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Radiation Detection Materials Introduction

Paul Johns

Abstract Radiation detection science is still a field with room for technology
growth. Now two decades into the twenty-first century, there is still no perfect sensor
material that is practical for all missions. Because of this, research and development
efforts on sensor materials and algorithms for radiation detection remains a thriving
field. In this chapter we introduce the state of the art in radiation detection, present
challenges that detection systems seek to overcome, and discuss the technologies
behind the most prominent radiation detection methods. Focusing on scintillating
and semiconducting compounds, reviews are presented on established and emerging
materials for radiation detection. Discussion starts with scintillating materials, which
are among the most common sensors in radiation detection instruments. These
materials are optimized for high light output and rapid timing response to provide
information that enables the quantification of radiation sources. Semiconducting
materials, which currently provide the highest resolution sensors in deployed sys-
tems, are likewise reviewed. Strategies employed to produce large volume semi-
conductors that are stable at room temperature are presented. Physics, materials, and
practical difficulties in these technologies each present a challenge that must be
overcome in radiation detection missions. Despite this, recent advances in radiation
detection science have led to systems with abilities to detect, identify, localize,
quantify, and image radiation sources with higher fidelity than has ever before
been seen. Continued research and development efforts, presented in this book,
show the path forward to a future where radiation detection science becomes a
field with a perfect sensor.

P. Johns (*)
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USA
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1 Overview and Challenges in Radiation Detection

Radiation detectors are utilized in missions worldwide by government and commercial
entities within areas of energy, research, medicine, military, and homeland security.
There are a number of challenges imposed by physics, materials, and practical factors
that these detectors need to overcome. To be useful in most missions, a radiation
sensor must be able to detect and/or identify radioactive material in conditions where
signatures are weak and confounded by interference sources. A detector also needs to
avoid giving the “wrong answer,” as false positives can have severe consequences in
practice. Detectors that have success in their missions do so by utilizing algorithms
that allow radioactive materials to be discriminated and quantified. And likewise, these
algorithms have success by treating signals from sensor materials with the highest
interaction efficiency, best resolution, and lowest noise.

Radiation sensors and detection systems have an impressive history of develop-
ment over the twentieth century. Minimum detectable quantities of radiation have
improved by orders of magnitude from the early 1900s when naked-eye ZnS
scintillation panels were used, to the invention of the first photomultiplier tube
(PMT)-coupled scintillators in the 1940s, to today where modern laboratory spec-
trometers can confirm the presence of sub-Bq quantities of radiation in a matter of
seconds. Despite the improvements gained in radiation sensors over time, a number
of standing challenges remain in the field. Many modern difficulties encountered by
radiation detectors relate to the transition of technology from the laboratory to the
field. In reality, size, weight, available infrastructure, and most importantly cost
restrict what detection systems can be implemented in operational conditions.
Because of this, no single sensor material or detection system currently exists that
is applicable across all mission spaces. Focused research efforts in improving
radiation detection capabilities can be separated into developing new sensor mate-
rials, designing smarter algorithms, or integrating better sensors and algorithms into
detection systems that exceed the performance of legacy technology.

Discussion herein focuses primarily on the challenges associated with radiation
sensor materials, particularly for gamma-ray detection and isotope identification.
Research and development efforts in the field of radiation detection science seek to
improve the current state of the art and enable better radiation detection, identifica-
tion, quantification, localization, and imaging. A (non-comprehensive) list of some
of the major standing problems in radiation detection science is presented in Table 1.
These challenges are separated by the research or development category as driven by
materials, algorithm, or overall detection system capability.

2 Design Factors for Radiation Sensor Materials

Most of the sensor materials widely integrated into radiation detectors today are not
the compounds in existence with the best available detection efficiency, spectral
resolution, or overall performance. Instead, materials are selected and utilized when
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balance is achieved between practical factors and performance that fits mission
needs. Three key indicators can determine whether a sensor material is a good
solution for a radiation detector:

1. Is it cheap to produce?
2. Can it be produced in large volume?
3. Is the detector response adequate for the targeted application?

Sensor production cost is dictated primarily by the market price of precursor
materials and the energy (and time) necessary to produce the material. Ideal sensor
materials are comprised of elements that are abundant and easily accessible in large
quantities at low cost. Even with stellar performance, it is difficult to imagine sensor

Table 1 Examples of standing challenges in the field of radiation detection science

Category Challenge

Materials Large-volume (>10,000 cm3) radiation sensors that provide well-defined spec-
troscopic resolution

Materials Sensors with moderate-to-high spectroscopic resolution that can be produced at
<$1/cm3

Materials Scintillator-photodetector combinations with quantum efficiencies that produce
spectra at the intrinsic resolution of the scintillator

Materials Moderate-volume (>25 cm3) sensors that can operate at or near room temper-
ature and provide sub-1% resolution

Materials Spectroscopic sensors with material properties that remain constant over a range
of realistic operating temperatures (i.e., �20 �C to +50 �C)

Materials Ultrafast (sub-100 ps) sensors for medical imaging and high-energy particle
experiments [1]

Materials Robust sensor materials that do not degrade over >30-year life spans

Algorithms Algorithms with step function receiver-operator characteristics (ROC curves),
providing perfect classification of true positives and no detection or identifica-
tion of false positives over relevant operating conditions

Algorithms Calibration- and stabilization-agnostic identification algorithms

Algorithms Fusion of radiation data with other telemetry that improves the probability of
detection or identification over strictly radiation-based data

Detection
systems

Imaging systems with fine pixel resolution (< mm2) and high contrast (>20:1)
among material density increments of <0.1 g/cm3

Detection
systems

Sensors that provide adequate spatial resolution in sizes that enable fieldable
micro-computed tomography (μCT) systems

Detection
systems

Sensors that enable detection and identification at extremely long (>1 km)
standoff distances

Detection
systems

Highly efficient lightweight sensors for mobile and remote-operated missions

Detection
systems

Gaseous sampling radiation detection systems with the ability to discriminate
from single interactions and localize effluent origins

Detection
systems

Systems immune to adversarial actions that could influence data quality

Detection
systems

Passive imaging systems for nondestructive analysis (NDA) with fast (<sec-
onds) response times

Radiation Detection Materials Introduction 3



materials comprised of rare and expensive transition metals and lanthanide elements
becoming prevalent in radiation detectors. High purity requirements for precursor
materials and reagents often add cost to producing a sensor or introduce extended
purification steps to the growth process. Low energy requirements for growth are
often related to the melting temperature of the compound and how easily it can be
grown into a single crystal. Compounds that melt congruently, or can be grown via
solution, are more attractive than compounds that require high temperatures or
pressures to induce crystallization. Often, other practical factors such as hygroscop-
icity, mechanical durability, and stability against environmental aging effects are
desirable and can influence material production costs. Advanced engineering and
design can also mitigate some material challenges. Consider that NaI(Tl), a highly
hygroscopic material, is among the most widely produced and utilized sensor
materials today.

Production of materials in “large volumes” is entirely dependent on the context of
how a sensor will be used. A large-volume crystal for use in a handheld isotope
identifier is a completely different scale from a large-volume sensor intended for
portal monitoring. Table 2 provides a reference on the sensor sizes commonly
employed in different types of detection systems, and how those instruments are
used.

