the excellent photoelectric performance and the great signal ampli-
fication of Cu2O labelling, the photoelectrochemical immunosensor showed high 
sensitivity and a low detection limit.
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Fig. 22.12 Illustration of modification steps of the photoelectrochemical immunosensor. (Adapted 
with permission from ref. [62]. Copyright 2020: Elsevier)

22.4  Concluding Remarks

Usually, the use of a light source and biological compounds in the sensor is chal-
lenging in terms of commercialisation, in part due to requirements for long-term 
stability and the need to combine a light source within the sensor, requiring genuine 
advantages from both photo and bio responses to justify the development. Self- 
powered photoelectroanalytical devices offer an interesting alternative, but also 
chemical selectivity based on the interaction of the photoexcited electrode and the 
analyte can be beneficial. Despite being remarkably interesting from an academic 
perspective, it remains to be seen where the real application benefits of the photo(bio)
electroanalytical tools lie.

Semiconductors suitable for photoelectro(bio)analysis lie in an area under con-
stant development. The different materials morphologies and structures often trig-
ger new concepts for sensor architectures. However, more detailed studies nearby 
the nano-bio interface are required aiming to achieve simpler and more effective 
biomolecular immobilisation routes. New biomolecule encapsulation and stabilisa-
tion methods, then, aim to enable large-scale production of simple semiconductor- 
based sensors to embed in complex surface designs.

The synergic effects from multifunctional materials combined with biological 
materials like enzymes or aptamers conduce to a device with enhanced sensibility, 
selectivity and reproducibility. The use of biological compounds can provide the 
specificity of enzymatic reactions (instead of observed in most bare photo-active 
films), the biorecognition of aptamers and DNA probes that combined with photo-
electrochemistry offers a path to take advantage of natural selectivity merging good 
performance with low cost.
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Chapter 23
II–VI Semiconductor QDs in Surface 
Plasmon Resonance Sensors

Hina F. Badgujar and Anuj K. Sharma

23.1  Introduction: Principles of Surface Plasmon 
Resonance (SPR)

Surface plasmon resonance (SPR) sensor platform works on optical theory to 
measure the refractive index (RI) variation within the range of the surface plasmon 
field, which extends up to ~300 nm away from the sensor surface (x- and y-axis 
direction) and is equivalent to an evanescent wave (EW). The penetration depth of 
EW depends on the wavelength of incident light and it decays exponentially in the 
direction of the z-axis with the distance from the interface. In order to generate a 
plasmonic field at the metal-dielectric interface, the momentum of the incoming 
light must match with the momentum of the conduction band electrons. When the 
coupling condition is satisfied at a particular angle and wavelength, the light is 
converted very effectively into surface plasmon waves (SPW). This phase matching 
is achieved through the phenomenon of attenuated total reflection (ATR) at smooth 
flat surfaces. It generally requires a higher RI material (Fig. 23.1a). The matching 
condition may be interpreted according to the dispersion relation given by Raether 
et al. [59]:
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Fig. 23.1 Otto (a) and Kretschmann (b) configuration. EW stands for Evanescent Wave and SPW 
refers to the surface plasmon wave

where np is the RI of the coupling prism, θi is the incident angle of light, εm is the 
dielectric constant of metal, εd is the dielectric constant of dielectric and Kspp is the 
wave vector of surface plasmon. The biosensing mechanism takes place by detect-
ing the analytes layer adjutant to the metal-dielectric layer with the EW through the 
interaction of light (Fig. 23.1b). In the plasmon resonance condition, any minute 
changes in RI can be monitored in terms of variations in intensity, wavelength, or 
angular shift for sensing purposes. Here εm depends on the wavelength of the inci-
dent light, and εd depends on the RI of the dielectric environment.

Further, in order to generate localised surface plasmon resonance (LSPR), 
particularly around the nanoparticle vertices, the external electric field can be 
applied to “nano-islands” of NPs. These islands induce very strong surface plasmon 
field gradients that could potentially lead to a phenomenon of light entrapment. 
When this occurs, the electron clouds of nano-islands encounter combined harmonic 
oscillations and are smaller than the light wavelength, typically in the Mie scattering 
region. NPs of gold (Au) and silver (Ag) are generally used to produce the strongly 
localised electromagnetic field with very high intensity.

SPR biosensing platform can be designed using different transducer 
configurations, such as the conventional Kretschmann configuration, including 
ATR, fibre- optic configuration, lossy mode resonances (LMRs) and SPR imaging 
(SPRi). Recently, it has been observed that the optical sensor design based on LSPR, 
long- range SPR (LRSPR), optical waveguide, optical resonator and photonic crystal 
(PC) are capable of providing enhanced sensing performance in comparison to the 
conventional SPR configuration (Fig. 23.2).

For SPRi, the phase or reflectivity is measured by a collimated beam of light 
passing through a prism and is rendered incident on a deposited plasmonic film. The 
reflected light is then detected with a CCD camera after crossing a narrow band 
interference filter, and an SPR image of the surface is thus obtained [30]. Among 
others, semiconducting NPs embedded transducer systems are of great importance 
in medical diagnostics and therapeutics. These solid-state SPR sensors provide new 
insights and information for understanding the effects of monitoring molecular 
interactions by RI increment on signal changes. These NPs are assumed to have the 
freedom to oscillate under the influence of the EW created by surface electrons. 
Collective oscillations of such surface electrons are highly sensitive to the RI 
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changes, which can be directly correlated with the mass density changes on a sensor 
surface, and can be used to measure real-time biomolecular interactions and 
quantification events [24, 53]. Classical models offer a qualitative approximation 
for understanding the biomolecule interaction. In this way, several approximations 
and models have been applied to transform a biomolecular binding event or biologi-
cal reaction into a physically measurable signal [43].

Semiconductor plasmonicbiointerfaces are often designed with regenerative 
surface chemistry, allowing multiple interactions without loss of reactivity. The 
biointerface design typically consists of three essential components integrated into 
a single system: the optical setup, the fluid handling chamber and the sensing 
surface. The sensor configuration offers a physical barrier between the optical setup 
(dry portion) and the measurement chamber (wet portion). The characteristic of the 
biosensor has a major impact on the measurement of biological interaction. The 
importance of light interaction in a biophysical interface is an important area of 
research in the scientific community. However, the toughest task is to indulge the 
clinicians and clinical chemists in the functioning principles and assure them about 
its benefits. The non-invasive and label-free technology may be advantageous to 
exploit its acceptance by the healthcare industry in the near future biopsy technique. 
The following are the main components to fabricate the biosensor for biomedical 
applications and clinical prospects:

• Plane polarised incident wave that should be operated in the red and infrared region
• The thin film formation of plasmonic material (Au/Ag nanoarray)
• Coupling prism with a higher RI
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Some components may vary according to the requirement of the applications. 
Many researchers have investigated nanostructure semiconductors for various bio-
technological and optical sensing applications, and in this regard, the quantum dots 
(QDs) induce a dominant tunable LSPR. Over the last decades, the exploitation of 
QDs in a biosensor has been very prominent for probing biological processes and 
the associated biological surroundings effect in real-time measurement. Owing to 
its careful monitoring of biomolecules and high selectivity with a label-free 
approach, it has been extensively used to analyse the kinetics of biomolecular inter-
actions such as lipid membrane-protein interactions [3], virus detection [71], 
hybridisation of DNA [24] and protein/polymer adsorption [11].

While fabricating SPR sensors, there are a few crucial parameters such as 
sensitivity, signal-to-noise ratio, accuracy, precision and response time that need to 
be taken into account and, to be calibrated with standard methods. The plasmon 
depth must be short enough to allow the molecular binding event to fill most of the 
plasmon field. However, it is not too short for the binding event to occur outside the 
plasmonic field. Therefore, the penetration depth must be optimal in the range of 10 
to 20 nm. These parameters are strongly dependent on the measurement method, the 
preferred optical platform and selection of the deposited layer (as NPs, thin-films 
and pores nanomaterials) and even on the operational parameters (excitation wave-
length, detector efficacy, etc.). Moreover, sensing ability such as cross-sensitivity or 
selectivity relies on the affinity between the bio-marker and the bio-receptor, as well 
as the environmental conditions (e.g. in vivo or in vitro) in which the sensor is being 

Fig. 23.3 Schematic representation of the Kretschmann configuration-based SPR biosensor. 
Prism-based SPR sensor consists of a prism (a), biomolecules and analyte layers (b) and its SPR 
curve when RI changes in the presence of analyte (c); and fibre optic SPR sensor with core–shell 
metal-semiconductor nanocomposite layer (d) sensing region coated with protecting layer (e) and 
its SPR curve when RI changes in the presence of analyte (f). Here, SPW stands for surface plas-
mon wave, which exists at the interface of the metal-semiconductor nanocomposite layer and the 
adjacent sensing layer
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operated. For instance, experiments can be done under controlled buffer (PBS) con-
ditions (Fig. 23.3), or in more complex matrices such as blood serum, plasma or 
blood itself [21]. Metal films corrode into biological solutions, thus, reducing the 
quality factor and the darkness of plasmon resonances and sensitivity. The use of 
semiconductor layer on the metallic film extends the range of metals that can be 
used for plasmonbiosensing and increases sensitivity by higher orders of magnitude 
[96]. It promises the stability of metal in a liquid and preserves plasmonic resonance 
under biofunctionalisation [90]. Essential parameters, for example, regeneration, 
repeatability, or reproducibility, are highly dependent on the testing chip and, con-
sequently, introducing external bio-agents, like enzymes, that can disturb the already 
functionalised bioreceptors or biomarker connection to start the detection pro-
cess again.

As the complexity of the experimental medium increases, it is necessary to 
handle the potential number of difficulties, since many other biomolecules can 
trigger the reaction by interfering with the detection of analyte solution [6].

The planar geometry of SPR lends itself well to multilayer structures to enrich 
the biological sensitivity. Accordingly, multilayer approaches have generally been 
demonstrated in prism-coupled systems and adapted for boosting the SPR biosensor 
performance [58]. However, the difficulty lies in incorporating the biofunction-
alised sensing layer without disturbing the optical properties of the multilayer. The 
semiconductor NPs layers between the metal coating and the bio-receptors deter-
mine the biomolecules immobilisation and provide new avenues for achieving bio- 
detection selectivity [67]. The performance is commonly measured in terms of RI 
sensitivity, RI resolution and figure of merit (FOM). An optimal biosensor would 
have enormous RI sensitivity (leading to an extremely fine RI resolution) with a 
narrow plasmon resonance for high FOM defined as:

 
FOM

Sensitivity

FWHM
=

 
(23.2)

In the above expression, FWHM is the full width of the plasmon band at half 
maximum. The improvement in sensor design is the most exciting research field in 
biomedical application and clinical chemistry, especially for LSPR sensors. 
Regardless of these, the plasmon resonance should ideally be tuned into the biologi-
cal window in the near-infrared (NIR) region to avoid spectral interference to detect 
LSPR resonance in biofluids. Many strategies to enhance biological interaction 
have been demonstrated. Here, a fibre optic SPR probe with metal (core) semicon-
ductor (shell) nanocomposite design based on wavelength and angular mode is 
shown (see Fig. 23.3d, e) [65]. The effect ofNP diameter, thickness of the sensing 
layer and their surrounding curvature on sensor’s performance were studied in this 
work [65]. Four types of spherical shape semiconductor materials, namely, cad-
mium sulphide (CdS), cadmium selenide (CdSe), lead sulphide (PbS) and zinc 
oxide (ZnO) are taken into account for the plasmonic resonance. In further work, 
different values of RI for different sensing layers are also considered for the core–
shell NPs. However, a more practical difficulty is their stability while performing an 
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in vivo test. As a result, the signal does not suffer from light scattering through the 
very dense matrix. To achieve this objective, measurements in undiluted biological 
fluids, long-term stability in complex matrices and integration into the body are vital.

To access the biological window, semiconducting NPs are currently considered 
to achieve higher sensitivity and resonances in the infrared region [5, 41]. It is 
important to note that in vivo biosensors may be used to continuously monitor thera-
peutic concentrations of drugs with a narrow therapeutic range. Therefore, more 
advanced spectroscopic techniques needed to be applied for accurate determination 
of particles size, concentration and deformations at biointerfaces [60]. Conceivably, 
semiconductor nanostructures could provide unperturbed light intensities at differ-
ent measurement angles or wavelengths, thereby reducing signal drift arising from 
biointerferences at the sensor design level.

23.2  SPR-Based Biosensors

The basic functionality of an SPR biosensor is to analyse the kinetics of biomolecular 
events in the presence of biochemical target analytes for performing the wide ranges 
of clinical tasks such as imaging, detection, recognition and monitoring of different 
tissues and organs. SPR sensors facilitate noninvasive, label-free and rapid biological 
response during the biomolecular binding events in real-time analysis. For label-
free real-time detection, the physicochemical transduction method is utilised to 
convert the biological signal into an accurate electronic signal based on the bio-
signalling of the analytes. These signals carry helpful information (i.e. quantitative 
analysis of targeted analyte or group of analytes) in understanding the physiological 
mechanisms of a specific event or biological system. The application of SPR 
biosensing can be helpful in real-time medical diagnosis using portable point-of- 
care devices.

In order to acquire basic knowledge about the SPR operation, a fundamental 
understanding of the optics is sufficient, as we have discussed in an earlier section. 
The result for the sensor chip based on the metal interface is broadly achievable in 
all aspects, but the metal-semiconductor nanoplasmonic interface offers good per-
formance owing to recent chip progression [1, 45, 66, 94]. The semiconductor 
medium leads to a rapid injection of the charge carriers into the metal to produce an 
enormous plasmonic response and quantum efficiency [65]. The coupling of the 
SPW and the electromagnetic behaviour of the background medium could be 
expected to produce a tunable optical response with a dominant LSPR. Thus, the 
collective and coherent oscillation of electrons across the NPs upon the interaction 
with light at a specific resonant wavelength causes LSPR phenomena (Fig. 23.4). 
The plasmonic resonance can be influenced by the diameter and doping concentra-
tion and the nature of the composition, including the inter-particle distance [80]. To 
manifest a resonance effect, an appropriate selection of NP is significant for 
achieving excellent sensing performance.
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NP-based optical platforms have received considerable interest due to their 
higher sensitivity and selectivity. Interesting developments have been carried out 
concerning the application in metallic semiconductor NP-based biosensors. The use 
of various metal-semiconductor nanostructures has resulted in faster detection, low-
cost manufacturing, reproducibility, flexibility and adequate sensitivity. In this con-
text, near-field enhancement and high LSPR characteristics of metal- semiconductor 
NPs were studied theoretically and experimentally for plasmon- related applications 
[1, 17, 19, 65, 72]. The enhanced plasmonic behaviour of NPs depends on geomet-
ric morphology (i.e. sphere, cubic, tubular, tetrahedron and octahedron), matrix 
structure (i.e. rigid sphere, hollow core and core–shell) and composition of NPs, 
excitation wavelength, as well as the local dielectric environment [63, 89, 95].

The concept of light interaction and plasmonic oscillations in metal- 
semiconductor- based nanosystem has received much attention in the fabrication of 
SPR biosensors [57]. Also, the coupling of plasmonic and semiconducting features 
could lead to tunable photoluminescence (PL), large resonance Raman scattering 
and ultimate linear/non-linear optical characteristics. Plasmonic properties of semi-
conductors are suitable for NIR and mid-infrared (MIR) wavelength sensing appli-
cations [9]. Quantum effects gain importance for NPs, when electron tunnelling 
across the dielectric barrier occurs in the minimal gap. Electronic tunnelling reduces 
the magnitude of total mode splitting with an additional narrowing of the gap and 
field improvement compared to conventional predictions. Metal NPs can be 
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incorporated into a semiconductor matrix using experimental methods, resulting in 
higher extinction, more scattering quantum efficiency and more remarkable field 
improvement than metallic NPs [98]. In particular, LSPR peak shifts caused by RI 
changes have been found useful in detecting various biochemical changes occurring 
at the cellular scale [16, 81]. Here, the important and excellent photonics character-
istics of nanocrystalline semiconductor materials have been explained in detail. 
These electron-hole carrier nanomaterials provide the perspective of additional 
exotic properties such as CdSe, CdTe, CdS, ZnS and QDs, and in enhancing the 
local electromagnetic field with longer plasmon wavelength, superior polarities and 
high curvatures.

The leading sensory components are biological machines like whole cells, 
tissues, enzymes, antibodies, antigens, receptors, nucleic acids, microorganisms 
and organelles (Fig.  23.5). They generate biosignals in the specific interaction 
between the target analytes and biological system. Thus, the biological signal has 
passed through the physiological system’s proximity and is immensely important 
for medical diagnosis. Potential bimolecular interactions include affinity, kinetics, 
thermodynamics and analysis of the specificity and concentration of interacting 
molecules. In general, biological and biochemical interactions occur when the 
analyte RI ranges from 1.33 to 1.36 [28]. Higher detection accuracy and sensitive 

Fig. 23.5 Nanoscale materials that have been explored to design SPR biosensors, and their 
performance play leading role in profiling biomolecules binding or cellular events, such as, 
carbohydrates, protein, DNA/miRNA, bacteria viruses and tumour cells
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functioning of sensors emerged as ideal devices for clinical monitoring biomolecules 
in a series of medical conditions (i.e. Alzheimer’s disease, tumour, diabetes, 
hepatitis, leukaemia, etc.). A different class of bio-analytes has been extensively 
studied on SPR-based biosensor platforms [14, 22, 31].

Accordingly, it has been explored to detect tumour biomarkers [55], including 
proteins/enzymatic interaction [27], antigen-antibody binding [81], therapeutic 
drug sensing [87], monitoring metabolite pathway [13], hormones, miRNA, DNA 
[70] and among other active biomarkers detection [2, 36, 47]. Still, the active 
researches on the detection of such biomarkers are very broad, and the contempo-
rary sensor design yet needs to be improved. As per one such work, nearly 64% of 
the money involved in the market is due to activities related to medicine: home 
healthcare and point-of-care testing [68]. Core–shell nanostructure paves significant 
interest due to the geometric parameters (core diameter and shell thickness) and 
hence, used in many modern medical diagnostic devices in recent years. The effects 
of the thickness of the internal core, the outer diameter of the shell layer, and the 
superior quantum efficiency have essentially shown tunable plasmonic bands based 
on Mie’s theory. Thus, varying geometrical parameters of core–shell structure can 
render the shift with an increment in scattering intensity [13]. Higher-order plas-
monic excitation can be achieved by forming large NPs, and by exploiting short and 
long-range interactions, the latter spectra become more complicated than pure/sin-
gle NPs [25, 83]. In most cases, SPR of core–shell NPs is red-shifted over a broad 
spectrum range from the visible to infrared by merely increasing core diameter or 
shell thickness.

23.3  SPR in II–VI Semiconductor QDs

Conventional plasmonic NPs are used for biosensing applications and perform well 
in the visible and near-infrared region but they demonstrate limitations especially at 
higher wavelengths due to intrinsic losses [93]. The research of tunable and suitable 
materials is an essential requirement for creating biosensors for the IR environment. 
A number of the proposal have been made for alternative plasmonic materials, such 
as Group IV materials and II–VI semiconductors, where, in particular, InAs have 
excellent properties [5, 39, 41]. NPs with a CdS and CdSe core in particular, which 
are readily available with a wide range of emissions are a major class of NPs used 
in biological detection due to their favourable photophysical properties [4]. InSb 
was also designed for mid-infrared plasmonics [40]. In practice, the proximity of 
the excitation energy of semiconductor NPs and the plasmon exciton energy for 
metal NPs offers the opportunity to produce nanocomposite materials in which 
excitation of the semiconductor leads to rapid charge injection into the metal. In a 
metal-semiconductor thin film diode experiment, the large enhancement in electro-
magnetic field was observed due to surface plasmon resonance of NPs [37]. The 
plasmonic effect of the metal-semiconductor nanocomposites interface provided 
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light trapping effect to allow more plasmon generation. As a result, it enhanced the 
resonance angle shift and thus the SPR sensing.

23.3.1  Theory for Optical Properties of Core–Shell NP System

The optical properties of core–shell metal-semiconductor nanocomposite are 
governed by Maxwell Garnett’s (MG) theory when a metal NP embedded in a host 
matrix is subjected to an average polarisation field due to both the matrix as well as 
the surrounding NPs [23]. According to Drude model, the frequency-dependent 
complex dielectric function may be written as:
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where ε∞ is the high-frequency dielectric function, while ωp and ωd are the bulk 
plasma frequency and damping frequency, respectively. These are given by

 
�

�p
2

2

0

�
Ne

m  
(23.4)

and,

 
�d

f

bulk

�
v

R  
(23.5)

where N represents the concentration of free electrons; m and e represent the effec-
tive mass and the charge of the electron. Rbulk represents the mean free path of the 
conduction electrons, and vf represents the velocity of the electrons at the 
Fermi energy.

When the particle size, R, is smaller than the mean free path in the bulk metal, 
conduction electrons are additionally scattered by the surface, and the mean free 
path, Reff, becomes size-dependent with
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Hence, the size dependence of damping frequency is given by
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Thus, Eq. (23.3) together with Eqs. (23.4)–(23.7) completely represents the size- 
dependent dielectric function of a metal particle even down to a size of 2  nm. 
According to MG theory, the effective dielectric function (εav) of a composite con-
sisting of high-volume-fraction metal NPs isotropically dispersed in a medium is 
given by the expression
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and ϕ is the volume fraction of the embedded particles and εm is the dielectric func-
tion of the host semiconductor material in which the metal particles are embedded. 
Some of the compound semiconductor materials, which are commonly used in 
core–shell nanostructures with different semiconductor materials, are CdS, CdSe, 
PbS and ZnO. The dispersion relation (i.e. the variation of dielectric constant εm 
with wavelength) for all the four semiconductor materials CdS [74], CdSe [7], PbS 
[97] and ZnO [10] are available in the related literature.

Usually, MG theory is most appropriate for small spherical NPs (e.g. gold or 
silver) isotropically distributed within a continuous matrix. The net effect is the 
creation of a dense matrix of the host material containing mono-disperse metal NPs 
with known dielectric properties, embedded at a constant, uniform distance from 
one another. Further, the MG equations deal with the metal volume fraction, so one 
is still required to specify how the NPs pack within the films. If one assumes that the 
metal NPs are closely packed, and there is a geometric fcc lattice packing, the vol-
ume fraction of the spheres is 0.74 of the total film volume, and the volume fraction 
of metal particles may be given by Ung et al. [77]
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where Rhost, in the present case, represents the semiconductor shell thickness.
Semiconductor QDs have emerged as fluorescence signal amplifiers to enhance 

plasmonic biosensors’ luminescence signals. QDs-based SPR biosensors can be 
applied in faster, real-time detection and identification of microbial toxins and to 
study the interaction of microorganisms with different pathogenic microflora or 
other molecular species. The inherent ultrahigh RI sensitivity of semiconductor 
plasmonic materials has been widely explored to detect a quantifiable optical signal 
corresponding to the RI change of the bio-analytes in which the biological recogni-
tion events occurred.

SPR biosensor showed promising results to detect foodborne pathogens related 
to the processing of poultry, milk and leafy vegetables [8, 38, 48, 75]. A sensitivity 
as high as 1 × 106 CFU/mL for Salmonella typhimurium detection was achieved. 
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Initial results show that applying NPs mixture with a secondary antibody or a gold- 
conjugated antibody increased the detection limit. Also, for its application in patho-
genic bacteria monitoring, it has the potential to differentiate the pathogens, such as 
human pathogens Pseudomonas aeruginosa, Brucella spp. and Serratia spp.; and 
some animal pathogens such as Photobacterium damselae and Aeromonas salmoni-
cida [48]. The recent study visualised rapid detection and characteristic- specific 
binding kinetics of full-length tail protein by transmission electron microscopy 
(TEM). A protein was functionalised on SPR biosensor and then employed for bac-
terial capture using microagglutination assays [32]. In another study, the plasmo- 
electronic effect of gold triangular nanoprisms (AuTNPs) enhanced the existing 
LSPR properties for sensing performances. Hati et al. [29] and his co-workers have 
designed a nanoplasmonic biosensor design for ultrasensitive, precise and program-
mable detection of microRNAs and proteins at attomolar concentrations in standard 
human plasma and urine samples femtomolar concentrations from bladder cancer 
patient plasma and urine. The solid-state structure comprises the light-induced 
reversible conformational change of spiropyran (SP)-merocyanine (MC) covalently 
attached to Au TNPs via alkylthiolate self-assembled monolayers (SAM) to pro-
duce a large LSPR response (∼24 nm).

Monitoring the change of a biomarker in real-time allows for identifying the 
susceptibility to different therapies and interactive optimisation of medical treat-
ments with reduced time and costs compared to clinical validation of therapies. 
Different protein biomarkers are correlated with the presence of pathogenic pro-
cesses and diseases. Usually, the performance of a new optical fibre biosensor is 
evaluated by direct binding model assays. According to the literature, the most stan-
dardised biological measurements involving the detection of bioreceptors-analyte 
complexes are IgG/anti-IgG, streptavidin/biotin and BSA/anti-BSA. They are nor-
mally chosen because of their low price, ease of handling, availability and widely- 
studied binding and immobilisation process. Once the adequate performance of the 
biosensor is proved, the biomarkers associated with specific pathologies are 
employed to identify a specific use for the biosensor.

Another important application domain of biosensors is the detection of nucleic 
acids, which are employed as biomarkers with diverse applications, including diag-
nosis, prognosis and selection of targeted therapies. Currently, publications on the 
wavelength-based optical fibre biosensors for nucleic acids are limited, but some 
research evidences the scientific community’s interest in the topic. The most sensi-
tive optical structure among the different fibre gratings optical platforms used to 
detect specific sequences of DNA was DTP-LPFG (1359 nm/RIU), which reported 
the lowest LOD: 4 nM (~18.4 ng/mL) of DNA [15]. The selection of appropriate 
plasmonic material is crucial for good sensing performance from PCF-SPR sensors. 
Recent researches show that some alloys can also be potential candidates as plas-
monic materials for their remarkable plasmonic characteristics. To investigate the 
sensing performance of the SPR sensor, gold, silver and copper as noble plasmonic 
materials and gold-silver, gold-silver and copper-zinc as alloys have been selected. 
The obtained results reported that the sensor shows maximum amplitude sensitivity 
(AS) of 9759.00 RIU−1 and figure of merit (FOM) of 923.07 RIU−1 when the silver 
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Fig. 23.6 3D diagram to illustrate the CdSe/ZnS quantum dots-based biosensing device on the 
coupling of exciton and LSPR on the surface of plasmonic nanoarrays coated with a spacer 
layer of PMMA

coating is used. Moreover, the reported sensor shows maximum spectral sensitivity 
(SS) of 26,000 nmRIU−1 and a resolution of 3.84 × 10−6 with copper-zinc alloy. 
Such sensor probe can be an impressive appliance for the identification of organic 
substances, biological fluids and samples [64].

Wang et al. [84] have reported LSPR-induced emission enhancement from CdSe/
ZnS QDs near well-engineered Au TNPs through a high-performance exciton LSPR 
coupling system with a versatile Ta2O5 layer (Fig. 23.6).

By the combination of the matching conditions and a low extinction coefficient 
with minimal damping absorption of the Ta2O5 layer in the system, stronger LSPR 
is induced by the efficient coupling between QDs and Au TNPs and efficiently scat-
tering into the far-field without damping. The plasmon-enhanced emission from 
QDs with a high PL enhancement factor was achieved by the coupling of excitons 
and LSPRs. It can be observed that the proposed design concept and method with 
greatly enhanced light-matter interactions will open up avenues toward actual appli-
cations of LSPR-based fluorescence enhancement in biomedicine and optoelec-
tronic devices.

23.4  SPR-Enhanced Optical Gas Sensors Based on II–VI 
Semiconductor QDs

Certain gas molecules and volatile organic compounds (VOCs) are considered to be 
highly harmful and toxic to human health as well as the natural ecosystem [88]. 
Formaldehyde and benzene are well-known carcinogenic substances that have a 
high potential for adverse effects on the human respiratory and immune systems 
[62, 92]. Furthermore, organic compounds such as dioxins, acetone, nitrogen, ethyl 
alcohol, n-hexane, chlorobenzene, o-xylene and toluene have a prolonged effect on 
human health and showed high responsivity when exposed to the environment [50]. 
Concerning the potential hazards of VOCs and even their small leakage in hostile 
environments may cause serious respiratory disorders and chronic skin diseases. 
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Therefore, effective VOCs monitoring methods are greatly in demand for measuring 
and monitoring the atmospheric environment and human well-being and health sur-
veillance. Present high-sensitive analytical methods, such as high-performance liq-
uid chromatography (HPLC) [26], gas chromatography (GC) [61] and 
spectrophotometry [76] have been used to detect the ultra-low concentrations of 
VOCs, which are based on expensive set-up and rigorous experimental conditions 
[20, 79].

Carbon-based fluorescent nanomaterials (e.g. graphene QDs) have been studied 
empathetically to detect toxic gas leakages that can be used as intelligent function-
alised photonic materials in the field of gas sensing and biosensing [42, 44]. 
However, the surface functionalisation of graphene QDs needed further improve-
ment in order to enhance their fluorescence performance in an aqueous environ-
ment. Furthermore, their potential use in the detection of gas molecules is still 
largely untapped due to chemical and electrochemical stability in a small potential 
window. As a consequence, their low stability remains the biggest challenge for 
practical gas detection applications [81, 82]. These disadvantages have shifted the 
focus of the scientific community to synthesise semiconductor-based photonic NPs 
with the smallest size.

It is known that conductometric devices based on nanostructured semiconductor 
materials, such as metal oxides and II–VI compounds, make it possible to control 
the appearance and determine the concentration of toxic gases and VOCs in the 
atmosphere. The choice of semiconductor materials for the detection of a specific 
gas is determined by the influence of the interaction of its superficial active surface 
sides created by chemisorbed O−, O2−, H+ and OH-ions with molecules of detected 
gas on their electrical conductivity [49]. The choice of nanostructured semiconduc-
tors for gas sensing is due to the reversibility of the processes of interaction with the 
detected gases and high sensitivity. At the same time, it was shown that as gas mol-
ecules are absorbed onto the metal oxide NP surface, changes in the dielectric con-
stant occur that cause changes in the RI. This means that surface plasmon structures 
based on nanostructured semiconductors can also be used to detect toxic gases and 
VOCs in the atmosphere. The experiment confirmed this assumption.

Recently, a research group has proposed SPR-based formaldehyde sensor with 
very low (~0.5 ppm) detection range by depositing the mixture of amino-modified 
CdSe@ZnS QDs, fumed silica and gold NPs on the surface of the silica sphere. 
Under the optimisation conditions, the fluorescence intensity showed significant 
quenching to gaseous formaldehyde (~1.0 ppm) with a short response time, as seen 
in Fig. 23.7 [92]. SPRbased gas sensor emerged as an excellent and precautionary 
sensory technique for the identification and qualitative determination of VOCs con-
centration. It is worth mentioning that the SPR gas sensor showed accurate sensitiv-
ity, high stability and reproducibility with good recoverability in a short response.

Wu et al. [91] also embedded semiconductor QDs in the SPR configuration and 
found that this device can be considered as rapid, sensitive and convenient gas sen-
sor. The nanocomposite scaffold consists of CdSe-CdS core–shell semiconductor 
quantum rods, Ag NPs and poly(methyl methacrylate) (PMMA) nanofibres 
(Fig. 23.8).
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Fig. 23.7 (a) Fluorescence intensities of sensing films with different concentrations of fumed 
silica (FS) solutions together with that of pure QDs. (b) Fluorescence intensities of sensing films 
with different concentrations of gold NP (GN) solutions based on QDs4μM/FS4mM. (c) Fluorescence 
intensities and wavelengths of different samples fabricated under the same conditions. (d) 
Fluorescence quenching mechanism (e) The mechanism of influence of gold nanoshpere on the 
quenching and enhancement of fluorescence (f) Sensing performance of quantum dot-based PEF 
sensors under optimization conditions (QDs4μM/FS4mM/GNs0.6nM). (g) Fluorescence intensities of 
sensing films after injecting different concentrations of gaseous formaldehyde for 500  s. (h) 
Variation of fluorescence intensities in different concentrations of gaseous formaldehyde within 
500 s. The relationship between the fluorescence intensity and the formaldehyde concentration. 
The inset shows a calibration plot of the presented sensor for formaldehyde over the range of 
0.5–2.0  ppm (n  =  5, Adj. R2:0.98119). (i) Response-recovery properties of sensing devices at 
1.0  ppm concentration of formaldehyde. (Reprinted with permission from Xue et  al. [92]. 
Copyright 2020: American Chemical Society)

CdSe-CdS/Ag/PMMA-based sensors showed versatile sensitivity below the 
lowest explosion limits. In fact, it reached a non-selective detection threshold of 
500  ppm for chlorobenzene and 100  ppm for butanol [91]. Mishra et  al. [51] 
employed an LMR-based hydrogen gas sensor by coating an ITO (In2O3+ SnO2) 
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Fig. 23.8 The optical images of CdSe-CdS/Ag/PMMA composite scaffolds treated with UV-ozone 
etching after (a) 0 min, (b) 10 min, (c) 30 min, (d) 60 min and (e) 90 min. The insets are the pho-
tographs of each sensing chip. (f) The extinction spectra of CdSe-CdS/Ag/PMMA composite scaf-
folds with various etching time. (Reprinted with permission from Wu et al. [91]. Copyright 2020: 
Elsevier)

thin film on the core of an optical fibre [52]. The same researcher later reposted a 
highly sensitive SPR-based ammonia gas sensor designed using ITO and polyani-
line thin film. Further, an LSPR gas detection system has been developed, in which 
evaporated gold island films have been coated with polymer polystyrene sulphuric 
acid and polystyrene. These polymers swell and/or shrink when exposed to the vari-
ous gases used (chloroform, water vapour, etc.), which affects the local RI and 
causes an intense peak of LSPR [35].
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23.5  SPR-Based Biosensors Functionalised with II–VI 
Semiconductor QDs

The direct band-gap plasmonic semiconductor nanomaterials (II–VI: CdS, CdSe, 
CdTe, etc.; III–V: InP, InAs, etc.; IV–VI: PbSe, etc.) are widely classified for 
changes to RI variations at the sensor surface. The changes in RI practically offer 
the potential of measuring low levels of biological signals adjutant to the metallic 
NP boundaries. Such NPs and their combination with plasmonic semiconductors 
have been extensively modified with the linker molecules to couple with biomole-
cules for developing plasmonic biosensors (Fig. 23.9). Interestingly, gold NP islands 
have shown exceptional LSPR properties, which make them unique colorimetric 
biosensors [18]. Their high optical excitation coefficient, broad absorption spec-
trum, fluorescence quenching and catalytic efficacy showed a non-radiative energy 
transfer process, called the fluorescence resonance energy transfer (FRET) phenom-
enon. FRET is another method to identify the proteins or histone modifications 
associated with a specific DNA sequence [69].

Fig. 23.9 Virus detection with the sensor probe varying the peptide length: schematic illustration 
for the virus sensing using CdSe QD-peptide-AuNP system for two modes of detection and char-
acterisations of CdSe QD-peptide-AuNP nanoconjugate: (a) TEM image (b) HRTEM image of 
CdSe QD-peptide-AuNP, showing their own fringes, (c–e) STEM mapping of CdSe QD-peptide- 
AuNP with Cd and Au. (Reprinted with permission from Chowdhury et al. [18]. Copyright 2020: 
Elsevier)
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Early-stage diagnosis and appropriate treatment are vital challenges in the fight 
against cancer. As an alternative tool for conventional options, SPR-based label-free 
detection of cancer biomarkers in real-time with high sensitivity (picomolar level) 
is comparable to that of single-colour and dual-colour labelling approaches. The 
plasmon resonance characteristics of QD NPs and their associated electromagnetic 
field enhancement produced by LSPR excitation have made feasible the design of 
biosensors for the exosome quantification in liquid biopsies for cancer diagnosis. 
The considerably enhanced response and visual detection of protein binding may 
demonstrate using gold NPs stabilised with the linker-modified molecules. LSPR 
colorimetric sensors based on the aggregation of NPs may provide high sensitivities 
and functional designs.

The stability of plasmonic NP assemblies can be modulated through covalent or 
non-covalent interactions (i.e. electrostatic interactions, hydrophobic forces, hydro-
gen linkage and specific biological linkage) and depend greatly on external condi-
tions such as temperature, pH and buffer. Au NPs are functionalised by the 
non-covalent bio-conjugated system with a panel of DNA aptamers, which are able 
to bind the exosome surface proteins with high specificity and affinity. Their indi-
vidual appearance reflected in distinctive colours as a consequence of NP aggrega-
tion (from red to blue) following the specific binding between the aptamers and 
cell-surface proteins (Fig. 23.10). These colorimetric changes are responsible for 
generating patterns to identify the multiple proteins on the exosome surface, which 
can be further implemented for cancer diagnosis [34].

LSPR biosensors can be designed for solution-phase or surface-bound sensors 
and can result in a spectral change in absorption/extinction or scattering and even 
colour variation of plasmonic NP solutions. Solution-based biosensors are much 
more attractive due to the less complexity of the measurement and of the assay 
analysis [85]. Strong emphasis has been given to the colloidal NPs in complex liq-
uid medium because of the formation of a protein corona and ionic potency of the 

Blank A B C     D

Fig. 23.10 A coat of many colours: A gold NP/aptamer biosensor (AuNP/AptX) provides a 
colorimetric platform for rapid and multiplexed protein analysis of exosomes. (Adapted with 
permission from Jiang et al. [34]. Copyright 2017: Wiley)
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biofluids. In combination with a unique set of plasmonic properties of LSPR nano-
materials, the hydrophobic interactions can be potentially used in both biosensing 
and nanomedicine. The impact of complex liquid media on LSPR sensors can be 
condensed by functionalising the layers, biological scaffolds and particle diameter, 
but yet remains an issue to believe. Dilution of the media can also be an option to 
minimise the impacts related to the biofluid, as shown for sensing real samples. 
Solution-based LSPR can also serve to conquer the response of an ELISA assay for 
real samples.

On the other side, surface-bound LSPR sensors are fabricated by immobilisation 
of NPs on a solid substrate to alleviate the concerns of the colloidal stability of NPs 
in liquid media solution. This configuration is also simpler to multiplex on-chip and 
to integrate with microfluidics. The field of integrated plasmonic devices is gaining 
a lot of attention recently. Typical bioreceptors include, in general, antibodies, 
enzymes, proteins, aptamers, cells, or microorganisms. They are specially designed 
to detect other target molecules, also known as “analytes” or “biomarkers“. Once 
deposited on the transducer substrate, these biological interactions transform into 
measurable variables and simulate them into optical, electrical, mechanical, or 
acoustic signals that can be further treated [73]. Finally, the bio-functionalised inter-
face is the middle layer. It consists of one or more layer-by-layer (LbL) that binds 
the bioreceptors to the substrate using nanotechnology-based manufacturing 
techniques.

Many materials other than pure metals (typical of SPRs) can induce LMRs. 
Thus, significant progress has been reported on LMRs with metal oxides, polymer 
coatings; LbL-coated structures and considered an almost unavoidable component 
in the majority of combining plasmonic materials or even immunosensors consist-
ing of multilayer of polymers and antibodies [68]. Furthermore, SPR biosensing 
surfaces can be functionalised by thin polymer films to which antibodies are cou-
pled through amino groups [54]. Protein contact printing was considered for spa-
tially controlled binding of bovine serum albumin (BSA) and dinitrophenylated 
BSA to adjacent reference and signal channels of a dual-channel SPR sensor [46]. 
Nano-range biomolecules can be immobilised on the surfaces of gold SPR sensors 
by forming a streptavidine layer on a gold surface followed by biotinylated DNA 
attachment [86]. A multi-step surface modification based on alkanethiol SAM was 
also used to attach DNA to gold surfaces [12]. Then, later, biomimetic materials 
made from micro-contact imprinting techniques for the detection of urinary tract 
pathogens have been exploited in SPR biosensors [56].

Novel semiconductor nanostructures for LSPR sensing are frequently reported 
for optimising the sensitivity of sensors. The advantage of a colloidal NP-based 
LSPR sensor is the possibility of naked-eye detection from aggregation assays, NP 
etching, or growth mechanism, such as for the detection of glucose [33]. These pos-
sibilities are highly promising and the use of gold NPs in microfluidic-based bio-
sensing for point-of-care applications has attracted a lot of attention. LSPR 
biosensors can be designed for solution-phase or surface-bound sensors. Solution- 
based biosensors are interesting due to the simplicity of the measurement and of the 
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assay. Biomolecule-attached metal NPs are the most popular probes for easy separa-
tion by centrifugation and can be readily assembled with thiolated molecules. The 
single-crystalline Au islands furnished the possibility of effective separation of the 
surface-plasmon bands of the islands and the bound NPs. LSPR provides a plasmon 
resonance in a broader optical window, enhances sensitivity, facilitates integration 
into a simple device, comprises easy surface chemistry, and is relatively economical 
to fabricate.

Plasmonic nanostructures are either prepared from colloidal synthesis or with 
nanofabrication techniques. Nanofabricated plasmonic structures can reach high 
FOM, and, thus, their performance can exceed other SPR sensing platforms but may 
be very costly and complex to fabricate. Hence, the fabrication of LSPR NPs on a 
solid substrate is widely employed to alleviate some of the issues, such as stability 
and ease of integration with microfluidic. Placing an NP on a colloidal substrate 
affects the optical properties and sensitivity. But, when it comes to the RI sensitivity, 
FOM and RI resolution are bulk properties; the penetration depth is directly associ-
ated with the sensitivity of the device to a binding event, which straightly influences 
the RI shift from the detection of a molecule.

Generally, the penetration depth is expected to be relatively small but even 
greater than the molecules to be detected to ensure that the binding events result in 
a significant change in the wavelength or resonance angle of the plasmon. A draw-
back of the SPR is the requirement of sufficient quantities of ligand which is suc-
cessfully connected to the surface of the sensor chip. Moreover, this ligand must be 
sufficiently robust to withstand several regeneration cycles. There is currently a 
large heterogeneity in nanostructures used for SPR sensing, and therefore focus 
needed to be placed on identifying the best anisotropic or pronged colloidal nano-
structures and optimising their synthesis to achieve highly reproducible fabrication, 
as well as identifying 2D nanofabricated surfaces that are relatively simple to fabri-
cate and of high sensitivity. This constitutes the major challenge of plasmonic nano-
materials, as methods for classical SPR sensing should be translated with relatively 
few obstacles [78]. The scope of QDs synthesis is very broad and cannot be fully 
explored from a specific application perspective, so only colloidal stability is the 
main concern. Colloidal synthesis facilitates the advantage of simplicity and cost- 
effective fabrication, but colloidal-based sensors often suffer from reproducibility in 
synthesis and usually have a lower FOM.