Particularly for scintillators, the maximum size in which a sensor can be reliably
produced is an indicator of how ready a material is for application in commercial
technologies. A key process in the development of any sensor material is improving
yield to larger volumes in homogeneous single phases with low defect concentra-
tions. Learning how to grow new compounds in large volumes is often a process of
trial and error that can stall the advancement of emerging sensor materials with
promising properties. Crystal growth is a challenging process where success is
achieved by precisely managing many parameters that are difficult to control:
temperature gradient across a boule, solidification speed, solid-liquid interface
shape, stress and strain at the solid-liquid interface, prevention of secondary-phase

Table 2 Categories of radiation detection systems and sensor sizes representative of what are
typically incorporated into the detection systems

Category Description
Representative
sensor size (cm3)

Personal radiation
detector

Detection systems worn on person that alert wearers to
hazardous radiation environments

~5–10

Radioisotope iden-
tification devices

Handheld or portable detectors used primarily for iso-
tope identification

~15–25

Backpack radiation
detectors

Backpack-held radiation detectors used typically for
area scanning, search, and identification

~50a

Mobile radiation
detectors

Radiation detection systems used for detection and
identification in vehicle or aerial platforms

~2000a

Radiation portal
monitors

Passive detection systems positioned on both sides of a
lane to scan pedestrians, vehicles, or cargo

~25,000a

aFull systems often incorporate multiple sensors
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nucleation, and many other factors [2]. Most radiation sensor materials are grown in
furnaces through Bridgman or Czochralski techniques that control a solid-liquid
growth interface to yield optically translucent or semiconducting single crystals. Due
to these challenges, the largest sensors utilized in radiation detectors are not crys-
talline materials but amorphous plastics, and are typically produced by casting or
extrusion methods [3].

The last, and most obvious, factor to consider when selecting a radiation sensor
material is to ensure that the detector has a suitable response function for the
application. A detector response function is the matrix that allows information
from an incident gamma radiation source to be unfolded. Mathematically, an
observed spectrum, O(E), is the product between the detector response function, R
(E), and the incident gamma-ray energy spectrum, I(E0), expressed as [4]

O Eð Þ ¼
Z 1

0
R E,E0ð ÞI E0ð ÞdE ð1Þ

A sensor material with properties that allow an observed response to be well
correlated to incident radiation is well suited for a radiation detector. Intrinsic
material properties as well as external design factors such as the scattering environ-
ment and energy calibration make up the detector response function. Three impor-
tant parameters of the detector response function are intrinsic to material properties
of the sensor: the efficiency at which radiation interactions occur, the spectral
resolution, and the manner in which energy carriers are extracted and translated
into observable spectra. Optimizing these three properties in the design of a sensor
material likewise optimizes radiation detection and identification capability.

The efficiency with which a material interacts with radiation, often simply called
detection efficiency, is proportional to the effective atomic number (Zeff) of a
material [5]. Because interaction efficiency scales with Z, high-Z elements are the
most well suited (but not mandatory) for radiation detection. More specifically, mass
attenuation of gamma radiation is determined by the total photon interaction cross
section for a given material, which increases with Zeff and physical density. Good
detection efficiency is also more nuanced than just prioritizing high interaction rates.
Radiation also needs to interact “the right way” in a sensor to provide information
useful for isotope identification. Among the interaction mechanisms that can occur
between radiation and matter, the photoelectric effect is prioritized in gamma-ray
sensors as it imparts the full energy of the gamma ray in a single interaction. Sensor
materials designed for isotope identification from spectral features should therefore
be based upon higher Z materials, in which case photopeaks will have more net
interactions compared to lower Z alternates.

Spectral resolution is the key property that determines identification ability in a
radiation sensor. “Better” resolution comes with lower percent values of the full-
width at half-max (FWHM) in a gamma-ray spectrum photopeak, which is broad-
ened by statistical, physical/material, and electronics factors. The absolute limit to
the resolution is dictated by the statistical term, which is determined by the number
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of quanta generated in an interaction. The equations for the theoretical limit to
resolution in semiconductors and scintillators are expressed by

Rsemiconductor ¼ 2:35

ffiffiffiffiffiffiffiffiffi
F

Ne=h

r
, ð2Þ

and,

Rscintillator ¼ 2:35

ffiffiffiffiffiffiffiffi
F
Nph

r
: ð3Þ

Equation (2) shows that the minimum resolution limit is determined by the
number of electron and hole (e�/h+) pairs, Ne/h, generated in an interaction with a
semiconductor. Likewise, the minimum achievable resolution in a scintillator,
presented in Eq. (3), shows that the resolution limit is determined by the number
of scintillation photons generated in an interaction, Nph. The Fano factor, F, is a
correction term that accounts for the finite number of energy states that orbital
electrons can occupy, which slightly skews the quanta generation from what is
expected by Poisson statistics. The relationship between minimum achievable detec-
tor resolution and number of information carriers generated is shown in Fig. 1, the
key takeaway being that better resolution comes when more information-carrying
quanta are generated in an interaction. In this regard, energy resolution is strongly
coupled to the bandgap, Eg, of a sensor material. The bandgap is the separation
energy between valence bands and conduction bands in the electronic structure of a

Fig. 1 Minimum photopeak resolution as a function of the number of quanta generated in a
radiation interaction. More quanta generated allows for better resolution. Numerator terms refer
to the numerator within the square root in Eqs. 2 and 3
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material. Smaller Eg values allow for more quanta to be directly generated in semi-
conductors, and tailored Eg values in scintillators enable high light yield from
fluorescence activation states. Because of this relationship between bandgap and
resolution, most semiconductors are tailored to have Eg values between roughly 1 eV
and 3 eV, while most scintillators are tailored to have Eg values between approxi-
mately 3 and 9 eV [6].

The final material-based consideration in detector response is how efficiently a
sensor is able to generate a signal once information carriers (ionized electron/hole
pairs or scintillation light) are produced. Different mechanisms come into play
during the processes where gamma-ray interactions are converted into interpretable
signals in scintillators and semiconductors. In the next sections, we separately
discuss these two predominant categories of radiation sensor materials and review
the properties and considerations necessary to enable high performance as radiation
sensors. Key material properties, development challenges, and promising emerging
compounds that seek to displace the state of the art in detection and identification
capability are discussed.

3 Scintillator Gamma-Ray Sensor Materials

Commercially available detection and identification technology, from smartphone-
sized personal radiation detectors to lane-spanning portal monitors, predominantly
consists of scintillator sensors. Scintillator materials fall into the classes of inorganic
crystalline and ceramic compounds, amorphous glass compounds, and organic
liquid, crystalline, or plastic materials. Applications where maximum detection
efficiency is a requirement benefit more from larger sized scintillators than higher
resolution semiconductor sensors. Scintillators provide the largest size scaling
capability in radiation sensors because the mean free path of scintillation light in
an optically clear medium greatly exceeds the mean drift length of charge carriers in
a semiconductor. Because of this, scintillators will always be important radiation
detection materials to fill the niche where extremely large-volume detection systems
(�100,000 cm3) are required. Developing new scintillator materials that emit light
on a very fast timescale (i.e., ps to ns), exhibit no phosphorescence, and feature high
scintillation yields (>100,000 ph./MeV) continues to make scintillator research a
thriving field within radiation detection science.