23.6  Conclusions and Future Directions

Semiconducting nanostructure-based SPR sensor is a promising approach for 
making a progression in advanced biosensing applications. Their specificity and 
active surface feature advantageously for light entrapment within a smaller region. 
Quantum dot and metal oxide-based gas sensing devices are expanding their infra-
red bandwidth utilisation. The discussion projected on the metal-semiconductor 
nanocomposites provides deep insights into the important aspects, such as surface 

H. F. Badgujar and A. K. Sharma



609

features, fabrication, sensitivity, label-free detection and in-vivo adaptation. The 
sensitivity to the detection of biomolecules and target molecules in the complex 
fluids described in the chapter required increased miniaturisation and user-friendly 
interface design. In the forthcoming era of printable devices, semiconductor materi-
als will gain significant foresight in lithographic research. The flexibility of semi-
conductor film can result in portable devices with great potential for health 
monitoring and toxic gas leakages. Thus, the futuristic sensory device would be 
reusable, easy to operate, simple to functionalised with the recognition element and 
replace in terms of hardware and software.
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Chapter 24
Biomarkers and Bioimaging and Their 
Applications

Suchismita Ghosh and Kaustab Ghosh

24.1  Introduction

Advancement in nanoscience and nanotechnology facilitate present-day researches 
with a wealth of metallic and semiconducting nanoparticles for a wide range of 
applications in novel electronic devices, photonics to biomedical imaging technol-
ogy [1–10]. The nanoparticles confining electrons in all three dimensions are also 
referred to as 0D nanoparticles or quantum dots. The highly tunable electronic and 
optical properties of these 0D nanoparticles with variation of size are due to its 
three-dimensional carrier confinement with ‘delta-like’ density of states. These 
unique properties are exhibited in the form of broader excitation spectra with nar-
row and sharply defined emission peaks. Important to mention the properties of 
quantum dots belonging to II–VI groups, such as CdS, CdSe or ZnO, exhibit intense 
luminescence in the visible region of the electromagnetic spectrum [11–13]. 
Conjugation of these nanoparticles to target molecules thus imparts bright fluores-
cence to cells and tissues and is widely used as fluorescent probes for live cell imag-
ing and medical diagnosis [14, 15]. Clinical procedure thus involved in this aspect 
involves both in vitro and in vivo testing with these nanoparticles so as to validate it 
for human use. The in vivo studies are conducted on animal models such as mice 
and rat to extrapolate these findings to human populations. The results are validated 
with other more standard clinical chemistry markers and ultrastructural/histopatho-
logical evaluations of the clinical manifestations of disease. In vitro testing serves 
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as an alternative to animal testing, with the study conducted on tissue from a living 
organism. One of the most crucial challenges this test aims at is to control cell toxic-
ity of the synthesised nanoparticle, in a way to avoid adverse effects, while preserv-
ing the option of targeted cell death for direct tumour destruction. While these 
hurdles have restricted pre-clinical tests for years, they are now mature and are 
likely to reach the routine clinic in the near future.

The type of radiation which is used for biomedical imaging is also an important 
parameter as well. The optical transmission of the biological tissues in near-infrared 
(NIR) range (750–1000 nm) allows higher light penetration, resulting in lower auto-
fluorescence and reduced light scattering, which gives clear image contrast. 
Therefore, probes which are excitable in NIR range are preferable for both in vitro 
and in vivo imaging. Near-infrared radiation (NIR) (within the range of 700–1100 nm 
wavelength) having high penetration depth in tissues is favourable for this type of 
imaging. Hence, it is essential to choose suitable nanoparticles in which the elec-
trons can be excited by NIR wavelength. However, highly luminescent QDs such as 
CdS and ZnO have larger band gaps (2.49 to 2.78 eV for CdS QDs and 3.5 to 4 eV 
for ZnO QDs [16, 17]. Thus, electrons in these nanoparticles can be excited by 
radiation near to the ultraviolet (UV) region, which causes severe photodamage to 
the living cells and tissues. To circumvent this effect, the nanoparticles are doped by 
lanthanides which act as sensitisers and activators. The sensitiser (mostly Yb3+ ion) 
is used to absorb the incoming photon in the NIR range and the absorbed energy is 
transferred to the activators (which are mostly Ho3+, Er3+ or Tm3+ ions). This process 
of energy transfer promotes the electrons to the higher energy excited states of the 
activators, which eventually relax to the lower energy states. The difference in 
energy between the states is given up in the form of photons with energies in the UV, 
visible or in the NIR range. This process is known as upconversion (UC) and the 
nanoparticle doped with these optically active ions is referred to as upconversion 
nanophosphors (UCNs). The same concept also applies to the down conversion 
(DC) except that the electron relaxation in the activator occurs between the states 
with lesser energy difference leading to higher wavelength infrared (IR) emission. 
Figures 24.1 and 24.2 show the upconversion and downconversion processes occur-
ring in nanophosphors.

Nanophosphors thus play an important role in medical imaging technology for 
early detection and diagnosis of various diseases, which in turn have resulted in 
decrease in mortality rate. Survey has shown significant data to prove that this 
development coincides with the decrease in the mortality rate due to cancer (total 
decline of 31% from 1991 to 2018) [19]. The development of nanophosphorors in 
clinical practice has also led to enormous research over the last two decades and the 
number of published papers is found to increase exponentially as depicted in 
Fig. 24.3.

This paper thus provides a detailed review on the synthesis and characterisation 
of the highly luminescent II–VI semiconductor nanoparticles and the techniques 
involved towards the development of efficient biomarkers for medical imaging 
applications. Main focus of our discussion is on stability of these nanoparticles, 
functionalisation of molecules, toxicity effect and the overall clinical trials and 
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Fig. 24.2 Down- conversion process showing energy transfer of higher energy photon (shorter 
wavelength) to lower energy photon (shorter wavelength). (Reprinted with permission from Ref. 
[18]. Copyright 2019: Elsevier)
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Fig. 24.3 Exponential increase in the number of published research papers on nanoparticles and 
bioimaging over the last three decades (Source: Clarivate Analytics’s Web of Science (WoS) (ver-
sion 5.32) scientific citation search platform)

procedures involved in this process. Finally, we have given a guideline towards 
future research, anticipation of different challenges involved along with strategies to 
overcome the effects.

24.2  Research in Upconversion and Downconversion 
with II–VI Semiconductor Nanophosphors

In the lanthanide-doped upconverting QD system, the QDs act as energy acceptors 
and the lanthanide act as energy donors. Here the absorption band of the QDs over-
laps with the fluorescence emission band of lanthanides. If the distance between the 
lanthanide dopant atom and the QD is less than 10 nm, then the emission energy is 
transferred to the QDs by a process known as Förster resonance energy transfer. 
Otherwise, re-absorption takes place which transfer energy as photons. This process 
finds enormous applications in the photodynamic therapy of cancer cells. Here the 
upconverting nanoparticle is conjugated with photosensitiser molecule and carried 
it to the targeted cancer cells. Under near-infrared excitation, the visible light emit-
ted by the nanoparticle sensitises the photosensitisers to generate photocatalytic 
activity for destroying the cancer cells. After the therapy, the nanoparticles can also 
be used to monitor and detect the presence of any cancer cells through the detection 
of cancer protein biomarkers that are overexpressed in these cells.

Several researches thus reported the synthesis of upconversion in II–VI QDs for 
photocatalytic activity which can be applied in the aforementioned domain of 
research. Tou et  al. [20] synthesised carbon layer-modified NaYF4:Yb,Tm nano-
crystals which served as a good substrate for CdS deposition. The product exhibited 
good photocatalytic activity under visible light and enhanced performance in 
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Vis- NIR region. Through upconversion luminescence analysis, Balaji et  al. [21] 
exhibited the processes of energy transfer routes between NaYF4:Yb/Er and CdS 
which is an important factor responsible for the photocatalytic activity in materials. 
A photoelectrochemical enzyme immunoassay is also designed by Luo et al. [22] 
with plasmonic gold sandwiched between upconversion NaYF4:Yb3+, Er3+ to semi-
conductor CdS as shown in Fig. 24.4.

Several works also reported the process of enhancing the upconversion lumines-
cence which finds important applications in biological sensing and magnetic imag-
ing such as in ZnO:Yb3+/Tm3+ nanoparticles and ZnO:Er3+, Yb3+ on Mo6+ co-doping 
[23, 24]. Apart from the lanthanum-based materials, upconversion nanoparticles 
like mesoporous SiO2 decorated with CdS nanoparticles also exhibited excellent 
photocatalytic activity under irradiation of infrared light, and Li et  al. [25]  and 
Slejko et  al. [26] demonstrated upconversion photoluminescence in CdSe/CdS 
nanocrystal-based solid films.

Light emission in the visible region requires downconversion of nanoparticles. In 
this domain, Kung et al. [27] fabricated silver nanoparticles on the surface of ZnO 
nanorods for sensitising downconversion luminescence. Kundu et al. [28] exhibited 
stable down conversion in CdSe/CdS nanophosphors which showed larger Stokes 
shift greater than 100 nm or 0.39 eV along with the efficient colour-pure conversion 
from blue to red light and Chu et al. [29] reported yellow-orange emitting ZnO- 
Lu3Al5- xSixO12-xNx:Ce3+ down-conversion phosphors with enhanced visible light 
photocatalytic activity.

Fig. 24.4 A schematic representation of near-infrared light triggered photoelectrochemical immu-
noassay (a) Immunoreaction process in the assay, and (b) energy transfer mechanism among lan-
thanide ion, Au and CdS with H2O2 under near-infrared irradiation (980  nm). (Reprinted with 
permission from Ref. [22]. Copyright 2018: American Chemical Society)

24 Biomarkers and Bioimaging and Their Applications



620

24.3  Surface Modification of Luminescent Nanoparticles

Surface modification is one of the important prerequisite for rendering the aqueous 
solubility of the II–VI nanoparticles. Several strategies have been developed to cir-
cumvent this problem, which is summarised as follows. The first one is to synthesise 
QDs in aqueous solution directly, which has been depicted in this review [30]. The 
second is to obtain QDs in organic solvents and then transfer them to aqueous solu-
tions. As these nanoparticles are prepared in nonpolar organic media, the surface of 
the particles gets covered with hydrophobic ligand that provides stability and pre-
vents aggregation of the particle core. For example, trioctylphosphine (TOP) capped 
synthesised CdSe/ZnS quantum dots by Vo et  al. [31] exhibited strong repulsive 
force between the particles and better durability from zeta potential measurements. 
It is also essential for the QDs to have a good water solubility. Nie and Weiss groups 
[32, 33] pioneered the preparation of water-dispersed QDs by ligand exchange 
method. In addition, polymer and lipid coating is another efficient way to render 
QDs with good water solubility [34, 35].

However, for compatibility in the biological media, phase transfer process 
becomes essential which converts the hydrophobic surface into hydrophilic. In this 
process, the nanoparticles are coated with amphiphilic polymers for phase transfer-
ring from non-polar to polar environment. Amphiphilic polymers or amphiphiles 
have both hydrophilic and hydrophobic components. Generally, the hydrophobic 
component consists of long saturated or unsaturated hydrocarbon chain which con-
nects to the hydrophobic ligand of the nanoparticle by the process called hydropho-
bic interaction. The other hydrophilic part which is thus free imparts solubility of 
the nanoparticle in the polar medium. Example again includes the aforesaid work of 
Vo et al. [31], who used mercaptopropionic and mercaptosuccinic acid containing 
thiol and carboxylic group as ligands which exhibits good dispersion of QD in water 
and biological media. Kodanek et  al. [36] also used these types of thiol-based 
ligands for aqueous phase transfer of CdSe/CdS/ZnS nanorods and CdS core crown 
nanoplatelets as depicted in Fig. 24.5. They found that short-chained thiols are the 
best choice to obtain high quantum yields for samples with better inorganic passiv-
ation. However, long-chained ligands are suitable towards enhancing the quantum 
yield of samples with poorer inorganic passivation.

24.4  Biorecognition and Bioimaging for Cell Therapy 
with Nanophosphors

Biorecognition and bioimaging have been intensely used for the advance clinical 
practices for the diagnosis and detection by medical imaging, invasive tissue biopsy, 
bio-analytical evaluation of body fluids and optical imaging to visualise the 3D 
structure of specimens and its biological activity. For these bio-recognition events 
and cell tracking, the biomolecules are required to be conjugated with the 
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Fig. 24.5 Phase transfer mechanism of the nanocrystals and the bifunctional thiol-based ligands. 
(Reproduced from Ref. [36] with permission from the Royal Society of Chemistry)

nanoparticle which is also known as functionalisation. This process includes the 
coupling of the biomolecules to the surface of the nanoparticles via covalent inter-
actions. A wide variety of targeted molecules such as biotin, folic acid, receptor 
binding elements like aptamers, antibodies and peptides are known to be linked to 
the surface of the nanoparticles through functionalisation. For example, some essen-
tial cofactors like biotin, lipoic acid and pantothenic acid are overexpressed in can-
cer cells and sodium-dependent multivitamin transporter (SMVT) is an important 
transmembrane protein which is responsible for translocations of these vitamins. 
Hence, to target SMVT in cancer cell, biotin can be chosen as an affinity ligand after 
modifying the QD surface with streptavidin. Vijayabharathi et  al. [37] prepared 
such biotin streptavidin CdSe QD which is found to be stable and compatible in 
biological medium with reduced level of toxicity in both cancer and normal cells.

Recently many efforts are being made on the functionalisation of QDs to various 
in  vitro and in vivo imaging sensitivity and specificity. In this session, we will 
review the recent development of conjugated QDs for in vitro and in vivo imaging.

24.4.1  In Vitro Bioimaging for Cell Therapy 
with Nanophosphors

Uptake of nanophosphors for cellular imaging occurs through endocytic or phago-
cytic mechanism. For example, during in vitro imaging, the biomolecular cells can 
endocytose the capped nanoparticles when injected into an animal. The labelled 
cells can be tracked in vivo and follow their biodistribution for various diagnosis 
applications and cell therapy research. Jaiswal et  al. demonstrated the potential 
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application of QDs in cell tracking by reporting that the cells can store capped 
CdSe/ZnS QDs in vesicles through endocytosis after washing away the excess QDs 
[38]. Tracking of targeted cells has also been made possible by functionalised QDs 
binding to specific moieties present on the membrane of apoptotic cells but not on 
healthy or necrotic cells. For example, Gac et al. [39] have successfully detected 
apoptotic cells by conjugating QDs with biotinylated Annexin V, a 35-kDa protein, 
using two approaches as illustrated in Fig. 24.6. This enabled detection and imaging 
of apoptotic cells to monitor specific photostable apoptosis.

24.4.2  In Vivo Bioimaging for Cell Therapy 
with Nanophosphors

Nanophosphors is not only the most popular biomarker for in vitro imaging but also 
have been widely used as in vivo imaging agents. Using CuInS2/ZnS QDs as in vivo 
agent, Li et al. [40] demonstrated high contrast fluorescence imaging as well as the 
temporal evolution of the distribution of injected QDs in live mice, shown in 
Fig. 24.7.

However, cytotoxicity and the potential interference of QDs labelling with cel-
lular processes are primary issues in any live-cell or animal experiment. The in vivo 
application of QDs requires them to be low in toxicity, have high contrast, high 

Fig. 24.6 Schematic sketch of two approaches for detecting apoptotic cells by conjugating QDs 
with biotinylated Annexin V. (Reprinted with permission from Ref. [39] Copyright 2006: American 
Chemical Society)
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Fig. 24.7 (a) Fluorescence images exhibiting the temporal evolution of the distribution of intrave-
nously injected CuInS2/ZnS QDs into the tail of a healthy nude mouse (b) Fluorescence images of 
different parts of the mouse after dissection. (Reprinted in a modified form with permission from 
Ref. [40]. Copyright 2009: American Chemical Society)

sensitivity and photostability. The functionalised molecules also need to be assessed 
for longer time storage due to higher stability and resistant to extreme conditions of 
the chemical environment. Aptamers are found to possess these qualities and thus 
can potentially be an alternative or replace antibodies with short shell life and batch- 
to- batch variation. Highly specific binding of oligonucleotides to the aptamer mol-
ecules can thus be used to detect pathogens like SARS-CoV-2 virus [41] and bacteria 
such as Salmonella typhimurium within the concentration range from 3.3 to 
3.3 × 106 CFU/ml [42]. Another molecule such as phospholipid block-copolymer 
micelles also demonstrates the same type of characteristics. Important to mention 
the work of Dubertret et al. [43], who fabricated CdSe/ZnS QDs encapsulated indi-
vidually in phospholipid block-copolymer micelles, which were found not only to 
be highly stable and nontoxic after injection into embryo but also concluded that 
these could be followed during embryogenesis.

We have discussed earlier the use of PEG for increasing cell penetration. For in 
vivo imaging, Ballou et al. [44] showed long-term imaging of live mice revealing 
the importance of coating QDs with high molecular weight PEG molecules to 
reduce their toxicity and accumulation in the liver and bone marrow. Some studies 
also pointed out that the increase in the length of PEG coating polymer on the sur-
face of QDs was able to slow down their extraction toward the liver. So coating 
polymer on the surfaces was another factor worthy of considering when QDs are 
employed for in vivo imaging. However, this can be overcome by peptide- conjugated 
QDs as Yong et  al. [45] demonstrated encapsulated hydrophobic CdSe/CdS/ZnS 
quantum rods (QRs) coated with PEGylated phospholipids and conjugated with 
cyclic RGD peptide to be a bright, photostable, and biocompatible luminescent 
probe for the early diagnosis of cancer. This is illustrated in Fig. 24.8. Yang et al. 
[46] also showed cell-penetrating peptides to conjugate near-infrared quantum dots 
and labelled oral squamous carcinoma cells with quantum dot conjugates by endo-
cytosis for visual in vivo imaging. With this deep tissue penetration power, 
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Fig. 24.8 Strong luminescence signal towards in vivo imaging of mice at 2 weeks post- inoculation 
of Panc-1 cancer cells (pointed by white arrows) and injected with ~0.5 mg of cRGD peptide con-
jugated quantum rods (QRs). The autofluorescence is coded with green colour from tumour- 
bearing mice and red colour with the unmixed QR signal. The transmission image in (b) 
corresponds to the luminescence image in (a). (Reprinted with permission from Ref. [45]. 
Copyright 2009: American Chemical Society)

near- infrared quantum dot technology has efficiently increased the sensitivity of 
early diagnosis, visual observation and individualised treatment of cancer cells.

In the recent years, the potential of the QDs has been further explored to demon-
strate simultaneous imaging of trafficking lymph nodes which helps in predicting 
the route of cancer metastasis into the lymph nodes. Kobayashi et al. were the first 
to use the different emission spectra of the QDs to report fluorescence lymphangi-
ography. He injected five QDs with similar physical sizes but different emission 
spectra simultaneously into five different sites of the mouse body, that is, in the 
middle of phalanges, the upper extremity, the ears, and the chin. Different parts of 
the mouse body can be identified by certain fluorescence colours. Figure 24.9 is the 
schematic illustration of the five-colour spectral fluorescence imaging of the lym-
phatic system in the upper body of the mouse. The coloured lymph nodes are the 
draining nodes visualised in the body. This is the first demonstration of simultane-
ous imaging of trafficking lymph nodes with QDs having different emission spec-
tra [47].

The type of radiation which is used for biomedical imaging is also an important 
parameter. The optical transmission of the biological tissues in near-infrared (NIR) 
range (750–1000 nm) allows higher light penetration, results in lower autofluores-
cence and reduced light scattering, which gives clear image contrast. Therefore, 
probes which are excitable in the NIR range are preferable for both in vitro and in 
vivo imaging. As mentioned above the nanoparticles can be optically excited under 
ultraviolet light before their injection into small animals to emit a NIR persistent 
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Fig. 24.9 Anatomic representation of the five-colour spectral fluorescence imaging of the lym-
phatic system in the upper body of the mouse with a graph of the emission spectra of each of the 
five QDs used. (Reprinted with permission from Ref. [47]. Copyright 2007: American Chemical 
Society)

luminescence, which can be monitored in vivo for up to 1 h after their systemic 
injection. This short span has been the limitation of the first-generation persistent 
luminescence nanoparticles (PLNPs), as the long-term imaging in vivo needs per-
meability and retention effect of nanocarriers within the malignant stroma, usually 
up to 2 to 24 h. This has led to the recent developments to improve the extend the 
persistent of the PLNPs, which enables long afterglow or long-lasting phosphores-
cence that could last several hours after optical excitation. For instance, Thomas 
Maldiney et al. [48] observed persistent luminescence in mice tumour cells after 4 h 
of administration of chromium-doped zinc gallate. From 1 to 6 h after the injection, 
the luminescence intensity in the liver increased from 18% to about 50% of the total 
emission.

The type of radiation which is used for biomedical imaging is also an important 
parameter. The optical transmission of the biological tissues in the near-infrared 
(NIR) range (750–1000 nm) allows higher light penetration, resulting in lower auto-
fluorescence and reduced light scattering, which gives clear image contrast. 
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Therefore, probes which are excitable in the NIR range are preferable for both 
in vitro and in vivo imaging. As mentioned above the nanoparticles can be optically 
excited under ultraviolet light before their injection into small animals to emit a NIR 
persistent luminescence, which can be monitored in vivo for up to 1 h after their 
systemic injection. This short span has been the limitation of the first-generation 
persistent luminescence nanoparticles (PLNPs), as the long-term imaging in vivo 
needs permeability and retention effect of nanocarriers within the malignant stroma, 
usually upto 2 to 24 h. This has led to the recent developments to improve the extend 
the persistent of the PLNPs, which enables long afterglow or long-lasting phospho-
rescence that could last several hours after optical excitation. For instance, Thomas 
Maldiney et al. [48] observed persistent luminescence in mice tumour cells after 4 h 
of administration of chromium-doped zinc gallate. From 1 to 6 h after the injection, 
the luminescence intensity in the liver increased from 18% to about 50% of the total 
emission.

24.5  Band Structure Modelling of Nanophosphors

Apart from experiments, it is essential to compute the quantized energy states of 
nanophosphors for understanding the carrier absorption and recombination pro-
cesses that lead to bright luminescence. The theoretical concepts which explain 
these experimental observations can be utilised for controlling and optimising the 
parameters and helps in affecting the necessary modifications. Theoretical model-
ling in nanophosphors or QDs calls for the laws of quantum mechanics and the 
solution of three-dimensional Schrödinger’s equation which can be used to engineer 
its optical properties [49, 50]. The Schrödinger solver computes the emission wave-
length associated with the photoluminescence (PL) peak and also can be used to 
calculate the full PL spectrum. A very good correlation with the experimental results 
is found in the paper of Srujan et al. and the work can be implemented for any type 
of QD nanostructures [50]. Using the same process, Barmparis et al. [51] also com-
puted the shape-dependent single electron levels of gold nanoparticles. After know-
ing the quantized energy levels, a rate equation can be formulated for each of the 
quantum levels. This provides information about the carrier absorption and recom-
bination phenomena occurring in the QD which is used to compute the intensity of 
light emission or luminescence. Using a three-level rate equation model, Hu et al. 
thus modelled carrier dynamics in QD and described the power-dependent PL [52]. 
The intensity of luminescence obtained from the rate equation model can be used 
further to describe the optical transmission, scattering, absorption and colour con-
version process in the QDs and the theoretical fit to experimental data is found to be 
greater than 96% [53]. Theoretical accuracy can thus be used as a guideline for 
synthesising the nanophosphors with desired optical properties and performance in 
specific applications.
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24.6  Clinical and Pre-clinical Studies for Bioimaging

The biomarkers need to be confirmed and validated before it becomes clinically 
approved test for human use. Several correlative in  vitro and in  vivo studies 
have been conducted which have contributed to the data that are essential for 
interpreting and defining the precision and effectiveness of the biomarker end-
point. This can guide the medical professionals in the choice of the best treat-
ment option. For in vitro, the patient-derived xenografts models are in use where 
cells from patient tissues are propagated in mice and are therefore closer to the 
clinical situation.

Pre-clinical in vivo micro-imaging techniques offer superior technical possibili-
ties compared to current human imaging modalities because of (i) the immobility of 
the studied specimen (e.g. ex vivo lymph node and anaesthetized animal), (ii) higher 
spatial resolutions (e.g. special coils, higher frequency probes or higher magnetic 
fields), and (iii) possible use of novel contrast-agents, not approved for clinical use.

In spite of the success and the expected growth of non-invasive imaging by II–VI 
semiconductor nanophosphors as biomarkers, made over the last decades; it falls 
yet short of entering the clinics and becoming the standard neoadjuvant procedure. 
Several assessment studies including biodistribution, clearance, haematology, 
serum chemistry and histopathology studies have been conducted to assess the fea-
sibility of the acceptance of the II–VI semiconductor nanophosphors as suitable 
biomarkers.

Studies have indicated that the insoluble nanoparticles can cross the protective 
barriers and get accumulated showing toxic effects such as reduced cell viability, 
induction of apoptosis, oxidative stress and cell morphology changes in the lungs, 
brain, liver, spleen and bone [54–56]. Salmi et al. [57] conducted an experiment to 
study the toxicological effects of CdSe due to bioaccumulation on land snail Helix 
aspersa and concluded that the species is sensitive to the presence of the material by 
inducing stress and enzymatic mechanisms.

Researchers have come up with surface coating and surface modification to 
reduce the cytotoxicity and these approaches have been validated with the biodis-
tribution, pharmacokinetic and toxicity studies. Long-term and short-term in vivo 
pre- clinical studies were conducted by Su et al. [58] showing that water-dispersed 
CdTe QDs, CdTE/CdS core–shell QDs and CdTe/CdS/ZnS core–shell–shell QDS 
can be well tolerated even at high concentration incubation for a long time by 
various cell line as shown in Fig. 24.10. This is assumed to be due to the protective 
impact of the ZnS shell, impeding the release of Cd ions from the inner side. 
Further antimicrobial and biocompatibility study conducted by Mir et  al. [59] 
suggested that the surface modification of ZnSe with ZnS shell helps to enhance 
the fluorescence property, making these more biocompatible for biomedical 
applications.
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Fig. 24.10 Cell viability study of HEK293T cells with different concentrations of CdTe QDs, 
CdTe/CdS core–shell QDs (Cs-QDs) and CdTe/CdS/ZnS (CSS-QDs) core–shell–shell QDs for 
24 h (a) and 48 h (b), respectively. (Reprinted with permission from Ref. [58]. Copyright 2009: 
Elsevier)

24.7  Future Direction and Conclusion

In summary, we have given a detailed review of the latest research on important 
II–VI nanophosphors, process of synthesis, surface modification, bioconjugation, 
toxicity issues and various bioimaging modalities. Although there is a huge possi-
bility of utilising these nanoparticles for sensing and imaging in biomedical indus-
try, some challenges still exist that need to be addressed before it enters the clinical 
trials and audits. One of the challenges involves photoexcitation of these nanopar-
ticles using ultraviolet radiation due to higher band gap and this poses photodamage 
to cells and tissues. So here research scope exists in upconverting the nanoparticles 
by doping with lanthanides or other novel materials. These UCNs can be utilised for 
absorbing the incoming radiation in the near-infrared range instead of using harmful 
UV rays for photoexcitation. A detailed discussion is given about various research 
which has provided novel methodologies for effectively utilising these nanoparti-
cles in detecting various biomolecules, malignant tumours and biomarkers. Research 
can be focused on enhancing the luminescence of the UCNs for the development of 
high-sensitivity biosensors and imaging applications.

One important factor is based on cadmium-based nanophosphors which can pose 
a serious problem in the level of toxicity and thus can be barred for in vivo imaging 
applications if adequate steps are not taken. Thus, non-cadmium-based materials 
are recommended for biomedical imaging and medical diagnostics. In this domain, 
researches can be done with non-toxic zinc-based compounds such as ZnO, ZnS in 
the aforesaid applications although it needs to be kept in mind that increased levels 
of zinc absorption can become toxic [60]. However, cadmium nanophosphors also 
exhibit high-intensity luminescence which is vital for improving bioimaging effi-
ciency. Hence, to overcome the adverse issues of toxicity, a lot of researches have 
been carried out that reported effective capping and encapsulation of these nanopar-
ticles with non-toxic compounds or rare earth elements that prevent the release of 
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Cd2+ ions and led to a considerable reduction in toxicity. We have also suggested the 
usage of aptamer and block copolymer molecules which are found to be non-toxic, 
highly stable, that is resistant to extreme conditions and also offer higher sensitivity 
of detection and high contrast imaging. Peptide molecules are suggested for increas-
ing the cell penetration depth of the nanoparticles which can be highly photostable, 
bright and can be used as a biocompatible luminescent probe. Thus, with proper 
encapsulation technology and suitable synthesis methodology, it is also found that 
the CdSe QDs are successfully implemented in both in vitro and in vivo imaging 
with no increase in toxicity.

After analysing toxicity, other crucial parameters which need to be considered 
for effective in vitro and in vivo imaging are the intensity and persistence of the 
luminescence of nanoparticles. Research needs to be carried out on the choice of 
suitable phosphors which can offer long-term luminescence. The elemental compo-
sition of the chosen phosphor needs to be optimised to improve the persistence and 
efficiency in luminescence. Here scope for theoretical research also exists, such as 
development of three dimensional Schrödinger’s equation solver for computing the 
energy states and modelling the band structure. From the band structure, electron 
dynamics rate equation can be formulated which can provide useful guidelines on 
the energy transfer mechanism in nanophosphors. With this information, a new 
strategy can be proposed for improving the persistence and intensity of lumines-
cence along with tuning the luminescence peak in a specified region of the electro-
magnetic spectrum.

Finally, the question arises on the possibility of commercialisation and whether 
these encapsulated nanophosphors can be clinically approved for human use. The 
results of the biodistribution, pharmacokinetic and toxicity studies conducted on 
animal models as well as the human cells have enlightened the path of feasibility of 
acceptance of II–VI semiconductors as suitable biomarkers. The toxicological stud-
ies of the encapsulated biomarkers were well tolerated and this has confirmed that 
the surface coating and modification is an assured biocompatible application to 
reduce the cytotoxicity as well as increase the fluorescence effect. With these devel-
opmental studies, the different intra-vital imaging approaches in the clinics and in 
pre-clinical settings have stimulated further research, and the future is likely to see 
many technological advances on signal detection and emission as well as image 
specificity and resolution to tackle current hurdles.
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Chapter 25
Biosensors Based on II–VI Semiconductor 
Quantum Dots for Health Protection

Suria Mohd Saad and Jaafar Abdullah

25.1  Introduction: II–VI Semiconductor Quantum 
Dots- Based Biosensors for Health Protection

The result of human activities in daily life has adversely affected the environment to 
the point of polluting the soil for plant cultivation, drinking water and inhaled air. 
Undoubtedly, the issue of environmental pollution has led to the issue of global 
public health in various aspects of life. Clearly, efforts to intensify the development 
of biomonitoring are essential to enable the measurement of many environmental 
pollutants in ensuring public health. In diagnosis and health care, it is important to 
measure contaminants in biological samples. Therefore, fast, responsive, accurate 
and inexpensive assessment methods must be developed to detect such 
contaminants.

Quantum dots (QDs) is a bright luminescent nanoparticles (NPs) with average 
size of 2–20 nm which gives remarkable optical and conductivity features [1, 2]. In 
the periodic table, QDs are atoms located in groups II–VI, IV–VI or III–V and are 
semiconductor nanocrystals [3]. Many of the present insights into the optical prop-
erties of QDs have been reported [4] such as applications in biomedical [5], 
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fluorescence sensors [2], food science [6], solar cell [7] and food contaminants 
detection [8]. Many studies of nanocrystalline semiconductor QDs, particularly in 
biosensing using electron transfer (ET) have been explored for the past few decades. 
The ET-based sensing methods are not limited to the emission wavelengths pro-
vided by the QDs, due to the broad QDs excitation profile and in addition to its high 
photostability, thus providing the system with significant modularity. This allows 
each component in the sensing system to be easily replaced by another component 
to achieve the desired response.

The combination of selectivity and modularity is difficult to match with other 
sensing methods compared to ET-based sensing methods with QDs [9]. This is due 
to the fact that in energy transfer-based sensing methods, in order to provide sensi-
tivity and modularity, it requires a special coupling between organic fluorophores 
with a specific material and diameter [10]. Due to this, in energy transfer sensing 
methods there is a limit of the combination of other materials with organic fluoro-
phores which have a high potential of photobleaching [11]. This is in contrast to the 
use of QDs in ET as a sensing mode. QDs offer modular control for analyte types 
and from a sensitivity point of view due to their unique photophysical properties and 
size-tunable. This allows the surface of QDs to be functionalised with a variety of 
biological and chemical ligands in the ET system [12]. The nano-size of QDs 
increases the surface ratio leading to increase in signal density (signal/geometric 
surface area). The properties of the semiconductor QDs themselves, which have ion 
centres, accelerate electron transfer, indirectly improving biosensor perfor-
mance [13].

So far, there has been an effective increase in selectivity and sensitivity also 
reduction and removal of interference in nanosensors based on surface functionali-
sation of QDs [8]. Studies by Zhu et al. [14] show that the use of functional CdSe/
ZnS QDs to detect contaminants in food has increased the sensitivity of ratiometric 
fluorescent ELISA systems compared to traditional HRP-based ELISA methods. 
The use of QDs with dual-emission wavelengths provides two fluorescent intensi-
ties (FL) under the same excitation wavelength. This method can effectively get rid 
of the effects of variations in the study environment in probe concentration and 
excitation wavelength fluctuations.

Compared to conventional organic dyes, QDs are highly photostable and resis-
tant to photobleaching. They can be repeatedly excited and fluorescence for hours 
without photobleaching and maintaining brightness, but organic dyes are fragile and 
bleached after just a few minutes of exposure to light. QDs also have broad excita-
tion spectra compared to conventional organic dyes that have narrow excitation 
spectra. These properties allow QDs to be excited in a wide range of wavelengths 
compared to organic dyes that require an excitation light at certain wavelengths 
[15]. Therefore, QDs are very useful in multiple-colour imaging compared to 
organic dyes that have limited use for single-colour imaging. Even QDs are more 
useful for multiple-colour imaging, it also has a narrow emission spectrum which 
makes it easy to identify and separate one from another. In contrast, organic dyes 
have a broad emission spectrum that makes it more difficult to use in multiple target 
identification simultaneously. This behaviour could cause more overlap between the 
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emission spectra of different dyes than the emission spectra of different QDs that 
can be distinguished upon their size and composition [6].

In sensing application, as a biological labelling QDs have been demonstrated to 
be far more efficient fluorescence sensing donors than conventional fluorophores. 
Application of QDs in fluorescence sensing has been proven to improve fluores-
cence sensing efficiency and spectral overlap due to its wide spectral range and 
tuneable in size. The use of QDs in analysing tetrabromobisphenol A has been 
shown to increase sensing sensitivity around 1 order of magnitude lower than con-
ventional ELISA [14]. The use of QDs has also been shown to facilitate and increase 
sensing efficiency by detecting two types of analytes simultaneously in one 
response [16].

Different sensing schemes have been developed with QDs such as displacement 
of a bound quencher, structural or conformational changes in proteins and biocata-
lysed replication of DNA. Probes labelled QDs can be constructed easily by modi-
fying the surface of QDs with various sensing elements such as peptides, antibodies 
and DNA [17]. This offers flexibility in inventing diagnostic tools. Moreover, the 
capability to adjust QDs fluorescence emission in the visible spectrum and its inte-
gration into polymeric microbeads offers a flexible multiplex diagnostic platform 
which can identify multiple disease biomarkers simultaneously [18]. With its broad 
absorption characteristics and narrow emission spectrum, QDs have multiple exci-
tations at a single wavelength. In addition, the use of QDs in the analysis of complex 
samples, improves the sensitivity and repeatability of detection. This is due to QDs 
have a brightness and stability against photobleaching of 20 times and 100 times 
higher compared to organic dyes [19].

In conclusion to the above discussion, it can be observed that the real advantages 
that come from the superior characteristics of QDs should always be distinguished 
from the disadvantages of the use of inorganic probes in biological systems. Where, 
in certain applications, QDs are an excellent choice, or can be a very bad recom-
mendation. The advantages of using QDs in sensing systems are indeed indisput-
able. In this review, we present the main chemical and physical mechanisms used 
for the detection of various biological components such as bacterial pathogens, 
toxic materials, environmental pollutants, pesticides, allergens, etc. with the use of 
QDs. We present examples of the most successful QDs applications in health pro-
tection as lateral flow immunoassay, electrochemical and optical sensors. Next, we 
focus on perspectives for further advancement in this area.

25.2  Biosensors Based on II–VI Semiconductor Quantum 
Dots for Detection of Pathogenic Bacteria

Diseases associated with pathogenic bacteria, are among the major threats to human 
health, especially to those with immuno-compromised, children and the elderly. 
Most of epidemic and infectious diseases in humans are due to pathogenic bacteria 
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because they can be found everywhere in the environment. Various techniques have 
been developed in the detection of bacterial pathogens. Traditional methods for the 
detection of bacterial pathogens in the environment are such as microbiological 
methods, which involve agar culture and followed by colony counting, which is 
complicated, time-consuming and inefficient [20].

The application of polymerase chain reaction (PCR) followed by gel electropho-
resis is faster, selective and sensitive [21] than traditional methods, but requires 
agarose gel electrophoresis in the process of DNA detection, which is carcinogenic 
[22]. Real-time PCR, on the other hand, involves expensive reagents, the use of 
sophisticated optical detection equipment and requires skilled personnel [23]. In 
addition, studies related to DNA as the target of analysis mostly struggle with the 
need for target amplification using a variety of strategies such as time-consuming 
and complicated isothermal amplification [24]. While fluorescent-based biosensors 
often face problems in terms of sensor performance and insensitive response [25].

Therefore, there is an urgent demand for simple techniques capable of detecting 
bacterial pathogens at high sensitivity, specificity, less toxic, stable and agile. So 
that testing for bacterial pathogens can be done anywhere and the tool is user- 
friendly and can provide accurate and immediate results. The limited monitoring 
processes and control techniques available in the market have raised public health 
concerns. Currently, no product can meet all of these criteria. In recent years, group 
II–VI of semiconductor quantum dots-based sensing has been considered an effi-
cient and unique platform for rapid, selective, ultrasensitive, qualitative and quanti-
tative detection of single or multiple pathogenic bacteria.

Studies by Wang et al. [26] have used the unique properties of QDs which is 
although they are different in sizes and excited at the same wavelength but yet emit-
ting at different emission wavelengths. Three types of CdSe/ZnS QDs (330/430, 
520 and 620 nm in the excitation/ emission wavelength evaluated) have been used 
in this study (Fig. 25.1). This unique property with different emission peaks has 
made it possible for the simultaneous detection of three types of pathogens.

Sharma et al. [27] have used electrochemical immunosensing method using ZnS 
QDs for detection of Staphylococcal enterotoxin B (SEB). In this study, ZnS QDs 
were functionalised with monoclonal antibodies (revealing antibodies) and used as 
signal materials in the electrochemical detection system. In this electrochemical 
method, ZnS was dissolved by the HCl through the oxidation process and turned 
into zinc ions (Zn2+) and function as indicators for the detection of SEB (Fig. 25.2). 
Although the detection sensitivity of this method is low compared to the conven-
tional ELISA method but it meets the minimum concentration of SEB that can 
cause disease in humans. The more important is that this method has successfully 
shortened the analysis time and is suitable for on-field analysis because it is easy 
and fast.

Bui et al. [28] have used the doping technique of bare ZnSe QDs with transition- 
metal ions to improve fluorescence efficiency. A layer of ZnS is coated around the 
Mn-doped ZnSe QDs to enhance its optical properties. The developed method has 
successfully detected bacteria in 30 min with high sensitivity (Fig. 25.3). This QDs 
labelling method has the potential to be used in the food industry for the control and 
prevention of foodborne diseases.
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Fluorescence detection

The three QDs probes

IMB- Three Pathogens-The
three QDs probes

Fig. 25.1 A peptide-mediated immunomagnetic separation technique and an immunofluorescence 
quantum dot technique for simultaneous and rapid detection of Escherichia coli O157:H7, 
Staphylococcus aureus and Vibrio parahaemolyticus. (Reprinted with permission from Wang et al. 
[26]. Copyright 2020: ACS)

Fig. 25.2 Bioconjugation mechanism for the tagging of mice anti-SEB antibodies with mercapto-
propanoic acid-capped ZnS QDs using EDC/NHS chemistry (a) and procedure for the QDs-based 
electrochemical immunosensing of SEB is shown in (b). (Reprinted with permission from Sharma 
et al. [27]. Copyright 2015: Elsevier)
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Fig. 25.3 The structure of synthesised CSQDs and its application in the bacteria detection. 
(Reprinted from Bui et al. [28]. Published 2020 by Hindawi Publ. as open access)

This review presented the detection of pathogenic bacteria, especially in con-
taminated food samples and thus helped prevent the outbreak of this foodborne 
disease. Therefore, it is clear those innovations in conventional methods for the 
detection of pathogenic bacteria have been actively pursued. Most of these efforts 
focus on the use of NMs especially in optical sensing to enhance detection sensitiv-
ity and miniaturisation of instrument to keep up with current developments in nano-
technology research.

25.3  Biosensors Based on II–VI Semiconductor Quantum 
Dots for Detection of Toxic Materials

Mycotoxins are a large secondary metabolite produced by fungi that are capable of 
posing a health threat to humans and animals due to their toxicity. It is one of the 
most important and toxic contaminants found in many foods and agricultural prod-
ucts [29].

Common methods used for the detection and confirmation of mycotoxins mainly 
include thin-layer chromatography (TLC) [30], liquid chromatography coupled 
with mass spectrometry (LC-MS) [31] and high-performance liquid chromatogra-
phy (HPLC) [32]. However, such methods require complicated pretreatment, expen-
sive and special instruments and even professional staff.

The emergence of semiconductor quantum dots (QD) in biosensor development 
has proven to be an efficient, attractive and convincing component material  
with high simplicity, rapidity, selectivity and sensitivity. CdSe QDs-based 
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immunochemical techniques were successfully developed by Beloglazova et  al. 
[33] for simultaneous screening of several mycotoxins. Simultaneous detection can 
occur because the conjugates of mycotoxin are labelled with fluorescent QDs hav-
ing different spectra (orange, red and green emission), thus allowing to be scanned 
at different wavelengths as a result.

Goftman et al. [34] have modified the surface of QD@SiO2 NPs with amino-, 
carboxyl- and epoxy-functional groups to obtain stable bright and sensitive fluores-
cent labels. The modified QD@SiO2 was then conjugated with antibodies and used 
on a microtiter plate-based immunoassay and a quantitative column-based rapid 
immunotest for the detection of mycotoxin deoxynivalenol (Fig. 25.4).

Foubert et al. [35] have innovated a tricolour-QD and CG-based LFIA system for 
the detection of DON, ZEN, T2 and HT2 mycotoxins. In this system, monoclonal 
antibodies (mAb) against DON, ZEN and T2 were labelled with CdSeS/ZnS QDs 
or colloidal gold (CG) allowing direct and correct comparison of developmental and 
performance characteristics (Fig. 25.5).