Scintillators in general produce fewer quanta in radiation interactions than semi-
conductors and other direct energy conversion technologies. The amount of energy
conversion mechanisms in place to generate a signal in detector introduces a number
of stages where energy loss occurs. After energy from a gamma ray is transferred
into a scintillator, at least five energy transfer or conversion mechanisms take place
before a signal is produced at the output of the photodetector [7, 8]:

1. Conversion of primary ionized electron(s) energy into secondary ionized elec-
tron/hole pairs in the lattice

2. Efficiency of ionized electrons or holes entering scintillator centers (intrinsic or
activator trap states) in the lattice

Radiation Detection Materials Introduction 7



3. Quantum efficiency of the scintillation center undergoing a radiative transition
and producing a scintillation photon

4. Collection efficiency of the scintillation photon being absorbed at the
photodetector vs. being reabsorbed in the lattice

5. The quantum efficiency of which scintillation light is converted to a photoelec-
tron at the photodetector

6. (For photomultiplier tubes) The efficiency of the photocathode ejecting a photo-
electron that is collected on the first dynode amplification stage

Considering how many stages are present in this conversion process, the fact that
advanced scintillator materials can produce spectra with resolution as low as 2% is
quite remarkable. Emerging scintillating materials are continuously developed to
provide higher light output, better timing response, better density, and emission
photon wavelengths that overlap with the absorption spectra of photodetectors, so
that minimum achievable resolution continues to improve. Many specific material
properties are pursued for scintillators to have good utility as sensors in radiation
detectors. First, a high light yield (photons/MeV) is necessary to drive a low spectral
resolution limit. Luminosity can be intrinsic or, more commonly, enabled by acti-
vator dopants. Additionally, linear proportionality is highly desired between the light
yield response and the incident gamma-ray photon energy. Scintillation spectra must
also be emitted at wavelengths that highly overlap with the absorption spectra of
photodetectors. Optical properties are then needed to provide complete transparency
to light at the wavelength(s) at which scintillation photons are emitted. A large mean
free path for emitted scintillation light is enabled by a lack of scintillation photon
reabsorption and a refractive index that allows perfect reflection on
non-photodetector surfaces. The luminescence of an intrinsic material is often
significantly enhanced when optical center “activator” dopants are incorporated
into the material. Lattice sites must therefore be available and suitable for the
engineered incorporation of scintillation activators. The two most common activa-
tors, Eu2+ and Ce3+, need lattice sites that can host the 3+ or 2+ valence state to
enable scintillation [9]. Finally, a fast decay of trapped charges from optical centers
in the bandgap is necessary to reduce dead time and pulse pileup. At a minimum,
scintillators target completion of light response within 10μs for sensor applications.

Figure 2 presents an overview of the periodic table showing element selection
considerations, based primarily upon the criteria presented by Cherepy et al. [10] and
Derenzo et al. [11]. Elements in Fig. 2 that are unshaded are those that can be applied
in scintillator design with the potential to grow useful compounds. Elements that are
radioactive, have insufficiently low bandgaps, do not form into compounds, do not
grow easily, or are optically absorptive are not strong contenders for scintillator
materials [10]. Factors such as toxicity and price are also important, but do not rule
out promising sensor materials.

Despite the stringent requirements that scintillating compounds must meet to
serve as radiation sensors, there are many materials on the market that offer solutions
for radiation sensors. In both detection and identification missions over both large
and small sensors, perhaps the most ubiquitous of all radiation sensor materials is
NaI, a halide scintillator typically doped with ppm levels of Tl to enhance its light
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output. Since its first application as a particle counter in the 1940s, NaI(Tl) has
become a prevalent sensor material in the nuclear industry [12, 13]. With a typical
resolution of 7–10% at 662 keV, NaI(Tl) sensors provide the radioisotope detection
capability in a majority of handheld detectors used in laboratory, environmental
monitoring, and homeland security applications [5]. NaI(Tl) is neither impressive
performance-wise, as dozens of other scintillators have better light emission and
resolution, nor is it particularly robust, as it is notably hygroscopic and prone to
fractures or cracking when mechanically or thermally shocked. Despite these draw-
backs, NaI(Tl) is inexpensive, is relatively easy to grow in large volumes, and has a
scintillation emission spectrum that couples well to bialkali PMTs and Si-based
photodiodes. Because of these factors, NaI(Tl) is a workhorse sensor material in the
nuclear industry, and the performance benchmark against which emerging sensor
materials are most commonly compared. Other commercially available and
deployed radiation detectors based on scintillation technology include LaBr3, CsI
(Tl), Bi4Ge3O12 (BGO), and plastic scintillators such as polyvinyltoluene (PVT) and
polystyrene (PS) [5, 14].

Comprehensive review articles on emerging scintillator materials over the last
decade have been provided by Dorenbos [15], Nikl et al. [16], Martin et al. [17],
Dujardin et al. [1], Zhou et al. [18], and Hajagos et al. [19], and the book by Korzhik
[20]. An online database comprised of hundreds of scintillators and their properties
has also been developed by Derenzo et al. and is hosted at scintillator.lbl.gov
[21]. Some key scintillator materials drawn from the forementioned reviews and
databases are reported with their key properties in Table 3. The presented

Fig. 2 Periodic table mapping of the elements investigated for scintillating materials, based on the
criteria by Cherepy et al. [10] and Derenzo et al. [11]. Compounds that present challenges that
inhibit use in scintillating materials are highlighted. Elements that, when enriched, are incorporated
into scintillators to enable neutron detection are also highlighted

Radiation Detection Materials Introduction 9
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Table 3 Scintillator materials with light output greater than NaI(Tl) and those with historic
significance. References to each material are provided along with reported luminosity, peak
emission wavelength, and energy resolution at 662 keV

Material Reference
Luminositya

(�photons/MeV)
Emission
peakb (nm)

Energy resolution (%
FWHM at 662 keV)

C14H0

(anthracene)
[22] 17,000 400–450 n.r.

BaBr1.7I0.3(Eu) [23] 112,000 414 n.r.