Vahid et al. [36] have developed an off-on probe based on chemiluminescence 
resonance energy transfer (CRET)-derived chemiluminescence (CL) emission of 
glutathione-modified CdSe quantum dots (GSH-CdSe QDs) for cyanide (CN−), poi-
sonous toxin measurement. The synthesised GSH-CdSe QDs showed an increased 
effect on the intensity of CL emission and a reduced effect on the reaction time of 
this system. They catalyse the aforementioned CL responses, cooperate in the 
CRET process to act effectively as acceptors and generate a sensitising emission 
(Fig. 25.6).

In conclusion, regular screening for mycotoxins is a necessity for health pro-
tection. In addition, it is very important to accurately investigate the worldwide 
distribution of mycotoxins, as well as their toxigenic potential. Further improve-
ments are needed in detection procedures as well as the sensitivity of analytical 
methods to mycotoxins, with respect to recovery, accuracy and precision of 
measurements.

Fig. 25.4 Functionalising of silica-coated CdSe quantum dots allow its bioconjugation with IgG 
in developing sensitive immunoassays. (Reprinted with permission from Goftman et  al. [34]. 
Copyright 2016: Elsevier)
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Fig. 25.5 Colloidal gold- and quantum dot-based multiplex lateral flow immunoassay for simul-
taneous detection of four mycotoxins. (Reprinted with permission from Foubert et  al. [35]. 
Copyright 2017: Elsevier)

Fig. 25.6 Design for off-on determination of cyanide based on CdSe QDs-improved CL and 
quenching effect of Au NCs. (Reprinted with permission from Vahid et al. [36]. Copyright 2019: 
Elsevier)
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25.4  Biosensors Based on II–VI Semiconductor Quantum 
Dots for Detection of Environmental Pollutants

Environmental pollutants especially from heavy metal contamination usually 
occur in the developing countries due to industrial activities such as chemical 
manufacturing, metal processing, mining and soil fertilisation with improper 
management and treatment of metal ions [37]. Heavy metal pollution has a major 
impact on ecological systems and human health. Therefore, it is important to 
develop a sensitive, selective, portable and fast detection of heavy metal ions. To 
resolve the disadvantages of conventional methods which are time-consuming, 
less sensitive, complicated methods and high cost, quantum dots (QDs)-based 
nanomaterials have been used in developing sensors to improve the sensing per-
formance [38].

The use of lead (II) sulphide (PbS) has been explored to improve the sensitivity 
and selectivity of QDs semiconductor nanocrystals. In this sense, Rahimi et al. 
[39] developed a system for the detection of arsenite (As(III)) ions in samples 
water based on Meth-capped PbS QDs that were synthesised using a simple aque-
ous chemical approach using L-methionine (Meth) as a template (see Fig. 25.7). 
This system was evaluated in solutions with different concentrations of As(III) 
ions, finding detection limits as low as 3.7 ppb proven through the fluorescence 
quenching. The mechanism involved in detection of As(III) is related to the for-
mation of an S, N bidentate chelate ring by strong interaction between As(III) 
and Meth.

Other works report a fluorescence quenching system that involves the combina-
tion of both static and dynamic quenching process (Fig. 25.8). Srivastava et al. [40] 

Fig. 25.7 The Meth-capped PbS QDs acted as an effective fluorescent ‘turn-off’ probe for detec-
tion of As(III) ions. The sensor showed high sensitivity, selectivity and repeatability. (Reprinted 
with permission from Rahimi et al. [39]. Copyright 2021: Elsevier)
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Fig. 25.8 The proposed mechanism for fluorescence quenching of fluorophore (f-SnS2 QDs) in 
presence of quencher (Fe3+ ions). (Reprinted with permission from Srivastava et al. [40]. Copyright 
2020: Elsevier)

developed a system based on optical sensor of 0D tin disulphide quantum dots (SnS2 
QDs) for detection of Ferric ion (Fe3+). Initially, this system showed a fluorescence 
compatible with the static quenching phenomenon, in which the interaction of the 
hydroxyl group present in f-SnS2 QDs through non-radiative electron/hole recombi-
nation annihilation with Fe3+ ion is essential. In the excited state with successive 
addition of Fe3+ ions, coordination between electron-rich amino group and electron- 
deficient Fe3+ ions is produced, leading to a dynamic quenching process. Finally, 
significant fluorescence quenching of f-SnS2 QDs occurred following the successive 
addition of Fe3+ ions. The system showed excellent detection of Fe3+ ions up to 
0.84 μM when excited at 330 nm.

Demand for rapid detection biosensors will increase as the world becomes 
increasingly aware of the adverse consequences of environmental pollution on eco-
systems and public health. However, despite all these efforts, properties such as the 
toxicity of systems using semiconductor QDs in biosensor development in the envi-
ronment must be evaluated. Biosensors need to be able to convince potential users, 
taking into account that the commercialisation of new devices and their use in the 
detection of contaminants in water sources will not generate additional pollution 
problems [37].
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25.5  Biosensors Based on II–VI Semiconductor Quantum 
Dots for Detection of Pesticide

Large amounts of pesticides have been used in agriculture every year to increase 
crop yield. However, its widespread use in agriculture is risky because disclosure of 
pesticide residues through food is five times higher than disclosure through drinking 
water or air [41]. The increasing use of pesticides in agriculture is becoming increas-
ingly significant, posing a threat to global human health as a result of the use and 
exposure of contaminated water and soil. Based on the fact that pesticide residues 
are a global threat to human health and the environment, accurate and rapid detec-
tion methods have become a major focus of researchers around the world.

There are many pesticide verification methods including gas chromatography- 
tandem mass spectrometry (GCMS) [42], liquid chromatography-tandem mass 
spectrometry (LCMS) [43], molecular printing polymers [44] and capillary electro-
phoresis [45]. However, this method is not suitable for on-field testing as it requires 
skilled manpower, sophisticated equipment and high cost. Recently, the study of 
semiconductor QDs-based has attracted the interest of many researchers because of 
their high sensitivity, simplicity, controllability and test repeatability.

Tafreshi et al. [46] have used the green method, namely by using cauliflower as 
a precursor to CDs synthesis. The synthesised CDs were then used in development 
of ultrasensitive fluorescent sensor to detect diazinone, glyphosate and amicarba-
zone pesticides. The use of CDs in FRET system has proven to be cost-effective, 
reproducible, sensitive, applicable for real samples and user-friendly (Fig. 25.9).

A study by Xu et al. [47] for the detection of Cyfluthrin (CYF) showed success 
in increasing the sensitivity of molecularly imprinted-quantum dots (MI-QDs)-
based detection systems. The use of cadmium selenide quantum dots (CdSe QDs) 
has increased electrical conductivity through an increase in electron transfer capa-
bility. The QDs used in this study are proven to have good electrochemilumines-
cence (ECL) properties and superior in conductivity (Fig.  25.10). Therefore, it 
significantly helps to improve the ECL signal.

Fig. 25.9 The principle of FRET system through CDs fluorescence quenching by pesticides. The 
acceptors are three different pesticides and donors are CDs. (Reprinted by permission from 
Tafreshi et al. [46]. Copyright 2020: PLoS One)

25 Biosensors Based on II–VI Semiconductor Quantum Dots for Health Protection



644

CyfluthrinNafion-MWCNTsMIP-QDs

ECL quenching
ECL Signals

GCEGCE GCE

GCE

OOH-+OH-

O2+H2O e e e

+H 2O
+ +H2O2R-∙

R

hv+R

Time/s

Without CYF
With CYF

0
0

500

1000

1500

2000

2500

3000

3500

20 40 60 80 100 120 140

E
C

L
 I

n
te

n
si

ty
/a

.u
.

OH-+R*

Fig. 25.10 Schematic representation of MIECL sensor development. (Reprinted from Xu et al. 
[47]. Published 2020 by MDPI as open access)

Tran et al. [48] has started a study using CdSe and CdTe QDs in developing fab-
ricated fluorescence biosensor for the detection of parathion methyl (PM) pesticide. 
This study has applied the principle of inhibition of the acetylcholinesterase (AChE) 
enzyme by pesticides that disrupt the hydrolytic rate of acetylthiocholine (ATCh) 
eventually leading to changes in the photoluminescence intensity (PL) of CdSe or 
CdTe QDs. This study has successfully developed a highly sensitive fluorescent 
biosensor with good performance in detecting PM pesticides up to 0.05 ppm.

Many studies involving the use of semiconductor QDs for pesticide detection 
have been initiated long ago. Ge et al. [49] also showed that the sensitivity and sta-
bility of chemiluminescence (CL) sensors modified with CdTe were successfully 
improved compared to bare sensors without modification with CdTe. This study has 
shown that the process of electron transfer from electron-rich organic molecules to 
CdTe QDs, a good semiconductor has effectively disrupted the excitonic recombi-
nation process (i.e., electron–hole pair). The success of manipulating this electron 
transfer basis has been applied in the detection of small organic molecules 
(Fig. 25.11).

The consequences of the harmful effects on human health from long-term con-
sumption of pesticide-contaminated foods lead to the tendency and demand for por-
table and rapid pesticide detection technologies. Pesticide-contaminated food 
analysis faces constant modification due to the complexity of the matrix, the low 
concentration of target compounds and the increase in the number of pesticides 
approved for use. Through the development of sensing technology, innovative meth-
ods based on nanoparticles (NPs) in pesticide detection have attracted more atten-
tion due to their high sensitivity and low cost.
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Fig. 25.11 Modification of 96 well micro-plate with MIP-CdTe QDs. (Reprinted with permission 
from Ge et al. [49]. Copyright 2011: Elsevier)

25.6  Biosensors Based on II–VI Semiconductor Quantum 
Dots for Detection of Allergens

Food allergy is an abnormal immune response to food which usually trigger by 
severe immunoglobulin E (IgE)-mediated allergic reactions, such as atopic derma-
titis, emesis, diarrhoea, urticaria, angioedema and may even endanger [50]. Common 
food allergens that are always reported such as milk, eggs, fish, shellfish, tree nuts, 
peanuts, wheat and soybean. World Health Organization and International Union of 
Immunological Societies (WHO/IUIS) have recognised about 740 allergens which 
260 molecules (35%) were labelled as food allergens, belonging to the Animalia 
(phyla: Arthropoda, Chordata, Mollusca and Nemata) and to the Plantae (phyla: 
Liliopsida and Magnoliopsida) kingdoms, twelve allergens (4.6% of known food 
allergens) are not real food molecules because they are all proteins from Anisakis 
simplex [51].

Current techniques for the detection of food allergens in industries such as 
enzyme-linked immunosorbent assay (ELISA) or lateral flow test using strips [52] 
have been developed for detection of proteins from the allergenic foods are conve-
nient for onsite application as compared to PCR analysis. However, they have sev-
eral drawbacks, which involve several steps of operation, are not practical for large 
number of samples and require photodetector for quantitative measurement. 
Therefore, simple, rapid and sensitive method is urgently needed for the detection 
of allergens in food.

A microfluidic system integrated with CdSe quantum dots (Qdots) function-
alised graphene oxide (GO) coupled with aptamer nano-biosensor for simple, 
rapid and sensitive food allergen detection has been developed [53]. The food 
allergen is Arachis hypogaea 1 (Ara h1), one of the major allergens in peanuts. 
The biosensor based on Qdots/GO/aptamer complexes interact with the food 
allergens (Ara h1) resulting in fluorescence changes where the fluorescence 
quenching and recovering properties of GO through the adsorption and desorption 
of QDots-conjugated aptamers (Fig. 25.12). The microfluidic biosensor system 
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Fig. 25.12 (a) Schematic of the sensing mechanism of the Qdots-aptamer-GO quenching system, 
(b) Schematic diagram of microfluidic chip design. (Reprinted with permission from Weng & 
Neethirajan [53]. Copyright 2016: Elsevier)

took approximately 10 min for the quantitative detection of Ara h1 with a detec-
tion limit of 56 ng/mL.

Wang et al. [54] have reported a sensitive immunosensor based on FRET mecha-
nism using combination of gold nanoparticles (AuNP) and InP/ZnS quantum dots 
(QD) for the detection of arginine kinase (AK) which is one of the vital allergens in 
shrimp products. In this work, the first antibody was conjugated with AuNP 
(AuNP-Ab1) and the secondary antibody conjugated with QD (QD-Ab2). In the 
presence of AK, immunoreaction between AuNP-Ab1/AK/QD-Ab2 occurred, and 
the proximity interaction of AuNPs and GQDs in the immuno-complex quenched 
the fluorescence signal (Fig. 25.13). The change in fluorescence intensity was pro-
portional to the logarithm of AK in the concentration range of 1.0  ×  10−6  – 
1.0 × 10−3 mg/mL (R2 = 0.9909) with the detection limit of 0.11 ng/mL. The sensor 
took about 30 min for the detection of AK.
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Fig. 25.13 Schematic illustration of the proposed immunosensor based on FRET between 
antibody- modified AuNP and InP/ZnS QD for arginine kinase (AK) detection. (Reprinted with 
permission from Wang et al. [54]. Copyright 2021: Elsevier)

A rapid and sensitive detection method for crustacean allergen tropomyosin 
(TM) has been developed by Wang et al. [55]. In the study, polyclonal antibodies 
were labelled with CdSe/ZnS core-shell quantum dots using the lateral flow tech-
nique has been explored (Fig. 25.14). The results of the developed sensor can be 
obtained within 30 min with a visual limitation of 0.5 μg/mL and with an instrumen-
tal limitation of 0.05 μg/mL.

In Fig. 25.15, an electrochemical immunosensor device based on 3D printed mini 
cell integrated two thermoplastic electrodes and a disposable screen-printed carbon 
working electrode modified with Sb2O5/SnO2 for determination of adulteration of 
cheese produced from ewe/goat’s milk with cow’s milk has been demonstrated [56]. 
The system operated in two steps, first: a competitive immunoassay on the surface of 
the screen-printed working electrode using biotinylated anti-bovine k-casein labelled 
with streptavidin-conjugated CdSe/ ZnS quantum dots (QDs), second: detection of 
Cd(II) released after the acidic dissolution of Cd-based QDs by using stripping 
voltammetric technique. Under the optimal experimental condition, the limit of detec-
tion of 0.07% (v/v) of cow’s milk in ewe/goat’s cheese has been achieved.

25.7  Summary

This review summarised the development of different biosensor systems by high-
lighting the current trend and potential solutions in achieving affordability, portabil-
ity, higher accuracy and adaptability for health protection monitoring. The principle 
of the developed biosensor has been described in detail in terms of biorecognition 
used in the detection, type of quantum dots, sensitivity, technique of detection 
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Fig. 25.14 Schematic diagram of the lateral flow immunoassay. (a) The QDs-based competitive 
reorganisation on the strip. (b) The real photos of lateral flow strip. As the T-line decreased, the 
sample is judged to be positive. Degrees of the fluorescence decrease indicated the level of TM. The 
strip is invalid in the absence of C-line. (Reprinted with permission from Wang et  al. [55]. 
Copyright 2019: Elsevier)

(lateral flow test, optical or electrochemical), apart from its conventional and latest 
detection method in various types of samples. In this context, electrochemical tech-
nique shows potentially a powerful solution where the electrochemical setup can 
offer high sensitivity and high specificity, in conjunction with the portable reader 
and low power consumption of the setup; however, it is very sensitive to extreme 
environmental changes or interference of electroactive species. In addition, lateral 
flow test offers fast and low-cost analysis, qualitative or quantitative and simple 
procedure; however, its limitation is less sensitive, inaccurate sample volume 
reduces precision and requires good antibody preparation. The improvement of cur-
rent approaches in combination with quantum dots-based materials will hopefully 
provide simple, sensitive, selective and rapid analysis for biosensing in real-world 
applications. The major route of health threat contaminants and their allied health 
hazards are described in Table 25.1.
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Fig. 25.15 Schematic diagram of the immunoassay-based sensor for the determination of adul-
teration of ewe/goat’s cheese with cow’s milk. (Reprinted with permission from Livas et al. [56]. 
Copyright 2021: Elsevier)

Table 25.1 Major route of health threat contaminants and their allied health hazards

Major routes Common contaminants Health risks References

Pathogenic 
bacteria

Escherichia coli O157:H7, 
Staphylococcus aureus, Vibrio 
parahaemolyticusis and 
Staphylococcal enterotoxin B

Food poisoning [26, 27]

Toxic materials Mycotoxin Carcinogenesis [34, 35]
Cyanide Hypoxia and fatal [36]

Environmental 
pollutants

Arsenite (As(III)) ions Skin damage, circulation 
system problem and dead

[39]

Ferric ion (Fe3+) Dysfunction of organs, 
hemochromatosis and 
Alzheimer’s 
neurodegenerative diseases

[40]

Pesticide Organophosphorous Pesticides Mutagenicity, nervous 
system problems, 
carcinogenesis

[46]

Cyfluthrin Toxic effect on the 
respiratory, nervous, immune 
and reproductive system

[47]

Deltamethrin Neurotoxin [49]
Allergens Peanut allergen Severe food-induced allergic 

reactions
[53]

Arginine kinase Severe food allergic 
reactions

[54]

Crustacean major allergen 
tropomyosin

Adverse allergic reactions [55]
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Chapter 26
Application of II–VI Semiconductor-Based 
Biosensors in Nanomedicine 
and Bioanalysis

Bruno Gabriel Lucca and Jacqueline Marques Petroni

26.1  Introduction

Inorganic semiconductor crystals, also called quantum dots (QDs) are a class of 
nanoparticles with spherical or quasi-spherical shape and size ranging between 2 
and 20 nm that has gained great interest in recent years. It may be attributed to their 
unique photophysical features, which include a wide absorption spectrum, narrow 
and tunable emission profile, long fluorescence life and photo-stability. These inter-
esting electronic properties are attributed to the confinement of excited electrons 
that are bound to the existing interstices in the valence band. The quantum effect 
occurs when the size of these nanoparticles gets close to the dimension of excited 
electron. As the size of QDs decreases, the effective bandgap increases. It generates 
attractive optical and spectroscopic features that depend on the nanocrystal size [1]. 
The excellent optical properties of QDs have been widely used in biomedicine and 
bioanalysis. Moreover, the good biocompatibility makes semiconductor QDs a very 
promising material for use in medical applications. QDs are also utilised in therapy, 
diagnostics and various sensing platforms [2]. So, this chapter will cover some 
applications of QDs in nanomedicine and biosensing. The focus will be on semicon-
ductor QDs classified as group II–VI (CdS, CdSe, CdTe, ZnO, ZnS, ZnSe and 
ZnTe). The main idea is to introduce the reader to current trends in the use of QDs 
for medical procedures and bioanalytical sensing.
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26.1.1  Groups II–VI Quantum Dots

The first studies regarding QDs utilised compounds from groups II to VI, due to the 
fact that synthesis of metal-based sulphides is not difficult and the necessary precur-
sors are easily acquired. Up to now, CdX compounds (where X is Se, S or Te) are 
the most explored quantum dots. In a pioneering work from 1981, Kalyanasundaram 
and collaborators first synthetized colloidal CdS in an aqueous media. A very inter-
esting finding made by them was that, as the dimension of the CdS particles become 
smaller, the photoactivity becomes more intense [3]. Posteriorly, in 1983, Rossetti 
and collaborators studied the effect of QDs size in the emission bands, which 
expanded the scope for utilisation of QDs [4]. Currently, QDs of groups II-VI are 
one of the most developed and most explored in several areas, including medical 
applications. However, the presence of heavy metal cadmium in groups II–VI is a 
drawback aiming for applications in medicine. Fortunately, the element zinc is also 
a member of same group and has features and structures close to cadmium. This 
way, zinc has been an interesting alternative to overcome the limitation of use due 
to the toxic nature of cadmium. Furthermore, the tunable emission spectrum of 
semiconductor QDs, which ranges from ultraviolet (UV) until the near-infrared 
(NIR), can be adjusted to suit the desired application. Figure 26.1 demonstrates the 
emission range covered by some semiconductors QDs of groups II–VI.

Fig. 26.1 Wavelength range covered by the emission band of some semiconductor QDs (a) and 
fluorescence colours obtained from CdSe QDs under different wavelengths (b). (Reprinted with 
permission from Bian et al. [5]. Copyright 2019: John Wiley and Sons)
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26.2  QDs in Nanomedical and Bioanalytical Applications

Since the development and synthesis of QDs achieved a mature stage, researchers 
directed their work to applications involving these particles. Due to biocompatibil-
ity, one of the areas where QDs are most explored is within medical research [6]. 
However, biological applications require the modification of QDs surface. It can be 
achieved using a wide variety of binders. These ligands play a crucial role in regu-
lating compatibility, bioconjugation and water dispersibility between QDs and bio-
logical media. Some requirements for ideally biocompatible QDs are to form stable 
colloids in aqueous media, present salt and pH stability, demonstrate high target 
selectivity for specific biological agents, exhibit high photoluminescent effect and 
have minimal size [7]. The most explored procedures for modification of QDs are 
silanisation [8], encapsulating using amphiphilic ligands [9], ligand exchange [10] 
and coating with phospholipid micelles [11]. In the next topics, some QDs-based 
approaches applied in nanomedicine and bioanalysis will be discussed. They will be 
focused on biosensing probing, drug delivery, therapy approaches and applications 
in electrochemical/photo-electrochemical/optical detection.

26.2.1  QDs-Based Therapy and Drug Delivery Approaches

In the last decade, the exploration of QDs in medical approaches such as diagnostics 
and drug delivery has also shown promising application potential. The electronic 
and tunable properties of semiconductor QDs make them more interesting to such 
applications in comparison with organic fluorophores. Thus, the possible uses of 
semiconductor QDs as therapeutic agents have drawn the attention of several 
researchers. The most explored application of QDs in medical therapy aims to treat 
cancer, which is one of the deadliest diseases of modern times [12, 13]. The success-
ful detection and imaging of cancer are fundamental to track the tumour, defining 
the best therapeutic options and monitoring the treatment evolution [14].