BaBr2(Eu) [23, 24] 58,000 408–414 6.9

BaBrCl(Eu) [23, 25] 59,500 405 4.3

BaBrI(Eu) [23, 26–28] 97,000 413 3.4

BaCl2(Eu) [24, 29] 52,000 406 3.5

BaFI(Eu) [23] 55,000 405 8.5

Bi4Ge3O12 [8, 30, 31] 10,600 510 9.1

CaF2(Eu) [32–34] 25,000 435 6.1

CaI2(Eu) [10, 35] 110,000 470 5.2

CeBr3 [36, 37] 68,000 371 3.6

CsBa2I5(Eu) [26, 28, 38] 102,000 430 2.3

Cs4CaI6(Eu) [39] 51,800 474 3.6

Cs3Cu2I5 [40] 51,000 450 4.5

Cs4EuBr6 [41] 78,000 455 4.3

Cs4EuI6 [41] 53,000 465 5.0

Cs2HfCl6 [42, 43] 54,000 400 2.8

Cs2LiLaBr6(Ce) [44] 60,000 410 2.9

Cs2LiLaCl6(Ce) [44] 35,000 400 3.4

Cs2LiYCl6(Ce) [44] 20,000 490 3.9

Cs2NaGdBr6(Ce) [45] 48,000 418 3.3

Cs2NaLaBr6(Ce) [46] 46,000 415 3.9

Cs2NaYBr3I3(Ce) [47] 43,000 350–465 3.3

Cs2NaLaBr3I3(Ce) [47] 58,000 350–460 2.9

Cs4SrI6(Eu) [39] 62,300 474 3.3

CsI(Tl) [8, 30] 61,000 540 5.6

CsSrI3(Eu) [48] 65,000 446–457 5.9

GdI3(Ce) [44, 49] 89,000 563 8.7

K2BaI4(Eu) [50] 63,000 448 2.9

K2Ba2I5(Eu) [50] 90,000 444 2.4

K2LaCl5(Ce) [51, 52] 30,000 340–380 5.0

K2LaI5(Ce) [51] 55,000 400–440 4.5

KCaI3(Eu) [53] 72,000 465 3.0

KSr2Br5(Eu) [54] 75,000 427 3.5

KSr2I5(Eu) [55] 94,000 452 2.4

LaBr3(Pr) [56] 74,500 490–730 3.2

LaBr3(Ce) [31, 57, 58] 63,000 380 2.6

LaBr3(Ce,Sr) [59] 78,000 n.r. 2.0

LiCa2I5(Eu) [60] 90,000 472 5.6

(continued)
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compounds have greater reported luminosity than NaI(TI) or are historically signif-
icant in radiation detection. Luminosity, energy resolution at 662 keV, and emission
wavelength are reported. It should be noted that timing response is an equally
important property; however, due to wide variations seen across literature on
emerging compounds, it is excluded from the table. It is also worth noting that
light yield is often extracted by comparison to commercial scintillators such as BGO
or NaI(Tl); these methods are prone to error based on the specific performance of the
reference sensor.

Figure 3 presents light output (in ph./MeV) against the minimum resolution
reported by scintillating compounds in the LBNL database [21]. As expected, the
average resolution improves (lower % value) as light output increases up to the range
of ~80,000 ph./MeV. Above this point, reported light output continues to improve;
however, the minimum reported resolution does not trend as anticipated. These
results suggest that there remains room for significant improvements in the minimum
achievable resolution in scintillating radiation sensors. In his review, Dorenbos
poses that a resolution of 1.5% is theoretically achievable in advanced scintillating
materials with light output beyond 100,000 ph./MeV if high quantum efficiency
overlap can be achieved between emission wavelength and photodetector absorption
[15]. Figure 4 provides a comparison of spectra collected among the commercially
available scintillator materials NaI(Tl), CsI(Tl), and LaBr3(Ce) to emerging scintil-
lator compounds with high resolution such as SrI2(Eu), KBa2I5, and CsBa2I5(Eu).

Table 3 (continued)

Material Reference
Luminositya

(�photons/MeV)
Emission
peakb (nm)

Energy resolution (%
FWHM at 662 keV)

LiGdCl4(Ce) [61] 64,600 345–365 n.r.

LiSr2I5 [60] 60,000 417–493 3.5

LuI3(Ce) [62, 63] 115,000 522 3.3

NaI(Tl) [5] 38,000 415 7.1

RbGd2Br7(Ce) [64] 55,000 420 3.8

SrI2(Eu) [65, 66] 120,000 435 2.6

Tl2GdCl5(Ce) [67] 53,000 389 5.0

TlGd2Cl7(Ce) [68] 49,700 350–550 6.0

Tl2LaCl5(Ce) [69, 70] 82,000 383 3.3

TlSr2I5(Eu) [71] 70,000 463 4.2

Tl2ZrCl6 [72, 73] 50,800 450–470 4.3

TlSr2I5(Eu) [71] 70,000 463 4.2

YI3(Ce) [44, 49] 98,600 549 9.3

ZnS(Ag) [74] 50,000 450 n.r.

ZnSe(O) [75] 71,500 595 7.4
aPeak reported emission, or integrated over all fluorescence components when applicable
bAverage emission wavelength at room temperature. Emission wavelength can shift with varying
activator dopant concentration and temperature
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Another important feature among scintillating materials is their ability to provide
signals from the interaction of both gamma and neutron radiation. A number of
solid-state neutron-detecting scintillators based on 6Li have seen focused develop-
ment over the past decade to reduce dependence on 3He in times of market shortages.

Fig. 3 Luminosity plotted against the reported resolution of compounds from Table 3. Data shows
that the minimum reported resolution trends lower as the luminosity increases

Fig. 4 Comparison of the spectral response to 137Cs among commercially available (top row) and
emerging high-performance scintillator materials (bottom row). Spectra from 137Cs are presented as
measured by (a) NaI(Tl) (commercial spectrometer, 200 x 200 sensor), (b) CsI(Tl) (commercial
spectrometer, 0.500 x 200 sensor), (c) LaBr3(Ce) (commercial spectrometer, 1.500 x 1.500 sensor), (d)
SrI2(Eu) (from Ref. [76]), (e) KBa2I5 (from Ref. [50]), and (f) CsBa2I5(Eu) (from Ref. [38])
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Recently, scintillating compounds with the elpasolite crystal structure generated
significant interest as dual-gamma and neutron detection sensors [77]. Isotopes
with high neutron absorption cross sections, typically 6Li or 157Gd, are integrated
into scintillators where pulse shape discrimination methods are then employed to
determine if interaction origins come from gamma or neutron radiation [78]. The
most prevalent inorganic scintillator with dual-gamma and neutron detection capa-
bilities is the elpasolite material Cs2

6LiYCl6(Ce), known as CLYC. Personal radia-
tion detectors comprised of small ~5 cm3 CLYC crystals have recently entered the
market [79]. Apart from CLYC, other dual-gamma and neutron-detecting scintilla-
tors include the Ce-doped elpasolites such as Cs2

6LiLaCl6 (CLLC), Cs2
6LiLaBr6

(CLLB), and Cs2
6LiYBr6 (CLYB). Commercially available neutron detectors have

also recently emerged based on pulse shape discrimination in common halides such
as NaI(Tl), doped with high neutron-interacting isotopes [80]. When NaI(Tl) is
co-doped with 6Li, “NaIL” sensors have been shown to have comparable neutron
detection efficiency to CLYC without sacrificing much reduction in light yield or
resolution [81, 82]. Another commercially available scintillating technology sensi-
tive to neutron radiation is 6Li-based glass fibers. A number of glass or glass ceramic
compositions, typically doped with Ce and drawn into bundles of fibers, are applied
in neutron detectors and imaging systems [83–85].

A final major class of scintillating materials are plastics and organic scintillators.
Plastic compounds used for radiation detection are comprised of a polymer matrix
base, typically polyvinyltoluene (PVT) or polystyrene (PS), in which soluble flour
compounds are added to promote the generation of light upon radiation interaction.
Due to the low wavelengths of emission typically seen in plastic scintillators,
additional soluble wavelength-shifting compounds can be added to vary the emis-
sion wavelength (typically as a redshift) to wavelengths more easily absorbed by a
photodetector [86]. The most widely implemented plastic scintillator is PVT, which
serves as the sensor component of radiation portal monitoring (RPM) systems
deployed at borders across the world. Economical and large-scale PVT formulations
have relatively low light output of ~6500 ph./MeV and do not produce spectra with
discernable photopeaks due to the low Zeff of the compound [87]. Despite this, PVT
can be produced in large volumes that make it particularly attractive for large-
volume detection applications. For context, a typical RPM system can contain
~100,000 cm3 of PVT sensor volume. Apart from low spectroscopic quality, a key
drawback in PVT is the tendency for moisture-induced defects, known as “fogging,”
to reduce the opacity of the material over years of thermal cycling in operational
environments [88, 89].

4 Semiconductor Gamma-Ray Sensor Materials

The second major class of gamma-ray sensors, semiconductor detectors, are direct-
energy converters that innately produce higher resolution signals than scintillators. A
large number of electron/hole pairs are generated when gamma rays ionize the atoms
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within semiconductors. The large number of quanta generated per interaction pro-
vides good resolution in photopeaks within the resulting gamma-ray spectra, and
enables them to identify and characterize sources at farther standoff distances and
shorter measurement times than equivalently sized scintillators. Additionally, unlike
scintillators, there are not a large number of resolution-reducing conversion pro-
cesses necessary to produce the signals that make up a spectrum. The resolution of a
semiconductor instead depends on the Poisson statistics behind the generation of e�/
h+ pairs, material properties intrinsic to the sensor, and the manner in which
electronics shape the signal [5].

One of the drawbacks in semiconducting sensor materials is that they are highly
sensitive to atomic scale phenomena that quench charges generated in radiation
interactions. Due to this, a good response to radiation depends on defect-tolerant
crystal structures, thermodynamically stable lattices, chemical and structural stabil-
ity, and, most importantly, electronic properties that enable stable charge generation
and collection across operating temperatures. High material purity is more important
in semiconductor sensors than in scintillators; impurity concentrations of just a few
billion atoms per cubic centimeter can significantly impact the charge transport of
electrons and holes. As ionized charge carriers drift through the lattice after a
gamma-ray interaction, they can become trapped at electronic states within the
bandgap that arise from the presence of defects or impurities. Optimization of
material properties at the atomic scale is therefore crucial for most semiconductor
sensors. For a semiconducting compound to perform well as a radiation sensor it
must also exhibit electronic properties that enable the detection of ionization-
induced charges on the order of fC to pC. The properties that enable this are
determined by the electronic structure and the bandgap of the compound: high
resistivity (at least 108 Ω-cm), electron/hole pair creation energies that approach
the value of the bandgap, and charge carrier mobilities and lifetimes that enable
optimum charge collection efficiency (mobility-lifetime product of at least
10�5 cm2/V-s). Schlesinger et al. lay out at least six key properties for semiconduc-
tors to be capable radiation detectors [90]:

1. Adequate electron density to support high stopping power and interaction rates
between sensor matter and gamma radiation

2. A bandgap in the “sweet spot” that is low enough to promote a high number of
electron/hole ionization pairs upon interactions, but not also large enough to
ensure high resistivity and low leakage current

3. High intrinsic mobility-lifetime product, such that the charge carrier drift length is
far larger than the detector thickness

4. Single crystal phases with low impurity concentrations and few intrinsic lattice
defects or trap states

5. Compatibility with electrode metals such that space charge buildup and polari-
zation effects are eliminated

6. High surface resistivity to prevent shunt current across detector surfaces and
ensuring that electric field lines are not perturbed at surfaces
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Similar to scintillators, Se, Br, Te, and I are commonly selected as the high-Z
anions and are paired with elements that produce semiconducting characteristics
when bonded. Like Fig. 2, in Fig. 5 the elements commonly selected (and avoided)
for semiconductor gamma-ray sensors are presented. The main considerations in
semiconductor element selection are pairs of anions and cations that provide com-
pounds with bandgaps suitable for sensor application, which is typically limited to
between 1.5 and 2.5 eV. Many of the same criteria for scintillator element selection
apply to semiconductors: elements that are radioactive, have insufficiently high or
low bandgaps, do not form into compounds, or do not grow easily. Of note, few
lanthanide elements have been shown to be incorporated into feasible semiconduct-
ing materials.

The most obvious contenders for semiconducting gamma-ray sensors are the
most utilized semiconducting materials worldwide: Si and Ge. Si is one of the most
ubiquitous and developed materials in the modern world and is found in nearly every
electronic device worldwide. The attractiveness of using Si as a radiation sensor
comes from its excellent electronic transport properties, such as its 3.62 eV pair
creation energy, electron mobility of 1350 cm2/V-s, and hole mobility of 480 cm2/V-
s at 300 K [5]. Unfortunately, Si is prevented from serving viably in most gamma
radiation detectors due to its moderately low stopping power, and the high leakage
currents that stem from its 1.12 eV bandgap at room temperature. Si therefore is most
often used in X-ray detection systems, and typically operates at cryogenic temper-
atures to increase its bandgap and resistivity. Germanium, which has a greater atomic
number and density, has instead arisen as one of the most widely used sensors in
laboratory gamma-ray detection applications. Reducing impurity concentrations to

Fig. 5 Periodic table mapping the elements frequently incorporated into semiconductor materials.
Compounds that present challenges that inhibit use in semiconducting materials are highlighted
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the order of 1010 atoms/cm3 and cooling the crystal with liquid nitrogen enable Ge
detectors to serve as the world’s highest resolution semiconductor sensors for
gamma-ray spectrometers. Currently, high-purity germanium (HPGe) detectors are
the industry performance benchmark for spectroscopy due to HPGe’s ability to
produce spectra with photopeak resolution below 0.8% over a large range of
energies [91].

Due to their intrinsically low 0.67 eV room-temperature bandgap, the Ge crystals
in HPGe spectrometers must be cooled to liquid nitrogen temperature (~80 K) in
order to operate as a gamma-ray sensor. Without sufficient cooling, thermal phonons
in the Ge create too high of an electron density in the conduction bands to distinguish
signal from noise. Cooling HPGe spectrometers most often requires liquid nitrogen
reservoirs or electromechanical coolers that add weight and power draw to detectors.
Because of this, many semiconductors with larger bandgaps have come under
investigation as candidate materials for room-temperature semiconductor detectors
(RTSDs).

RTSDs remain a R&D focus in detection science because they can generate
theoretically higher resolution spectra than comparably sized scintillators at ambient
operating temperatures. Many semiconductors with sufficient bandgaps have come
under investigation as candidate materials for radiation sensors. Despite the number
of requirements for materials to serve effectively as RTSD sensors, new promising
compounds are frequently discovered. Within the last decade, review articles on
RTSD sensor materials have been written by McGregor et al. [92], Owens and
Peacock [93], Luke and Amman [94], Sellin and Vaitkus [95], Zaletin and Varvaritsa
[96], and Johns and Nino [97], as well as the books by Owens [98], Awadalla [99],
and Iniewski [100]. A compilation of emerging RTSD compounds and their reported
properties are presented in Table 4.

The highest technology-readiness-level RTSD compounds are currently CdZnTe
(CZT), TlBr, and HgI2. Among these, CdTe and CdZnTe (CZT) are the forefront
RTSD sensor materials and currently are the only RTSD compounds found widely
among commercial detection systems. CZT in particular is the performance bench-
mark RTSD compound against which emerging sensor materials are compared. CZT
is CdTe alloyed with <15% Zn to increase the bandgap and prevent polarization
effects from occurring after long periods under bias [173]. CZT that features a
bandgap around 1.57 eV (for 10% Zn doped) is the industry standard RTSD material
[174]. With modern charge sensing and depth of interaction correction techniques, it
is possible for CZT to exhibit photopeak resolution well below 1% at 662 keV [175–
177]. Figure 6 provides a comparison between HPGE and CZT spectra obtained
from commercially available spectrometers.