In this context, Lefojane and colleagues recently demonstrated the cytotoxic 
properties of CdO QDs, which were synthesized via a green chemical pathway, 
against some breast cancer cell lines. An important advantage of cadmium oxide is 
that it has lower toxicity compared to semiconductor nanoparticles and is not harm-
ful to human cells [15]. Jing et al. [16] evaluated the cytosolic delivery of CdSe/
CdZnS QDs in lymphocyte cells. The biocompatibility of QDs was improved by 
coating them with a cell-penetrating peptide that consisted of an Asp-Ser-Ser (DSS) 
repeated sequence. In comparison with control QDs, the DSS-coated QDs presented 
higher mobilities and a greater propensity to remain in the monomeric state, show-
ing great potential for in vivo drug delivery and gene therapy. Mansur and collabo-
rators synthetized new inorganic–organic hybrids CuS-based QDs using a green 
aqueous procedure and carboxymethylcellulose (CMC) as a capping ligand. They 
explored the feasibility of these novel nanocrystals in nanotheranostics for the first 
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time. The nanostructures were functionalised with folic acid and complexed with 
anti-cancer drugs aiming for effective targeting in cancer cells. The approach was 
successfully utilised to kill breast cancer cells in vitro [17].

In another work, Shi et al. [18] reported a novel magnetic CuS QDs doped with 
gadolinium. This semiconductor nanoparticle was engineered in a tumour- targeting/
matrix metalloprotease-2 (MMP-2) activatable nanoprobe (called as T-MAN) by 
covalent modification and explored for treatment of gastric cancer by near-infrared 
photothermal therapy. The T-MAN particles presented good photothermal conver-
sion efficiency (ca. 70%) and showed effectiveness on the production of heat aiming 
killing tumour cells in living mice. As shown in Fig. 26.2, the results suggested that 
stomach tumours were successfully removed from mice after 16 days of photother-
mal treatment, whereas tumours continued to grow in untreated mice, utilised as 
control. Tsolekile and colleagues [19] investigated the feasibility of glutathione- 
capped core/shell CuInS/ZnS QDs conjugated to 5,10,15,20-tetrakis(3- 
hydroxyphenyl)porphyrin for therapy approaches. These conjugated QDs presented 
higher cytotoxicity regarding human leukaemia cells (death rate > 60%) in compari-
son with the bare QDs, besides improved cell uptake.
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Fig. 26.2 Bioluminescence images (a) and mean bioluminescence magnitude (b) of gastric 
tumours obtained from non-treated (Control) and treated with T-MAN and laser live mice; Ex vivo 
bioluminescent images (c) and bioluminescent intensities (d) of gastric tumours obtained from 
mice which were non-treated (control) and treated with T-MAN and laser for 16 days. (Reprinted 
with permission from Shi et al. [18]. Copyright 2019: American Chemical Society)
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Nanomaterials also benefit therapeutic activities such as drug delivery. As nano-
materials can accumulate at the diseased sites in higher concentrations than conven-
tional drugs, systemic toxicity is reduced and target delivery is optimised. Cai and 
colleagues developed a drug delivery platform based on pH-responsive ZnO QDs. 
These QDs-based nanocarriers were utilised to carry out the controlled release of 
doxorubicin (DOX) molecules into lung cancer cells. The ZnO QDs were protected 
with dicarboxyl-terminated poly(ethylene glycol) (PEG), which yielded good sta-
bility at physiological pH conditions. The specific binding of QDs to the glycopro-
tein CD44 in cancer cells was achieved by conjugation of hyaluronic acid (HA), 
which acted as targeting ligand. Results showed concentration-dependent and time- 
dependent cytotoxicity, indicating a consistent and controllable drug delivery activ-
ity for the HA-ZnO-DOX system [20]. Yang et  al. [21] reported a simple and 
environmentally friendly method for the synthesis of ZnS-coated quercetin/CdSe 
QDs (QCZ-QDs). Quercetin has known properties against inflammation, bacteria 
and cancer, in addition, to be an efficient anti-ageing agent. The results of in vitro 
experiments showed that QCZ-QDs presented higher antibacterial activity against 
Escherichia coli and B. subtilis in comparison with sole quercetin or CdSe nanopar-
ticles. The QCZ-QDs also showed increased anticancer activity compared to raw 
quercetin and CdSe nanoparticles, demonstrating promising application potential.

Application of QDs in theragnostic approaches has also been explored. 
Theragnostic requires the utilisation of two agents, one for therapy and another for 
diagnosis. The use of theragnostic may be a better way to monitor the effectiveness 
of treatment response, expediting therapeutic decisions and improving the life qual-
ity of patients. Within this topic, Olerile et  al. demonstrated the potential of co- 
loaded NLC (nanostructured lipid carriers) as a multifunctional drug delivery 
system for cancer theragnostic. The NLC consisted of CdTe/CdS/ZnS QDs and 
paclitaxel (PTX), which is one of the most effective anticancer drugs known. This 
co-loaded NLC was obtained by emulsion-evaporation and low temperature- 
solidification methods. Results showed that the co-loaded NLC inhibited the growth 
of cancer tumours in 78%. In addition, imaging obtained through in vivo and ex vivo 
experiments suggested that the NLC targeted and detected the cancer tumours with 
good selectivity, demonstrating the great performance of this parenteral drug deliv-
ery system aiming at cancer theragnostic [22]. Lv and colleagues [23] explored the 
use of CuInS/ZnS (ZCIS) QDs as an ‘all-in-one’ theranostic platform with imaging 
and therapeutic potential. The QDs were employed for multispectral optical tomog-
raphy (MSOT) imaging and synergistic photodynamic/photothermal therapy (PDT/
PTT). The in vivo imaging of tumour sites could be successfully performed. In addi-
tion, ZCIS QDs also showed effective photothermal and photodynamic capabilities, 
resulting in satisfactory therapy effectiveness against cancer tumours (tumour 
regression was observed after 12 days of treatment). Other promising and exciting 
applications of semiconductor QDs in bio-applications and therapeutic approaches 
have been reported [24–28].
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26.2.2  QDs in Biosensing

The development and improvement of analytical methods for detection of biologi-
cal species is a frequent demand and have attracted the interest of many researchers. 
It led to extraordinary progress in the field of biosensing. A biosensor can be defined 
as an integrated analytical sensor able to give quantitative information based on the 
interaction of a biological receptor that is coupled to an electronic transduction 
device. Biosensors are classified as biocatalytic or affinity-based, depending on how 
biorecognition occurs. Biocatalytic biosensors often utilise immobilised enzymes to 
identify a particular substrate, while affinity-based biosensors contain species that 
are selective and only capture the target analyte, such as antibodies [29, 30].

Nanocrystals such as semiconductor QDs are great options for use in biosensors 
as they can enhance analytical performance regarding selectivity and sensitivity. 
Going further, nanotechnology has also provided custom analytical devices which 
are defined as nanosensors [31, 32]. Some of these approaches will be dis-
cussed below.

26.2.2.1  Electrochemical Applications of QDs in Bioanalysis

The use of semiconductor QDs in electrochemical sensing can enhance the analyti-
cal performance and favour the electron transfer process. It may be attributed to the 
good electrocatalytic activity and high area-to-volume ratio of such nanoparticles, 
which significantly increases the electroactive area of the sensors, resulting in 
higher peak currents. Moreover, QDs have also been explored as signal markers in 
development of highly sensitive electrochemical biosensors [33, 34].

Recently, Karaman and collaborators [35] reported an electrochemical immuno-
sensor for detection of heart-type fatty acid-binding protein (h-FABP), which is a 
biomarker used in the diagnosis of acute myocardial infarction (AMI). The sensor 
consisted of a glassy carbon electrode modified with Cd0.5Zn0.5S QDs, which were 
utilised to conjugate the second antibody via π-π and electrostatic interactions. This 
sensor showed improved analytical performance. It was attributed to the synergistic 
effect of Cd0.5Zn0.5S, which aided the electron transfer process and amplified the 
analytical signal. A low limit of detection (3.30 fg/mL) was achieved with this mod-
ified sensor. In another novel work, Moazampour and colleagues proposed a label- 
free electrochemical sensor for detection of microRNA-200a (miR-200), which is 
an important biomarker in the diagnosis of ovarian cancer. This genosensor con-
sisted of a glassy carbon electrode modified with ZnS QDs functionalised with 
L-cysteine. These functionalised QDs were attached to the electrode surface by 
electrodeposition. This modified electrodic surface showed itself as an appropriate 
substrate for the coupling of NH2-probe (ssDNA) used for measurement. The amino 
groups present in the ssDNA showed strong interaction with the carboxylic groups 
present in the l-cysteine-ZnS-QDs, favouring probe capture and increasing the 
number of active sites. After optimising all conditions, this sensor exhibited 
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excellent sensitivity (the limit of detection achieved was 8.4 fM) and allowed the 
quantification of miR-200 in human blood plasma samples without amplification 
procedures [36].

De França et al. [37] explored, for the first time, the application of magic-sized 
quantum dots (MSQDs) for modification of electrochemical sensors. The MSQDs 
are a class of nanocrystals that show smaller particle size, wider spectra and greater 
stability in comparison with conventional QDs. Among other applications, the 
MSQDs are a very promising nanomaterial for use in electrochemical sensing. In 
this pioneering work, a simple and inexpensive paper electrochemical device (PED) 
was proposed. The carbon-based working electrode was modified with core-shell 
CdSe/CdS MSQDs, which were synthetized according to the method described by 
Silva et al. [38–40]. To demonstrate the analytical feasibility, this modified PED 
was applied for clinical quantification of dopamine in biological samples, as repre-
sented in Fig. 26.3. Dopamine is an important biomarker, whose lack is associated 
with progressive neurodegenerative disorders such as Parkinson’s disease. This 
modified PED presented improved analytical signal (ca. 46% higher), lower charge 
transfer resistance (32 vs. 169 Ω) and larger superficial area (0.28 vs. 0.14 cm2) in 
comparison with the bare PED. It can be attributed to the presence of CdSe/CdS 
nanocrystals in the sensor, which favoured the electron transfer. The electroanalysis 
of dopamine in real human blood serum samples was successfully carried out and 
the limit of detection obtained (96 nM) was lower than other recent reports that 
utilise more complex electrochemical platforms for detecting the same analyte.

Xu and colleagues [41] proposed a novel electroanalytical method for detection 
of interleukin-8 (IL-8). This compound is a pro-inflammatory cytokine considered 
an important biomarker for oral cancer diagnosis. The proposed approach consists 
of treating IL-8 with a reducing agent in order to generate thiol groups. These thiol 
groups react with maleimide groups from maleimide-modified DNA-templated 
CdTe/CdS QDs (DNA-QDs), which were utilised as electrochemical reporters. 
Measurements were carried out using a mercury film-modified glassy carbon 

Fig. 26.3 Picture of the paper electrochemical device containing the pencil-drawn carbon elec-
trodes used in the work, representation of modification of the working electrode with CdSe/CdS 
MSQDs and voltammetric response of dopamine regarding the bare and modified electrodes. 
(Reprinted with permission from De França et al. [37]. Copyright 2020: Elsevier)
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electrode. This method enabled the quantification of IL-8 at extremely low levels, 
reaching a limit of detection of 3.4 fg/mL. The feasibility of the method for bio-
medical applications was investigated by analysing human serum samples spiked 
with IL-8. Recovery rates ranged between 97% and 104%, suggesting great poten-
tial for use in diagnosing oral cancer. In another approach focused on cancer diag-
nosis, Freitas et al. reported the development of a simple disposable electrochemical 
immunosensor for measurement of the ExtraCellular Domain of the Human 
Epidermal growth factor Receptor 2 (HER2-ECD), which is a biomarker for breast 
cancer. Core/shell CdSe@ZnS QDs were utilised as an electroactive label, while 
screen-printed carbon electrodes were employed as transducer. This biosensor 
showed excellent sensitivity for HER2-ECD detection, providing a limit of detec-
tion of 2 ng/mL. The biomedical applicability of this sensor was successfully tested 
by performing recovery studies in spiked human serum samples, with satisfactory 
precision and accuracy [42]. Beyond these few examples, many other applications 
of QDs in electrochemical biosensing are available in literature [43–47].

26.2.2.2  Photo-Electrochemical Applications of QDs in Biosensing

Photo-electrochemical (PEC) detection has attracted the attention of many research-
ers in the last few years. Basically, PEC consists of the excitation of a semiconduc-
tor material by an excitation source (light), which generates a photocurrent as 
readout signal. PEC is an analytical technique that has grown and developed quickly, 
exhibiting advantages such as high sensitivities, easiness of operation and low noise 
levels [48, 49]. In recent years, PEC has also been utilised in biosensing approaches 
by combination with recognition species such as antibodies, proteins and enzymes. 
However, the most commonly utilised photoactive agents have as disadvantages a 
low photo-conversion efficiency and vulnerability in relation to photobleaching 
[50]. Regarding these drawbacks, nanostructured materials, such as QDs, have been 
frequently explored to improve the performance of PEC-based sensors, as will be 
demonstrated in the sequence.

In a recent work, Cai et al. [51] described the development of a biosensor aiming 
for photoelectrochemical measurement of human immunodeficiency virus (HIV). 
This sensor utilised CdSe QDs, which were linked with amino-modified DNA1 or 
DNA2 to generate CdSe QDs-DNA nanonetwork. This CdSe-based nanonetwork 
was then dropped onto an ITO glass electrode containing a mesoporous SnO2 nano-
flower film to form a heterojunction. The PEC sensor presented an excellent perfor-
mance in detecting HIV, with a very low limit of detection (1.38 fM). Moreover, the 
analysis of human serum samples provided recoveries between 92% and 103%, 
suggesting great potential for practical biomedical applications. In another fresh 
paper, Gao and collaborators [52] developed a PEC sensor for biosensing of human 
haemoglobin. This biosensor was based on CdS QDs and TiO2 nanorod arrays, 
which were used to form a heterojunction and improve the charge-transfer effi-
ciency regarding visible light, resulting in increased photo-currents. The selectivity 
of this PEC sensor was achieved with the use of a molecularly imprinted polymer 
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(MIP) film deposited over the sensor. This MIP layer has the function of specifically 
binding to human haemoglobin. Haemoglobin captured by the sensor served to 
catalyse the oxidation of 4-chloro-1-naphthol by H2O2, forming an insoluble prod-
uct on the surface of the PEC sensor and decreasing the analytical signal (photo- 
current). This PEC sensor provided a limit of detection of 0.53 pg/mL and showed 
good applicability for the analysis of spiked urine samples simulating haemoglobin-
uria. The recoveries rates ranged from 97% to 101%.

Zhang and colleagues, in another interesting work [53], proposed a label-free 
PEC immunosensor for detection of amyloid β-protein (Aβ). This protein is seen as 
an important biomarker for diagnosis of Alzheimer’s disease, as its monitoring can 
prognosticate possible neurodegeneration and cognitive decay. The construction of 
the immunosensor was carried out by dropping an aqueous suspension of SnO2 
nanoflowers on an ITO electrode. This substrate was then coated with CdTe QDs 
and, after this, CdS QDs were deposited by ionic layer adsorption. This SnO2/CdTe/
CdS sandwich showed high photocurrent magnitude and served as substrate for the 
immobilisation of Aβ antibody species. The detection of Aβ was successfully car-
ried out, as presented in Fig. 26.4, with an excellent limit of detection (0.18 pg/mL). 
Studies performed in spiked human serum samples showed recoveries between 99% 
and 106%, indicating great accuracy. Moreover, great concordance was reached 
during validation, which was carried out by comparing the results with commercial 
enzyme-linked immunosorbent assay (ELISA) method. In addition to the works 

Fig. 26.4 Assembling scheme of PEC immunosensor for detection of Aβ-protein (a); photocur-
rent responses for different concentrations of Aβ-protein (b); logarithmic calibration curve 
obtained (c). (Reprinted with permission from Zhang et al. [53]. Copyright 2020: Royal Society of 
Chemistry)
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mentioned here, other researchers have contributed to the development of approaches 
involving the use of semiconductor QDs in PEC biosensing [54–58].

26.2.2.3  Applications of QDs in Optical Biosensing

The already mentioned exciting optical properties of quantum dots also make them 
very attractive options for use in optical detection. The coupling of quantum dots 
with biological species allows the conversion of the biological response in an opti-
cal response, which can be measured by the read-out platform. Moreover, the bio-
compatibility and low toxicity of QDs make them very suitable for biosensing 
applications involving optical methods [59, 60].

Recently, Duong and collaborators showed the synthesis of carboxyl group 
functionalised- CdSe/ZnS QDs and aminofluorescein (AF)-encapsulated polymer 
particles for application in a sensing membrane aiming H2O2 detection. Horseradish 
peroxidase (HRP) enzyme was immobilised on the QDs-AF membrane surface to 
increase the sensitivity. The redox reaction of H2O2 led to the fluorescence quench-
ing of CdSe/ZnS QDs, while AF was employed as a reference dye. It was observed 
a correlation between the ratiometric fluorescence intensity of CdSe/ZnS-AF and 
H2O2 concentration. Using this membrane, a linear concentration range between 0.1 
and 10 mM and a limit of detection of 0.016 mM were observed for H2O2, as shown 
in Fig.  26.5. The HRP-QDs-AF membrane was successfully employed for 

Fig. 26.5 Emission spectra of CdSe/ZnS-AF membrane for different concentrations of H2O2 (a); 
Fluorescence quenching of the sensing membrane after exposition to increasing H2O2 concentra-
tions (b). (Reprinted from Duong and Rhee [61]. Published 2019 by MDPI as open access)
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quantification of H2O2 in wastewater [61]. Ripoll et  al. [62] reported the use of 
CdSe/ZnS QDs modified with aminophenylboronic acid (APBA) for glucose sens-
ing. The incorporation of APBA on the surface of QDs results in the quenching of 
photoluminescence. After glucose binding to APBA, the photoluminescence was 
restored. This nanosensor provided a linear response for glucose in the range of 0.5 
to 50 mM and a limit of detection equal to 0.1 mM. As proof of concept, glucose 
levels in MDA-MB-231 live cells were successfully monitored using the QDs- 
APBA nanosensor, demonstrating great potential for intracellular sensing.

In another work, Rahman and colleagues [63] have described the use of core- 
shell CdSe/ZnS QDs for sensitive glucose detection in aqueous samples. The syn-
thesis of CdSe QDs was performed by a hot injection technique. In addition, the 
formation of ZnS was carried out via a process called SILAR (successive ionic layer 
adsorption and reaction). The average size of the prepared QDs was in the range of 
10–12 nm. Aiming to achieve water-soluble nanoparticles, the core-shell QDs were 
modified with thio-glycolic acid (TGA). These CdSe/ZnS QDs capped with TGA 
presented fluorescence emission similar to that observed for the pure QDs. The 
maximum emission was observed at 620 nm. The CdSe/ZnS/TGA QDs were treated 
with glucose oxidase (GOx) and horseradish peroxidase (HRP) enzymes aiming for 
the analysis of glucose. The detection of glucose was based on the fluorescence 
quenching effect of the QDs, which is linked to the chemical reactions between the 
conjugated enzymes and analyte. The fluorescence intensity of GOx:HRP/CdSe/
ZnS-TGA QDs showed good correlation with glucose concentration in the range 
from 0 to 10 mM. In addition, the limit of detection obtained was 0.045 mM. Besides 
the reports shown here, other approaches demonstrating the use of QDs in optical 
sensing are described in literature [64–66].

26.2.2.4  Detection of Other Specific Targets

Besides their promising applications in electrochemical, photo-electrochemical and 
optical sensing, QDs have also been utilised for the biosensing of multiple other 
specific biomarkers and compounds of clinical and diagnostic interest, such as 
metallic ions, cells and viruses. Biosensors based on NIR QDs have been largely 
explored for such applications due to features such as deep penetration into biomet-
rics, minimal photodamage and reduced fluorescence background. Wang et al., for 
example, developed a NIR aptasensor for thrombin turn-on determination based on 
electrochemiluminescence resonance energy transfer (ECL-RET) of CdTe/CdS 
core small/shell thick QDs to gold nanorods (AuNRs). This sensor presented a 
lower background interference and diminished photochemical degradation from 
NIR, in addition to an extremely low limit of detection equal to 31 aM (based on a 
signal/noise ratio = 3). The aptasensor could be successfully applied to thrombin 
sensing in real serum samples [67]. Tao and colleagues produced NIR-emitting 
CdTe/CdS QDs in an aqueous solution using 3-mercaptopropionic acid (MPA) as a 
stabiliser. These NIR-QDs were applied as a highly sensitive and fast-responsive 
sensors for Cu2+ detection through in vitro and in vivo fluorescent imaging. The 
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aggregation of NIR-QDs caused by the competitive interaction between MPA and 
the Cu2+ present in the solution resulted in the quenching of NIR light. This approach 
provided a low limit of detection (50 nM) and a wide linear range (from 100 nM to 
50 μM). The monitoring of Cu2+ concentration in living cells was successfully per-
formed, demonstrating the remarkable potential of this NIR nanosensor [68].