TlBr and HgI2 are other sensor materials widely seen in RTSDs. TlBr’s density is
among the highest of RTSD candidates at 7.56 g/cm3, and its bandgap of 2.56 eV
maximizes resistivity at the cost of a slightly higher pair creation energy. One of the
historical drawbacks of TlBr is polarization that leads to the degeneration of elec-
tronic performance after extended periods under bias [178]; however, by engineering
the crystals with Tl contacts, this issue has been solved [179]. Today, both pixelated
[180] and capacitive Frisch grid detectors [181] have demonstrated a resolution <1%
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Table 4 Electronic properties of candidate RTSD materials as reported in literature. Value
references taken from Owens [93] along with sources given in column 2. The table is a reproduction
of the property table provided in reference [97] with new data provided on compounds that have
emerged since the original publication

Material Refs.
Bandgap
(eV)

Resistivity
(Ω-cm) (μτ)e (cm2/V)

Spectroscopic
response?

Pair
creation
energy

CdTe [101, 102] 1.44 1 � 109 1–2 � 10�2 Yes 4.43

CdZnTe [103, 104] 1.57 109–1010 7.5 � 10�3 Yes 4.64

HgI2 [98] 2.15 1 � 1013 3 � 10�4 Yes 4.20

TlBr [105, 106] 2.68 1 � 1010 3 � 10�3 Yes 6.50

CdMnTe [107–110] 1.61 3 � 1010 7 � 10�3 Yes 2.12

CdSe [111, 112] 1.73 1 � 1012 6.3 � 10�5 Yes 5.50

CdZnSe [113] 2.00 2 � 1010 1 � 10�4 No 6.00

CdTeSe [114, 115] 1.47 5 � 109 4 � 10�3 Yes (4.56)

GaAs [116] 1.42 1 � 108 8 � 10�5 Yes 4.20

GaSb [117] 0.72 n.r. 3 � 10�5 Yes (2.51)

GaSe [118–120] 2.03 108–1010 3.7 � 10�5 Yes 4.49

GaTe [120] 1.66 1 � 109 n.r. No (5.08)

GaN [96] 3.40 1 � 1011 1 � 10�4 No 10.2

GaP [96] 2.26 1 � 109 1 � 10�5 No 7.00

InP [121] 1.34 1 � 109 5 � 10�6 Yes 4.20

AlSb [122] 1.65 1 � 108 1.2 � 10�4 No 4.71

TlHgInS3 [123] 1.74 4 � 109 3.6 � 10�4 No (5.30)

Cs2Hg6S7 [124, 125] 1.63 6 � 107 1.7 � 10�3 Yes (4.99)

CsHgInS3 [126] 2.30 9 � 1010 3.6 � 10�5 No (6.83)

TlGaSe2 [127] 1.93 1 � 109 6 � 10�5 No (5.82)

AgGaSe2 [128] 1.70 1 � 1011 6.0 � 10�6 No (5.19)

TlInSe2 [129–131] 1.10 106–107 1 � 10�2 No 3.60

LiInSe2 [132, 133] 2.85 1 � 1011 3.0 � 10�6 No (8.33)

LiGaSe2 [134] 2.80 1 � 108 n.r. No (8.19)

CsCdInSe3 [135] 2.40 4 � 109 1.2 � 10�5 No (7.10)

Tl3AsSe3 [136] n.r. 106–107 n.r. No n.r.

Cs2Hg3Se4 [137] 2.1 1.1 � 109 8.0 � 10�4 No (6.28)

Pb2P2Se6 [138, 139] 1.88 5 � 1011 3.1 � 10�4 Yes (5.68)

Cu2I2Se6 [140] 1.95 1012 n.r. No (5.87)

CsCdInTe3 [135] 1.78 2 � 108 1.1 � 10�4 No (5.06)

Cs2Cd3Te4 [137] 2.5 1 � 106 1.1 � 10�4 No (7.38)

PbI2 [98] 2.32 1 � 1013 1 � 10�5 Yes 4.90

InI [141, 142] 2.00 1 � 1011 7 � 10�5 Yes (6.01)

SbI3 [143] 2.20 1 � 1010 n.r. No (6.56)

BiI3 [144, 145] 1.67 108–1011 1 � 10�4 Yes 5.80

β-Hg3S2Cl2 [146] 2.56 1 � 1010 1.4 � 10�4 No (7.54)

CsPbBr3 [147] 2.25 109–1011 1.7 � 10�3 Yes (6.69)

Hg3Se2Br2 [148] 2.22 1 � 1011 1.4 � 10�4 Yes (6.56)

(continued)
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Table 4 (continued)

Material Refs.
Bandgap
(eV)

Resistivity
(Ω-cm) (μτ)e (cm2/V)

Spectroscopic
response?

Pair
creation
energy

SbSeI [149] 1.70 1 � 108 4.4 � 10�4 No (5.19)

Tl4CdI6 [150] 2.80 2 � 1010 6.1 � 10�4 Yes (8.19)

Tl6SI4 [151] 2.04 1 � 1010 2.1 � 10�3 Yes (6.12)

Tl6SeI4 [152] 1.86 4 � 1012 7.0 � 10�3 Yes (5.63)

Tl4HgI6 [136] n.r. 1011–1012 8.0 � 10�4 Yes n.r.

TlSn2I5 [153] 2.14 4 � 1010 1.1 � 10�3 No (6.39)

Hg3S2I2 [154] 2.25 2 � 1011 1.6 � 10�6 No (6.69)

Hg3Se2I2 [154] 2.12 1.2 � 1012 1.0 � 10�5 Yes (6.34)

Hg3Te2I2 [154] 1.93 3.5 � 1012 3.3 � 10�6 No (5.82)

Rb3Bi2I9 [155] 1.93 3.2 � 1011 1.7 � 10�6 No (5.82)

Rb3Sb2I9 [155] 2.03 8.5 � 1010 4.5 � 10�6 No (6.09)

Cs3Bi2I9 [155] 2.06 9.4 � 1012 5.4 � 10�5 No (6.17)

Cs3Sb2I9 [155] 1.89 5.2 � 1011 1.1 � 10�5 No (5.71)

CdGeAs2 [156] 0.9–1.0 107–109 n.r. No (3.30)

LiZnAs [157, 158] 1.51 106–1011 n.r. No (4.67)

LiZnP [157, 159] 2.04 106–1011 n.r. Yes (6.12)

4H-SiC [96, 160] 3.27 2 � 1012 4 � 10�4 Yes 7.78

Diamond [161, 162] 5.47 5 � 1014 2.7 � 10�7 No 13.0

PbO [163] 2.80 1 � 1013 1 � 10�8 No (8.19)

ZnO [164] 3.30 3 � 1013 10�6
–10�4 No (8.37)

MAPbI3 [165–167] 1.54 108–109 1.0 � 10�2 Yes (4.75)

FAPbI3 [165, 168,
169]

1.43 106–109 1.8 � 10�2 Yes (4.40)

FACsPb
(BrI)3

[169] 1.52 108–109 1.2 � 10�1 Yes (4.69)

MAPb(BrI)3 [165] n.r. n.r. 1.0 � 10�5 Yes n.r.

MAPbBr3 [170, 171] 2.3 1.7 � 107 1.2 � 10�2 No (6.83)

MAPbBr3:
Cl

[172] 2.3 3.6 � 109 1.2 � 10�2 Yes (6.83)

Fig. 6 Examples of sub-1% spectral resolution at 662 keV achieved from commercial HPGe and
CZT sensors
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at 662 keV. Likewise, HgI2 has been honed into a quality RTSD gamma-ray sensor.
HgI2 originally proved to be challenging due to the hole (μτ) product lagging orders
of magnitude behind that of electrons. Modern techniques that allow spectra to be
reconstructed from single charge carrier interactions have demonstrated remarkable
resolution in HgI2. Resolution of 1.55% at 662 keV has been demonstrated from
collecting charge from pixelated anode electrodes and performing depth correction
on interaction signals [182].

CZT, HgI2, and TlBr each experiences a problem common to RTSD sensors:
transport characteristics of one charge carrier (electron or hole) are dominant relative
to the other. Equation (4) shows how induced charge, Qinduced, is generated on an
electrode after radiation interaction in a semiconductor. Change in weighing poten-
tial, Ψ , experienced by electrons and holes with individual charge q, induces charge
on the anode and cathode as carriers travel from the interaction position (x1) to the
anode (xA) or cathode (xC). When a single carrier is unable to transit effectively
through the semiconductor, the induced charge on the electrode is reduced propor-
tional to the weighing potential change not experienced by the electron or hole:

Qinduced ¼ q ψ x1ð Þ � ψ xCð Þ½ �|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
holes

� f�q ψ xA � ψ x1ð Þð �geletrons:½|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl} ð4Þ

To compensate for charge collection loss effects, single polarity charge sensing
techniques are commonly used to improve the resolution in RTSD spectrometers.
These techniques incorporate an electrode design that allows the majority charge
carrier to experience a change in its weighing potential much greater than the
minority charge carrier. The most common single polarity charge sensing techniques
are pixel electrode grids and Frisch collars [183, 184] that enable the majority carrier
to experience the most change in weighing potential. Application of these techniques
creates weighing potential distributions where nearly all of the induced charge is due
to the majority carrier, thereby improving overall spectral resolution.

5 Current State of the Art in Radiation Detection

The performance of a sensor is judged based on the specific function or role it is used
for. Basic functions of radiation sensors fall into two categories: detection and
identification. It is important to understand the distinction between detection and
identification and how different responses in different missions shape the state of the
art. One would not consider a moderate-volume (~50 cm3) HPGe sensor to be
outstanding in detection missions. Likewise, one would judge PVT as a terrible
sensor choice for identification missions. Yet HPGe is among the best available
sensor options for identification missions, and PVT the most suitable for detection.
The simple definition of a detection mission is using a sensor to alert the presence of
radiation levels above background. Likewise, an identification mission consists of
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using a sensor to identify any isotope(s) present in a radioactive material. The
derivation of other useful information, such as source localization, quantification,
and imaging, usually complements the detection and identification functions.
Unique challenges are faced in these two missions that currently prevent any single
radiation sensor material from being used generically in all mission spaces.

In identification missions, current industry standard detection systems based on
NaI(Tl) can identify isotopes down to gamma-ray fluence rates between 1 and 0.1 γ/
cm2-s in a span of 1 or 2 min of measurement time [97]. Higher resolution sensors
based on Ge semiconductors can identify sources in the same configurations in just a
few seconds of measurement time. While Ge-based sensors are powerful identifica-
tion tools, their cryogenic cooling requirements have driven the development of
alternate sensors that can produce high-resolution responses at or near room tem-
perature. While NaI(Tl) and Ge are widely available and found in a variety of
detection systems, a number of other materials exist with good resolution, large
volume growth capability, and abilities to detect both gamma and neutron radiation.
Beyond NaI(TI), the most common sensor materials found in commercially avail-
able identification systems are CsI(Tl)-, LaBr3(Ce)-, CeBr3-,
Cs2

6LiYCl6(Ce) (CLYC)-, Bi4Ge3O12 (BGO)-, Si-, Ge-, and CdTe-based com-
pounds [6]. New compounds with increased performance potential such as TlBr
and SrI2(Eu) grow in their technology readiness by the year.

For decades, the highest fidelity isotope identification method has often been a
trained spectroscopist’s review of a spectrum. Consider the resolution of the various
commercially available radiation sensors presented in Fig. 7. Historically,

Fig. 7 Comparison of the spectral response of commercially available radiation sensors in mea-
surements of a 93% 235U source. Detectors comprised of NaI(Tl) (5.1 cm Ø � 5.1 cm), CsI
(Tl) (5.1 cm � 2.5 cm � 1.3 cm), HPGe (8.5 cm Ø � 3.0 cm), CdZnTe (19 cm3), and PVT
(15,000 cm3) were sourced from various COTS systems. Counts are vertically offset to arbitrary
values
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identification algorithms have required well-defined spectral features to provide
high-confidence identification results to an operator. At NaI(Tl) resolutions of
7–10%, it can be exceedingly difficult to resolve radiation signatures that are
confounded by nearby gamma-ray emission energies, down-scatter and attenuation
caused by shielding materials between the radiation source and the detector, and
presence of naturally occurring radioactive materials (NORM) in excess of back-
ground radiation. Spectral stability also has a major impact on the ability of an
algorithm to identify a radiation source. Shifts in stabilization energy or calibration
of a few percent caused by temperature variations or gain drift are often enough to
prevent the correct identification of isotopes by automated routines or algorithms.
Because of these challenges, “reachback support” efforts, where spectroscopists
confirm the identity of a radioactive material, are currently (and may always be)
an integral part of adjudicating radiation alarms in operational environments.

Although the ways algorithms process spectra to detect, identify, quantify, or
localize radioactive materials in commercial radiation detectors are business propri-
etary information and vary by manufacturer, a few relatively common techniques are
used broadly in isotope identification routines. While many dozens of algorithm
methods exist in literature, the conventional isotope identification routines employed
on spectrometers are types of photopeak “searching,” template matching, region-of-
interest (ROI) windows, and spectral deconvolution methods [185]. Photopeak
“searching” is among the most rudimentary routines and is highly prone to error.
The energy positions of local maxima in a spectrum are compared to the photopeak
energies produced by various isotopes in a reference library. Peak searching algo-
rithms are complicated when isotopes do not produce well-resolved photopeaks per
the resolution of the sensor and when signals are close to background. In template
matching, a measured spectrum is compared against a library of template spectra
produced by individual or a combination of isotopes. A statistical test on the
comparison of the measured spectra and the template provides a confidence value
used to determine whether isotopes are present, and if so, what their identity is. ROI
windowing is common on sensors with low spectroscopic quality and is performed
by comparing ratios of counts within broad windows in energy regions across a
spectrum. The ratios of counts within windows across different energy regions are
compared to background ratios to determine if a source with emission characteristics
apart from background radiation is present. Spectral deconvolution techniques are
among the most powerful conventional algorithms and rely on unfolding the incident
gamma-ray spectrum from the observed measurement through the detector response
function. Deconvolution routines consider spectral contributions from scatter,
shielding, background interference, and other factors to build a response matrix
that is used to generate an estimation of the incident gamma-radiation spectrum. The
incident spectrum is then compared to a library to identify isotopes present.