In another work, Gui and collaborators [69] developed a NIR-emitting CdTe/
CdS core/shell QDs-based photoluminescence (PL) sensor aiming the selective and 
sensitive detection of Cd2+. This sensor worked on the basis of an interesting PL 
‘OFF–ON’ mode. First, adding ammonium pyrrolidinedithiocarbamate (APDC) to 
QDs caused pronounced PL quenching, which was attributed to the APDC partial 
breakage of surface Cd-thiol layers and formation of Cd-APDC complex over QDs. 
Then, as the Cd2+ concentration increased, the PL of APDC surface-modified QDs 
(QDs-APDC) was gradually reestablished. This effect can be explained by the 
occurrence of Cd-thiol passivation layers again on the QDs surface. This biosensor 
showed linear dependence on Cd2+ concentration range from 0.1 to 2 μM with a 
limit of detection of 6 nM. The sensor also provided high selectivity against other 
cations present in biological fluids, such as Mg2+, Zn2+, Na+ and Na+. As proof of 
concept, the QD-based biosensor was successfully utilised for determination of 
Cd2+ in liposome solutions, showing good concordance with the results found by 
ICP-AES and demonstrating promising potential for medical applications.

Wang and colleagues [70] synthetized N-acetyl-l-cysteine (NAC) capped CdTe/
CdS@ZnS-SiO2 NIR-emitting QDs with high luminescence, good stability and low 
toxicity via aqueous solution using a microwave irradiation reduction route for the 
first time. For this, thiol-capped CdTe/CdS QDs were employed as core templates 
and ZnCl2, NAC and tetraethyl orthosilicate were utilised as shell precursors. In 
comparison with the original CdTe/CdS QDs, these CdTe/CdS@ZnS-SiO2 QDs 
presented improved properties such as enhanced stability, higher brightness, stron-
ger NIR emission and lower cytotoxicity, which is especially interesting in aiming 
sensing applications in biological systems. Such novel QDs were utilised as a novel 
sensing probe for detection of Hg2+. It was observed that the presence of Hg2+ ions 
led to a quench in the fluorescence of QDs. Under the best conditions, the QDs fluo-
rescence decreased linearly with Hg2+ concentration in the range of 5  nM to 
1 μM. The limit of detection obtained was 1 nM (based on a signal/noise ratio of 3). 
As demonstration, this novel NIR-QDs sensor was successfully applied for moni-
toring the levels of Hg2+ in living cells, presenting satisfactory results. In another 
interesting work, Nguyen et al. reported the specific biosensing of H5N1 influenza 
virus using CdTe QDs. The biosensor utilised was based on luminescent CdTe/CdS 
QDs, chromatophores obtained from Rhodospirillum rubrum bacteria and the anti-
body of β-subunit. This core was attached to the biosensor through biotin- 
streptavidin- biotin bridge and linked to the H5N1 antibody, enabling the detection 
of the virus by change in photoluminescence response promoted by the interaction 
between antigen and antibody. This biosensor presented a linear dependence 
between photoluminescence response and H5N1 concentration in the range of 3 to 
50 ng/L. The limit of detection achieved was 3 ng/L [71]. Yao and collaborators [72] 
studied the application of highly luminescent CdTe quantum dots synthetized in 
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aqueous media through an eco-friendly method. These QDs were applied on the 
biosensing of hemin, which is an iron-based complex considered as an essential 
regulator of gene expression and growth promoter of hematopoietic progenitor 
cells. In a slightly basic media, it was observed that hemin has the ability to quench 
the fluorescence of CdTe QDs. This quenching was proportional to the hemin con-
centration in the range of 0.2–20  μM.  The limit of detection obtained was 
80 nM. There was no shift in the fluorescence emission spectra when the hemin 
concentration changed, suggesting that CdTe QDs do not congregate in the presence 
of quencher. It is known that electron and hole recombination is responsible for 
causing QDs to fluoresce. Hemin, acting as a fluorescence quencher, contributes 
with one electron to the QDs, occupying the hole and causing the radioactive recom-
bination process that results in quenched fluorescence.

Apart from these reports, QDs have been used for the biosensing of many other 
compounds. Considering all approaches described in this section, it’s clear that the 
detection of biomolecules is a vast field that has been attracting the attention of 
many researchers. In addition to the numerous direct measurements that have 
already been carried out, a number of indirect measurements, such as reaction 
byproducts or the use of intercalating molecules, have already been used as tactics 
to avoid the often difficult-to-implement direct measurement procedures. Overall, 
this has resulted in a wide range of biomolecules that can now be identified using 
QDs-based biosensors, a study field that is constantly expanding. Table 26.1 sum-
marises some other approaches based on groups II–VI QDs that have been used for 
the sensing of important biological species. Different detection techniques are uti-
lised. The performances of these systems in terms of linear range and limits of 
detection can be compared with each other.

26.3  Conclusions and Perspectives

The main objective of this chapter was to give to the reader an overview of some 
applications of group II-VI semiconductor QDs in medical and bioanalytical appli-
cations. For this, the use of QDs in the biosensing of several important species was 
shown. In addition, the use of II–VI QDs in drug delivery, diagnosis and therapy, as 
well as in electrochemical, photoelectrochemical and optical biosensing, was pre-
sented and discussed. These few examples demonstrate the enormous potential of 
QDs in nanomedicine and bioanalysis. QDs can improve the selectivity, sensitivity 
and efficiency of medical procedures, improving the patients’ quality of life and 
facilitating therapeutic decision-making. Although the use of QDs in these areas is 
in an advanced stage, it is clear that there are still challenges to increasing the num-
ber of research focused on this area. The main difficulties of researchers around the 
world are related to the synthesis of QDs, which in most cases is laborious and time- 
consuming, and to the procedures for assembling QDs-based biosensors, which 
often require many hard-working steps. Thus, the development of simpler and faster 
strategies to produce QDs, as well as ready-to-use sensors, can boost research 
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Table 26.1 Some biosensing approaches based on groups II–VI QDs utilised for detection of 
various species. The order of appearance is categorised by the type of analyte, going from ions and 
simple molecules to macromolecules, viruses and cells

Analyte and 
(samples)

Nanomaterial 
used Detection mode

Linear 
range

Limit of 
detection

Reference 
(Year)

Hg2+ (environmental 
samples)

CdSe/
CdScore shell 
QDs

ECL 1 pM to 
1 μM

0.1 pM [73]

Pb2+ (environmental 
samples)

CdSe/
CdScore shell 
QDs

ECL 1 fM to 10 
pM

0.98 fM [74]

Cu2+ (vegetable 
samples)

CdSeTe 
alloyed QDs

Fluorescence 20 nM to 
2 μM

7.1 nM [75]

O2 and glucose 
(application in 
samples not 
demonstrated)

CdSe/
ZnScore shell 
QDs

Photo- 
electrochemical 
detection

0.1–5 mM Not given [76]

H2O2 and glucose 
(whole blood)

CdTe/
CdScore shell 
QDs

Fluorescence 
resonance energy 
transfer

0.2–4 mM 
(H2O2) and 
0.1–5 mM 
(glucose)

0.1 mM 
(H2O2) 
and 
0.05 mM 
(glucose)

[77]

H2O2 
(environmental 
samples)

CdSeQDs ECL 0.5–
500 μM

0.5 μM [78]

Glucose (saliva) CdTe/CdS 
core–shell 
QDs

Amperometric 
detection

10 pM to 
10 nM

3 pM [79]

Ascorbic acid (fruits 
and nude mice)

PbS QDs Fluorescence 3–40 μM 1.5 μM [80]

Cysteine 
(application in 
samples not 
demonstrated)

CdS QDs Photo- 
electrochemical 
detection

0.2–2.8 μM 0.1 μM [81]

Organophosphate 
pesticides 
(vegetables)

CdTe QDs ECL 0.2–10 ng/
mL

0.06 ng/
mL

[82]

Cholesterol 
(biological fluid and 
food samples)

CdTe QDs ECL 1 μM to 
1 mM

0.33 μM [83]

Deoxyguanosine-5′-
phosphate (DNA 
samples)

CdTe/
ZnScore shell 
QDs

ECL 1–150 nM 0.1 nM [84]

C-reactive protein 
(human serum)

PbS QDs Anodic stripping 
voltammetry

0.2–
100 ng/mL

0.05 ng/
mL

[85]

Carbohydrate 
antigen 19–9 
(human serum)

CdTe QDs ECL 0.005–
100 pg/mL

0.002 pg/
mL

[86]

(continued)
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Table 26.1 (continued)

Analyte and 
(samples)

Nanomaterial 
used Detection mode

Linear 
range

Limit of 
detection

Reference 
(Year)

Cancer biomarker 
P53 (human serum)

CdS QDs ECL 20–
1000 fg/ml

4 fg/ml [87]

Human 
interleukin-6 (serum 
samples)

CdSe QDs ECL 0.5 pg/mL 
to 10 ng/
mL

0.17 pg/
mL

[88]

Human 
carcinoembryonic 
antigen (synthetic 
sample)

CdTe QDs ECL 1 fg/mL to 
10 pg/mL

0.2 fg/mL [89]

MicroRNA(human 
serum)

CdTe QDs ECL 0.1–100 
pM

33 fM [90]

Human 
papillomavirus 18 
(biological fluid)

CdTe QDs Fluorescence 1.0–50 nM 0.2 nM [91]

Norovirus (human 
serum)

CdZnSeS 
alloyed QDs

Photoluminescence 2–16 
copies/mL

8.2 
copies/mL

[92]

Hepatitis B virus 
surface antigen 
(human serum)

CdTe/CdS 
core shell 
QDs

ECL 3 fg/mL to 
0.3 ng/mL

0.80 fg/
mL

[93]

Colon cancer cells 
(application in 
samples not 
demonstrated)

CdSe/ZnS 
core shell 
QDs

Fluorescence- 
coupled capillary 
electrophoresis

Not given Not given [94]

involving these nanomaterials and accelerate development in the area. Considering 
the very broad field and a large number of publications available on the subject, the 
authors apologise for the possible neglect of important contributions that are not 
mentioned in this chapter.
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Chapter 27
Specific Applications of II–VI 
Semiconductor Nanomaterials-Based 
Biosensors for Food Analysis and Food 
Safety

Xiaodong Guo, Jiaqi Wang, Mengke Zhang, and Marie-Laure Fauconnier

27.1  Introduction

Food quality and safety issue is the most important challenge in food processing 
industry. For instance, the regular occurrence of bacterial contamination in food 
supplies is a growing concern as it has recently led to multiple deaths in the USA 
and Europe. Rapid and noninvasive means of detecting bacterial contamination in 
food products are therefore highly desirable for monitoring the safety of the food 
supply at a reasonable cost [3, 12, 32, 83]. However, pathogenic bacterial are made 
of the same major constituents including amides, proteins, nucleic acids, polysac-
charides, and phospholipids which complicates a highly selective identification 
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between different strains based on simple chemical analysis [39]. Although much 
time and effort are spent on methods for this, more efficient sensing platforms are 
of great importance and urgency.

Traditional biosensors are widely used for this purpose as reported in the bib-
liography. The development of biosensors is an emergent area, in response to the 
demand for simple, reliable, and low-cost techniques against food residues [22]. 
However, major problems like low sensitivity, lack of practicality, and time- 
consuming response have limited their wide application in food hazard analysis. 
II–VI semiconducting nanomaterials, possessed different morphologies, semicon-
ductors, and characterisation technologies, mainly included zinc oxide (ZnO) [68, 
69, 73, 80, 82, 86], zinc sulphide (ZnS) [37, 44, 67, 75, 76, 87], cadmium sulphide 
(CdS) [59, 60, 62, 70, 71, 85], cadmium selenide (CdSe) [18, 29, 30, 48, 53, 59, 
60], cadmium teluride (CdTe) [40, 46, 52, 54, 66, 75, 79], etc. They are attracting 
more and more attention from scientists for biosensor applications due to their 
advanced optical, catalytic, sensing and electrochemical properties [41, 55–57, 
65, 70–72, 77].

These nanomaterials offered a large surface area for biomolecules recogni-
tion elements like antibody [19, 24], and nucleic acid aptamer [28, 42, 43, 55, 
56, 84] to specific interaction with target analytes, and the improved sensitivity 
of biosensors was achieved. Compared to traditional biosensors, nanomaterials 
integrated biosensors have significant superiorities, including high sensitivity, 
rapid response, enhanced practicality and facile devices. The current research 
highlighted an increasing implementation of nanomaterials in biosensor devel-
opment for both molecule recognition and signal transduction [1, 2, 7, 10, 47, 
58]. Pathogens and food toxins are detected by optics coated with antibodies. 
Water-soluble vitamins, drug residues, or other small molecules can be detected 
and measured through a variety of immuno- and ligand-binding assays embed-
ded on II–IV-based sensor systems. These sensors are widely used across the 
food industry. Nanosensors can advance the food sector by improving food pro-
cessing, packaging, and quality monitoring [8]. More importantly, the advan-
tages of nanobiosensors can lead to their use in the whole food industry: from 
raw material preparation, food processing (quality control), monitoring of stor-
age conditions and use of these devices as cost-effective tools for quality and 
process controls as well as to ensure food safety.

This book chapter will provide a new view to the readers that II–VI semicon-
ducting nanomaterials have been widely utilised by sensor construction for food 
analysis and food safety field (Fig. 27.1), and highlight the recent advances and 
future prospects. First of all, we introduce the characteristics and classification of 
II–VI semiconducting nanomaterials. Then a brief introduction of the application 
of II–VI semiconducting nanomaterials-based sensing platform for food quality 
and safety control was discussed. In addition, we comprehensively analyse and 
summarise the practical application of these nanomaterials in certain food 
samples.
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Fig. 27.1 Scheme illustration of II–VI semiconducting nanomaterials-based biosensors for food 
analysis and food safety

27.2  II–VI Semiconducting Nanomaterials for Food Analysis

27.2.1  Detection of Pathogenic Bacteria

Due to the growing concern of the risk that food- and water-borne pathogens pose 
to human health, there is an increasing demand from regulatory agencies to ensure 
a safe food supply. As shown in Fig. 27.2, II–VI semiconducting nanomaterials- 
based biosensing strategies for pathogens were illustrated. Xiong et al. reported the 
biosynthesis of CdSe QDs intracellularly and employed them as nanoprobes for the 
detection of bacteria (Fig.  27.2a). The bacteria detection involves a space-time- 
coupling strategy for converting the bacteria (Staphylococcus aureus) into fluores-
cent cells (cellular beacons) [61]. Typically, a low detection limit of 8.94 ng/mL was 
reported. The proposed scheme has many advantages like fluorescent probes being 
monodispersed with uniform size, high luminance with outstanding photostability. 
Also, the probes are highly accurate, reliable, and repeatable. By the suitable selec-
tion of the antibody conjugation, this kind of new bioprobe can be extended towards 
the sensitive detection of various other bacterial pathogens including pseudorabies 
virus, baculovirus, Salmonella typhimurium, and SKBR-3 cells [38]. CdSe was also 
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Fig. 27.2 (a) Schematic representation of nanobioprobes fabrication for pathogen detection based 
on fluorescent CdSe QDs. (Reprinted with permission from Ref. [61]. Copyright 2014 American 
Chemical Society). (b) Schematic illustration of fluorescent detection of pathogenic bacteria 
Vibrio harveyi based on CdSe/ZnS QDs. (Reprinted with permission from Ref. [5]. Copyright 
2016 Royal Society of Chemistry). (c) Schematic illustration of optical analysis of E. coli O157:H7 
employing CdSe/ZnS QDs coupled with NH2-aptamer. (Reprinted with permission from Ref. [11]. 
Copyright 2015: Taylor & Francis). (d) Schematic illustration of fluorescent sensing of Salmonella 
typhi based on the preparation and conjugation of CdSe/ZnS QDs. (Reprinted with permission 
from Ref. [51]. Copyright 2014: Royal Society of Chemistry). (e) Schematic representation of 
CdSe/ZnS QDs-based multimodal sensing of S. typhi in lateral flow immunoassay (LFIA). 
(Reprinted with permission from Ref. [14]. Copyright 2018: American Chemical Society)

employed for multi-QDs detection. For instance, Arshad et al. reported the use of 
CdSe/ZnS QDs for the detection of Vibrio harveyi in solution and in animal cells 
[5]. Techniques such as fluorescence microscopy, elastase assay, polyacrylamide gel 
electrophoresis (PAGE), and comet assay are used to evaluate the interactions of 
QDs with V. harveyi. The appearance of bright yellow fluorescence when different 
concentrations of QDs were applied confirms the perfect attachment of the QDs to 
the bacteria (Fig. 27.2b). It was also demonstrated that the toxicity level of CdSe/
ZnS QDs is genetically and cytotoxically safe for labelling the bacteria allowing 
live imaging and tracking of the microorganisms.

Escherichia coli, a common pathogenic bacterium, is one of the main reason for 
food-borne diseases. Toxins can occur by E. coli strains and further affect human 
health. The development of high efficient method for detection of E. coli is of great 
importance. In a novel research, the stability of the sensors was significantly 
enhanced by using oligonucleotide microarray combined with CdSe/ZnS QDs as 
fluorescent labels. The bacterium was identified with PerkinElmer Gx microarray 
scanner displaying a sensitivity of 10 CFU mL−1. Fluorescence detection of E. Coli 
0157: H7bacteria was obtained by using CdSe/ZnS QDs with carboxylic functional 
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groups [11]. The 72-mer aptamer is used as the probe and sensing element where 
detection limit of 102 CFU mL−1 could be achieved (Fig. 27.2c). In addition, ZnO is 
an advanced nanomaterial, which is widely used for biosensors construction due to 
its unique optical and electrochemical characteristics. Azmy et al. introduced a ZnO 
coupled with reduce graphene oxides (ZnO-rGO) nanocomposite for high sensitive 
detection of E. coli [6]. More importantly, gamma radiation was applied to evaluate 
the analytic performance of the sensing strategy. Result demonstrated that the struc-
ture and morphology of the ZnO-rGO nanocomposite were improved by gamma 
radiation. Notably, the defects on the surface of ZnO allowed its adsorption towards 
various biomolecules.

Food-borne pathogens, commonly presented in food products, have a hazard 
impact on human health. Typically, of them, Salmonella is one of the most impor-
tant food-borne pathogens. It was worth noting that the occurrence and mortality 
rate of Salmonella infection were obviously serious in numerous developing coun-
tries because of weak medical conditions. Taking the Salmonella infection risks into 
consideration, the rapid and sensitive detection methods are essential for Salmonella 
monitoring in food. Wang et al. first introduced a fluorescent sensing of Salmonella 
typhimurium based on CdSe/ZnS QDs (Fig. 27.2d). Notably, the SiO2 spheres were 
embedded on CdSe/ZnS QDs for enhanced fluorescent signal [51]. The detection 
limit was calculated to be 3.3 × 102 CFU mL−1. Based on similar mechanisms, the 
CdSe/ZnS QDs were synthesised and employed for multimodal sensing of S. typhi 
in lateral flow immunoassay (LFIA). In this study, colorimetric-fluorescent- 
magnetic multimodal signals were achieved by utilising the nanospheres for analyte 
separation and enrichment (Fig. 27.2e). The proposed sensing platform allowed ten- 
fold sensitivity improvement [14]. In particular, the colorimetric signal has exhib-
ited a LOD of 1.88 × 104 CFU mL−1, and that of 3.75 × 103 CFU mL−1 was realised 
in magnetic signal. It was demonstrated that two to four orders of magnitude 
enhancement were detected over the conventional LFIAs. In addition, the multi-
modal sensing strategy was validated by successful application for S. typhi monitor-
ing in milk analysis. In addition, Viter et  al. reported the ZnO nanorods-based 
photoluminescence sensing of Salmonella for food pathogens. The Anti-Salmonella 
antibody was employed to interact with Salmonella as a result the surface charge 
changed. The achieved sensing performance was attributed to the photolumines-
cence signal quenching under the presence of Salmonella [50].

27.2.2  Detection of Pesticides

In view of the great toxicity and hazards in food and agricultural product safety, it 
is urgent and essential to develop advanced nanomaterials for the degradation and 
removal of pesticides (Fig.  27.3). Inspired by this consideration, an example of 
biosensing based on the use of QDs/OPH bioconjugate for paraoxon detection has 
been first reported by Ji et al. The CdSe/ZnS core-shell QDs were modified with 
OPH using electrostatic interactions between negatively charged QDs surfaces and 
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Fig. 27.3 (a) Schematic illustration of photoluminescence sensing of paraoxon based on CdSe/
ZnS QDs. (Reprinted with permission from Ref. [17]. Copyright 2005: American Chemical 
Society). (b) Schematic diagram of photodegradation of pesticides using ZnO@CdS nanoparti-
cles. (Reprinted with permission from Ref. [36]. Copyright 2021: Elsevier). (c) Schematic illustra-
tion of optical sensor for detection of parathion-methyl (PM) based on two colored CdTe QDs. 
(Reprinted with permission from Ref. [64]. Copyright 2015: Elsevier)

the positively charged protein side chain and ending groups (NH2). 
Photoluminescence (PL) intensity of the OPH/QDs bioconjugate was quenched in 
the presence of paraoxon (Fig. 27.3a). It was observed that the PL intensity of the 
OPH/QDs bioconjugate to different concentrations of paraoxon exhibited a decrease 
as the paraoxon concentration increased [17].

Furthermore, Vinayaka et al. [49] have developed a biosensor based on competi-
tive fluoroimmunoassay for the analysis of the 2,4-dichlorophenoxyacetic acid 
using CdTe QD. This herbicide can cause human health problems even at low lev-
els, hereby is very important to carry out a detection and quantification for applica-
tions in food analysis. The developed fluoroimmunoassay used an immunoreactor 
column which has been packed by immobilising anti-2,4-dichlorophenoxyacetic 
(2,4-D) antibodies; by this way it was possible to detect 2,4-D up to 250 pg mL−1 in 
50 mM phosphate buffer solution (pH 7.4).

Very recently, a novel and sustainable zinc oxide coupled with cadmium sulphide 
nanocomposite (ZnO@CdS) were prepared with the characteristic of green synthe-
sis by plant leaf and high enriched product [36]. The photocatalytic activity of syn-
thesized ZnO@CdS nanocomposite was highly enhanced compared to ZnO and 
CdS (Fig. 27.3b). In addition, the ZnO@CdS nanocomposite displayed optimised 
surface area (111  m2g−1), and reduced band energy (1.67  eV), resulting in great 
degradation efficiency towards pesticide residues in the range of 89–91%. In addi-
tion, two coloured CdTe QDs were synthesized and utilised in the fluorescent sensor 
for detection of parathion-methyl (PM). The red emissive QDs on silica sphere were 

X. Guo et al.



679

employed as the background signal, while the green emissive QDs on the surface of 
the silica acted as the measurement signal [64]. The fluorescent signal produced by 
the green emissive QDs were obviously quenched upon the utilisation of Au NPs. In 
the presence of protamine, the interaction between Au NPs and protamine were 
observed via the electrostatic attraction, which induced the aggregation of Au NPs, 
and further the recovery of the fluorescent signal (Fig. 27.3c). The proposed optical 
sensor allowed the sensitive detection of PM with a low LOD of 18 pg mL−1. The 
successful application of this method was achieved for PM determination in milk 
and rice samples.

27.2.3  Detection of Amino Acids

Cysteine is an essential member of glutathione (GSH), which poses an important 
role in functional foods field. There are great requirements for development of sen-
sitive and selective detection technology against cysteine (Fig.  27.4). 
Photoelectrochemical biosensor was also utilised in the analysis of cysteine with 

Fig. 27.4 (a) Schematic representation of photoelectrochemical detection of cysteine at ZnO- 
coated ITO electrode. (Reprinted with permission from Ref. Tu et al. [45]. Copyright 2011: Wiley). 
(b) Schematic diagram of the photocurrent detection of cysteine at Nafion/CdS-MV decorated ITO 
electrode. (Reprinted with permission from Ref. Long et  al. [26]. Copyright 2011: Wiley). (c) 
Diagram of fluorescent biosensing of cysteine based on ZnO QDs and fluorescent probe. (Reprinted 
with permission from Ref. [21]. Copyright 2021: Springer Nature). (d) Schematic illustration of 
photoelectrochemical detection of glutathione (GSH) at graphene-CdS decorated ITO electrode. 
(Reprinted with permission from Ref. [78]. Copyright 2012: Royal Society of Chemistry)
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high sensitivity and specificity. A novel sensing platform was introduced for photo-
electrochemical detection of cysteine based on free-base-porphyrin-functionalised 
ZnO NMs. In this design, ZnO NMs was employed to interact with functional nano-
hybrid, which was coated on an indium tin oxide (ITO) electrode (Fig. 27.4a). When 
cysteine existed, the photocurrent signal was significantly enhanced under irradia-
tion. Achieved by this performance, the photoelectrochemical signal was a dynamic 
response versus target cysteine concentrations in the range of 0.6–157 μmol L−1, 
and its detection of limit was 0.2 μmol L−1. It has been demonstrated that ZnO- 
based semiconductor nanoparticles provided a potential application for biomole-
cules analysis [45]. Based on similar photoelectrochemical biosensing, methyl 
viologen was coated on CdS QDs, and the efficient electron was transported from 
cysteine to the QDs when cysteine existed (Fig. 27.4b). The electron transfer on the 
electrode was surveyed [26]. Upon light irradiation, electron transportation was per-
formed from CdS QDs to methyl viologen, leading to efficient electron transporta-
tion to the indium tin oxide (ITO) electrode. The photocurrent signal was 
proportionally enhanced versus the levels of cysteine. A dynamic response was 
obtained ranging from 0.2 to 2.8 μM. Its detection limit was down to 0.1 μM. Very 
recently, ZnO QDs were first synthesized and characterised for fluorescent detec-
tion of cysteine with high sensitivity (LOD = 0.642 μM) (Fig. 27.4c) [21].

Glutathione (GSH) was not only used for drugs but also applied in functional 
foods for the improvement of immunosystem function. The detection of GSH levels 
was thus much in demand. The graphene/CdS nanomaterials were synthesized and 
employed to construct the photoelectrochemical sensing strategy for sensitive GSH 
determination [78]. It was confirmed that the current graphene/CdS nanomaterials 
improved the photoelectric properties like the great electron transport and the spa-
tial separation, and further enhance the photocurrent signals (Fig. 27.4d). A good 
linear relationship was achieved between the photocurrent signals and concentra-
tions of GSH. Its detection limit was calculated to be 0.003 mM. Results demon-
strated that the graphene/CdS nanomaterials offer great potential in functional foods 
application due to their significantly enhanced photoelectric properties.

27.2.4  Detection of Organic Compounds

Bisphenol A (BPA), a common contaminant in foods and water, was extensively 
used in food products and food package. Bisphenol A posed a great hazard to food 
safety. Thus, the detection and degradation of bisphenol A was attracted increasing 
interest from researches, especially in the exploration of low-cost and efficient 
methods. Rani et al. reported a novel ZnO doped with zinc-hexacyanoferrate (ZnO@
ZnHCF) nanomaterials for high BPA degradation [35]. Through this synthesis and 
design, the surface area and band gap of ZnO@ZnHCF nanomaterials were obvi-
ously improved in comparison with ZnO or ZnHCF (Fig. 27.5a). Therefore, it was 
demonstrated that the proposed methods indicated the degradation pathway of BPA 
and the promising practicality of ZnO@ZnHCF nanomaterials.
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Fig. 27.5 (a) Schematic diagram of photocatalytic degradation of bisphenol A using ZnO@
ZnHCF nanocubes. (Reprinted with permission from Ref. [35]. Copyright 2018: Elsevier). (b) 
Schematic diagram of photoelectrochemical detection of acrylamide based on ZnO/polypyrrole 
nanocomposites. (Reprinted with permission from Ref. [81]. Copyright 2021: Elsevier). (c) 
Schematic illustration of electrochemiluminescence detection of trimethylamine (TMA) using 
thioglycolic acid-CdSe QDs. (Reprinted with permission from Ref. [33]. Copyright 2021: Elsevier)

Acrylamide (AM), a group 2A carcinogen classified by international regulation, 
was a common contaminant produced in potato chips and biscuits during the high- 
temperature operation. Given its severe hazards for food safety and human health, 
simple, sensitive and reliable detection approaches are much in demand. A ZnO 
nanocomposite-based molecular imprinting (MIP) platform for photoelectrochemi-
cal sensing of AM was introduced [81]. The ZnO nanocomposite was synthesized 
and employed as a special photoelectron material, and the polypyrrole (PPy) was 
modified on ZnO nanocomposites for specific recognition of target AM. When AM 
was presented, the adsorption of AM on PPy-ZnO caused the electron transport, and 
further led to the reduced photocurrent signal (Fig. 27.5b). A dynamic response was 
observed between the photocurrent signals and AM concentrations ranging from 
10−1 to 2.5 × 10−9 M. Its limit of detection was 2.147 × 10−9 M. The developed PPy- 
ZnO- based photoelectrochemical sensing platform has a great potential to ensure 
food safety.

A paper-based electrochemiluminescence device (μPAD-ECL) for the estima-
tion of trimethylamine (TMA) concentration in fish was developed using tris(2,2′-
bipyridyl)ruthenium(II) complex coupled with water-soluble thioglycolic 
acid-capped CdSe quantum dots on the inkjet-printed paper-based device [33]. The 
quenching effect of tertiary amines on the ECL intensity was found to be sensitive 
and concentration-dependent. This effect allows the measurement of TMA at low 
concentrations (Fig. 27.5c). Under the optimal conditions, the linear concentration 
range was exhibited from 1  ×  10−12 to 1  ×  10−7  M and a detection limit of 
2.09 × 10−13 M, with a relative standard deviation of 1.97%. The applicability of 
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μPAD-ECL is demonstrated by the rapid estimation of trimethylamine concentra-
tion in fish tissue and could be used as a method for screening the total amount of 
tertiary amines in fishery products in remote communities. The results obtained 
using the paper-based devices agreed well with those obtained by applying high- 
performance liquid chromatography with benzoyl derivatisation, at a confidence 
level of 95%.

27.2.5  Detection of Small Molecules Mycotoxins

Aflatoxin B1 (AFB1), one of the most common and toxic mycotoxins in foods, has 
been recognised as group 1 carcinogen by the International Agency for Research on 
Cancer (IARC). Therefore, rapid, reliable, and sensitive methods for AFB1 determi-
nation are of great importance and urgency. Li et al. first developed a lateral flow 
immunoassay (LFIA) for rapid analysis of AFB1 in cereal products based on CdSe/
ZnS QDs (Fig. 27.6a). The anti-AFB1 was immobilised on CdSe/ZnS QDs modi-
fied with amino [23]. The enhanced sensitivity was thus achieved with a low LOD 
of 5 pg mL−1. Inspired by this design, on the basis of CdSe/ZnS QDs, a novel iron 
oxide nanoparticle (IONP) was prepared and decorated by oleic acid. The CdSe/
ZnS QDs were employed for the fluorescent signal amplification, while the IONPs 
were utilised to retain saturation magnetisation (Fig. 27.6b). The magnetic fluores-
cent beads (MFBs) were then synthesized with a highly fluorescent signal, and inte-
grated into LFIA for AFB1 determination [13]. It was demonstrated that higher 
sensitivity was obtained with the LOD down to 3 pg mL−1. Moreover, nucleic acid 
aptamers, considered as “chemical antibodies”, possess high affinity and specificity 
that are similar to or even superior to antibodies. Accordingly, a novel ZnS QDs- 
based biosensor was established for the detection of AFB1 in peanuts via the spe-
cific aptamer recognition [55, 56]. In this work, ZnS-QDs were employed as the 
energy donors, while Ag nanocubes were used as the energy acceptors to produce 
fluorescence resonance energy transfer (FRET). When AFB1 was introduced, the 
conformational change of aptamer led to the release of the complementary strand 
DNA, which was modified on ZnS-QDs (Fig. 27.6c). The fluorescence signal was 
subsequently recovered. Compared to antibody-based immunoassay, enhanced ana-
lytical performance was achieved in this proposed aptasensor with high sensitivity 
(LOD = 2.67 pg mL−1).

Based on a similar mechanism, CdTe QDs modified with the specific ochratoxin 
A (OTA) aptamer were utilised as the energy donors, and molybdenum disulphide 
(MoS2) was conjugated to quench the fluorescent signal produced by QDs 
(Fig. 27.6d). This proposed aptasensor was demonstrated to be sensitive and suc-
cessfully applied for OTA determination in red wine [27]. Very recently, Qileng 
et al. reported an immunosensor for detection of ochratoxins in millet and maize 
combining MoS2-CdS with ZnS-Ag2S nanocages [34]. MoS2-CdS was prepared to 
immobilise antigens, and ZnS-Ag2S nanocages were employed to capture the 
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Fig. 27.6 (a) Schematic illustration of fluorescent sensing of aflatoxin B1 based on CdSe/ZnS 
QDs and lateral flow immunoassay (LFIA). (Reprinted with permission from Ref. [23]. Copyright 
2018: Royal Society of Chemistry). (b) Schematic diagram of fluorescent sensing of aflatoxin B1 
based on CdSe/ZnS QDs and immunochromatographic assay (ICA). (Reprinted with permission 
from Ref. [13]. Copyright 2019: American Chemical Society). (c) Schematic illustration of FRET 
aptasensing of aflatoxin B1 based on ZnS QDs and Ag nanocubes. (Reprinted with permission 
from Ref. [55, 56]. Copyright 2021: Royal Society of Chemistry). (d) Schematic representation of 
fluorescent aptasensing of ochratoxin A using CdTe QDs and MoS2 nanosheets. (Reprinted with 
permission from Ref. [27]. Copyright 2017: Elsevier)

antibody (Fig.  27.7a). The photoelectrochemical (PEC) signal and square wave 
voltammetric (SWV) signal were linear relationship with the levels of ochratoxins 
in the range of 1 ng L−1 to 1 μg L−1. Their limits of detection were calculated to be 
0.1 ng L−1, 0.5 ng L−1 and 0.5 ng L−1, for OTA, OTB and OTC, respectively. Notably, 
this novel sensing platform provided a promising route for the analysis of mixture 
molecules.

Zearalenone (ZEN), a common mycotoxin in cereals, poses great hazards to 
agricultural products and food safety. For rapid response, even trace levels of ZEN 
[9], a novel LFIA platform was introduced for fluorimetric detection of ZEN based 
on CdSe QDs (Fig. 27.7b). Unlike fluorescent microspheres, the CdSe QDs were 
employed for the fluorescent quenching LFIA mechanism, which exhibited a sensi-
tive and specific detection towards ZEN (LOD = 0.58 ng mL−1) in corn samples. For 
the improvement of detection sensitivity, the embedding of ZEN-labelled catalase 
in ELISA was used for H2O2 reduction, and CdTe QDs were sensitive to H2O2. A 
fluorescent ELISA was then established for high sensitive analysis of ZEN 
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Fig. 27.7 (a) Schematic diagram of the dual-signal immunosensing of ochratoxins based on ZnS/
Ag2S. (Reprinted with permission from Ref. [34]. Copyright 2020: Elsevier). (b) Schematic illus-
tration of fluorescent sensing of zearalenone (ZEN) based on CdSe QDs and lateral flow immuno-
assay (LFIA). (Reprinted with permission from Ref. [9]. Copyright 2019: Springer Nature). (c) 
Schematic diagram of fluorescent sensing of ZEN based on CdTe QDs and enzyme-linked immu-
nosorbent assay (ELISA). (Reprinted with permission from Ref. [74]. Copyright 2016: Elsevier)

(Fig. 27.7c). Its limit of detection was calculated down to 4.1 pg mL−1, which was 
demonstrated nearly 140-fold improvement over the LFIA methods [74].

27.2.6  Detection of Other Analytes

Hydrogen peroxide (H2O2), one of the most important indicators in food industry, is 
widely used in food processing such as sterilising, bottling, transporting and pack-
ing instruments. However, excess levels of H2O2 can cause the reduction of active 
components, and severe gastrointestinal disorders, as well as cellular damage, gene 
mutation, and even the cancer. Therefore, methods development for monitoring of 
H2O2 levels in food is much in demand. A PVP-capped CoFe2O4@CdSe QDs core- 
shell magnetic composite was synthesized by one-pot co-precipitation approach via 
modifying the glassy carbon electrode surface simply by drop casting of its suspen-
sion on electrode surface [31]. The resulting nanosensor (CoFe2O4@CdSeQDs/RIF/
GCE) exhibited an excellent catalytic activity on the electroreduction of H2O2 attrib-
uted to the synergistic effect of CoFe2O4@CdSe QDs core-shell magnetic nanocom-
posite and RIF originating from the facile charge transfer between them. The 
proposed sensing platform was successfully applied to determine H2O2 in milk and 
juice samples. Tetracycline (TC), a widely used and common antibiotic, posed 
severe hazards to milk and food upon its excessive use. To ensure food safety, 
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sensitive and selective sensing strategy for TC monitoring was of importance and 
urgency. Herein, a novel molecularly imprinted polymer captivity ZnO nanorods 
(NRs) was designed and synthesized for fluorescent sensing of TC [25]. Great per-
formance was achieved via the formation of shield to decline the toxicity of ZnO 
and the fluorescence quenching for the selective signal determination (Fig. 27.8a), 
as well as the high sensitivity of 1.02 μmol L−1.

Heavy metal ion contamination in food was attracted more and more attention 
from scientists for decades owing to the great hazards towards humans. Notably, the 
occurrence of mercury (Hg) induced diverse toxic effects, including brain disease, 
kidney damage, as well as cognitive and physical disorders. In particular, Hg2+, as 
the most common and stable mercury, was well studied since it possessed exciting 
water solubility. Accordingly, the Mn-doped CdS/ZnS QDs modified with single- 
stranded oligonucleotides (ssDNA) were prepared and employed as the fluorescent 
probe, while gold nanoparticles (Au NPs) decorated with complementary DNA 
were synthesized and used as the fluorescent quencher (Fig. 27.8c). In the absence 
of Hg2+, the hybridisation of ssDNA into double-stranded DNA (ds DNA) caused 
that the fluorescent signal of CdS/ZnS QDs was quenched significantly. When Hg2+ 
existed, the conformational change of ssDNA was generated to form T-Hg2+-T 
structure, resulting in the release of complementary DNA and the recovery of the 
fluorescent signal [14]. The novel fluorescent sensing of Hg2+ was achieved with a 
limit of detection of 0.18 nM. Moreover, the integration of long-lifetime Mn-doped 
CdS/ZnS QDs was obviously reduced the background signal.

Fig. 27.8 (a) Schematic representation of a novel molecularly imprinted polymer captivity ZnO 
nanorods (NRs) for fluorescent sensing of tetracycline (TC). (Reprinted with permission from Ref. 
[25]. Copyright 2020: Elsevier). (b) Schematic illustration of a fluorescent nanosensing for chlor-
amphenicol (CAP) based on CdTe QDs and molecularly imprinted silica nanospheres. (Reprinted 
with permission from Ref. [4]. Copyright 2015: Wiley). (c) Schematic diagram of fluorescent sens-
ing of Hg2+, using Mn:CdS/ZnS QDs and Au NPs. (Reprinted with permission from Ref. [15]. 
Copyright 2012: American Chemical Society). (d) Schematic diagram of fluorescent sensing of 
CAP based on CdSSe QDs. (Reprinted with permission from Ref. [63]. Copyright 2020: American 
Chemical Society)
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Chloramphenicol (CAP), one of the most broad-spectrum antibiotics, was exten-
sively used for treating several infectious diseases. However, its severe side effects 
like aplastic anaemia and hypersensitivity in humans limit the wide applications. In 
particular, CAP was banned by European Commission in food-generating animals. 
Surprisingly, the utilisation of CAP was still well received in several countries due 
to its low cost, activity, as well as availability. Therefore, rapid, sensitive and selec-
tive analytical approaches for CAP monitoring in foods are of great importance and 
urgency. Owing to the excellent optical property, quantum dots (QDs) have attracted 
increasing interest in sensors and biosensors. Inspired by this knowledge, a fluori-
metric sensing platform was established for detection of CAP in milk based on 
CdTe QDs (Fig. 27.8b). Notably, in this novel design [4], the molecularly imprinted 
silica nanospheres.

(SiO2@MIP) were integrated on CdTe QDs for preserving the fluorescence 
quantum yield. CAP, as a sensitive analyte probe, was observed to significantly 
quench the fluorescent signal produced by CdTe QDs via the electron transfer prin-
ciple. The low limit of detection was measured to be 5.0 μg L−1. On the basis of this 
protocol, an in-depth investigation was made for the biological assembly of 
CdSxSe1−x QDs (Fig. 27.8d). It was found that the CdS0.75Se0.25 QDs with diameter 
of 3.22 ± 0.07 nm possessed great water solubility and exciting fluorescent charac-
teristics. Enlightened by this advance, the proposed CdS0.75Se0.25 QDs were embed-
ding to the fluorimetric sensor for the quantification of CAP in milk [63]. The 
detection sensitivity was improved over five-fold enhancement (LOD = 0.89 μg L−1). 
Consequently, quantum dots-based fluorescent sensing offers a promising trend 
towards label-free monitoring of antibiotics for food safety.

27.3  Challenges and Limitations

II–VI semiconducting nanomaterials-based sensors and biosensors are continuously 
attracted increasing attention from scientists for food safety hazard detection. As indi-
cated in Table 27.1, the recent advances in II–VI semiconducting nanomaterials- based 
sensors and biosensors for food safety hazards were introduced and summarised. 
Although the great performance was achieved for targets analysis like glucose, vita-
min, pathogenic bacteria, pesticides, metal ions, as well as mycotoxins, etc. There are 
still following vital challenges and limitations: (i) The exploration of more advanced 
nanomaterials for the construction of biosensors and sensor devices with the proper-
ties of high sensitivity, low cost, ease of use, and long life, which relies on the materi-
als size, morphology, surface area, semiconducting band gap, optical activity, and 
chemical properties. (ii) For real sample analysis, especially for complex matrix like 
food, when nanomaterials existed, the interference of other substances for biosensor 
performance should be taken into account due to their interaction with the nanomate-
rials. (iii) Given the toxicity reaction, potential risk and safety issues of nanomaterials, 
toxicity evaluation should be required related to the size, morphology, surface charge 
and area, and composition. By this, environment-friendly nanomaterials-based bio-
sensors are preferable. (iv) Nanomaterials like CdS, CdSe, CdTe integrated biosensors 
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proved to be highly expensive, especially for large-scale application or clinical analy-
sis. Therefore, the researchers should take the cost into consideration for nanobiosens-
ing development. (v) Biosensor development for point-of-care (POC) testing devices 
is the future trend for portable, and high-throughput analysis of food safety hazards. 
For decades’ efforts, the most successful examples like personal glucose metres 
(PGM) or smartphones have been widely used for food field. Therefore, focusing on 
these advanced nanomaterials for POC biosensing devices would open a new insights 
and transfer them to the market.

27.4  Conclusions and Future Trends

Food safety issue, a cause of global concern, imposed severe hazards on human 
health. Therefore, the establishment of simple, sensitive, and reliable sensing plat-
form against analytes determination in food safety was much in demand. Biosensors 
coupled with II–VI semiconducting nanomaterials displayed unique advantages 
such as rapid response, improved sensitivity and selectivity, enhancing sensing per-
formance, as well as the versatile platform for food analysis. This book chapter was 
systematically introduced and discussed the application of II–VI semiconducting 
nanomaterials-based sensors and biosensors for detection of food hazards targets in 
recent years. Furthermore, future research direction will focus on the advanced inte-
grated nanocomposites for the practical application in food safety field and the tran-
sition of biosensors platform to the market.
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