More recently, advancements in sensor materials, detector designs, and algo-
rithms for detection and identification are enabling radiation sensor and algorithm
combinations that are more accurate and reliable than ever before. Novel sensor
materials are being identified that can be synthesized through easier growth routes
such as solution processing and 3D printing [18, 186]. Perhaps the most interesting
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materials emerging in the field of radiation sensors are the inorganic and hybrid
organic-inorganic perovskite compounds [18, 187–189]. Whereas most scintillator
and RTSD compounds are grown from melt-based methods in high-temperature
furnaces over periods up to the scale of weeks, the organic-inorganic perovskites are
capable of being grown from solution in glassware at near-ambient temperatures.
Yield, output rate, and cost per volume of these compounds make them compelling
to further investigate for applications as large-volume detectors. If purity and
optoelectronic stability can be improved in these compounds, hybrid organic perov-
skites could possibly lead the field of radiation sensor research toward more effective
radiation detectors in the upcoming years.

Low-resolution sensors equipped with advanced spectral identification algo-
rithms are enabling “spectroscopy on a smear” where no prominent photopeaks
are present to identify a source. Despite the signal quality in materials like PVT,
algorithms now exist that allow isotopes to be identified even when no identifying
characteristics are present to the human eye. A large portion of recent identification
algorithm research has focused on the application of artificial neutral networks and
deep learning to train more accurate isotope detection and identification capabilities
[190–193]. Increasingly clever design factors are being employed such as embedded
radioactive stabilization sources, LED pulsers, and stabilization routines that use
background radiation to keep spectra calibrated and capable of identifying radioac-
tive materials. Even in cases where energy calibration of a spectra is off, machine
learning algorithms trained to identify and correct data quality are emerging that can
detect and identify sources even in the most complex environmental conditions.

6 Conclusion

In summary, new hardware and software are constantly developed for more reliable
and higher performing radiation detection systems. Generally, research and devel-
opment efforts on radiation sensors drive to enable detection with higher energy
resolution and high detection efficiency per unit volume. This typically manifests
itself in detection technology in one of the two ways [97]:

1. Providing equal identification capability at smaller volumes as lower resolution
spectroscopic detectors

2. Enabling higher identification capability at equivalent volumes as lower resolu-
tion spectroscopic detectors

Sensor materials that utilize spectroscopy can, and should, be utilized in detection
missions to reject nuisance alarms from benign radiation sources. One of the key
challenges in radiation detection is the practical trade-off between sensitivity and
selectivity. Compounds that can be produced and utilized in the largest, most
sensitive radiation detectors are often the materials with the most limited spectro-
scopic capability. An example is the application of large plastic scintillators such as
PVT in detection systems used to monitor vehicles and cargo. These sensor materials

22 P. Johns



are often able to detect radiation at interaction count rates much lower than back-
ground; however, because Compton scatters are the predominant interaction mech-
anism, the lack of spectroscopic signatures in energy spectra has historically
rendered the largest detectors from easily identifying or categorizing sources.
Despite these limitations, modern algorithms continue to emerge that enable selec-
tivity in sensors with poor resolution.

As a final note, while the majority of research and development efforts in
radiation detection science focus on improving how systems perform in the detection
and identification of radiation, it is equally important to consider that radiation
detection systems must be maintainable, sustainable, and easily operated by end
users who are not experts in detection science. Amazing capabilities from a sensor
material cannot be realized in a system that is not robust or reliable in field
operations. A high-resolution spectrum that would excite a spectroscopist most
often has no meaning to detection system operators, who are usually first responders
or law enforcement personnel that need a simple “yes” or “no” response to the
presence of radiation. Exceptionally performing sensors incorporated with burden-
some calibration requirements, unoptimized receiver-operator characteristics, or low
mean time between failure will not deliver success in operational environments.
Many such practical requirements are equal to, or more important than, the perfor-
mance characteristics of a sensor. Only with these considerations in mind can there
be a future where radiation detection science truly becomes a field with a perfect
sensor.
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Inorganic Perovskite CsPbBr3 Gamma-Ray
Detector

Lei Pan, Praneeth Kandlakunta, and Lei R. Cao

Abstract Wide-bandgap (WBG) semiconductors offer stability, endurability, and
room-temperature operation than narrow-bandgap semiconductors such as Si and Ge
detectors. One example of the most developed WBG is the well-known CZT
detector. One emerging WBG is lead halide perovskites that show a great potential
in X- and gamma-ray detection with a desirable high attenuation coefficient, low
leakage current, and a large mobility-lifetime product. The all-inorganic CsPbBr3
perovskite has its own advantages due to the structural stability over the organic-
inorganic perovskites. This chapter starts with a brief introduction of WBG for
radiation detection, with a focus on gamma rays. We then describe the performance
of gamma-ray detectors made of solution-grown CsPbBr3 single crystals. The device
structure, fabrications, surface processing, nuclear instrumentation, and eventually
performance evaluation are discussed. The reported Cs-137 energy spectrum with
FWHM resolution at 5.5–11%@ 662 keV and peak-to-Compton valley ratio at 2 are
presented. Low leakage current has been consistently achieved (~2–5nA@-200V),
comparable to a commercial CZT detector. Excellent reproducibility and stability are
also demonstrated.

1 Basics of a Semiconductor Radiation Detector

1.1 Introduction

The all-inorganic perovskite (cesium lead tribromide, CsPbBr3) has recently
emerged as a promising candidate for gamma-ray detector due to its low-cost growth
method, lead (Pb) bearing, and premium charge transport properties. This chapter
focuses on the effects of material preparation, metal deposition, and device archi-
tecture on the energy resolution (ER) of CsPbBr3.
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Although showing the properties of a good solar cell material, a major distinction
of gamma-ray detection medium from solar cell material is that the former requires a
large detection volume to intercept gamma-ray photons, which further necessitates a
much higher crystal quality for the liberated free carriers to travel a long distance
without getting trapped. Applying high voltage (up to several thousand volts) is a
necessity, however, at the expense of an increased dark current. Materials with high
electron density (N*Z ), which is the product of the atomic density N and the
Z number (effective atomic number, Zeff) of the atom, are preferred for a gamma-
ray detector, since the detection of gamma rays is essentially the conversion of
gamma-ray photons to fast electrons, through three major interaction mechanisms
(photoelectric effect, Compton scattering, and pair production). A high-Z property
relaxes the requirement on thickness or volume of a gamma-ray detector, although
only to a certain extent. CsPbBr3 is a wide-bandgap semiconductor with 2.3 eV
bandgap, which makes it less susceptible to the interference from thermal noise, i.e.,
thermally excited free e-h pairs, and enabling its ability for room-temperature
operation. The reduced thermal noise, though shown as a low-leakage current, is
at the expense of an increased Fano noise. It simply takes more energy to liberate one
electron-hole (e-h) pair in a wide-bandgap semiconductor sensor; thus the total
number of free e-h pairs available for charge collection is reduced, when compared
to other narrow-bandgap semiconductors such as silicon (Si) or germanium (Ge).

While the statistical nature of the gamma-ray photons and electronic noise of the
spectroscopy system extrinsically affect the ER, it is primarily affected by factors
intrinsic to the material itself. These include material defects such as those formed by
vacancies and interstitials acting as traps, and leakage current, all of which impact
the charge collection efficiency, thereby the ER. The most recent work by He et al.
has demonstrated an impressive ER of 1.4% with CsPbBr3 grown by high-temper-
ature melt method [1], while the solution growth CsPbBr3 indicated the best
achievable resolution of 5.5% [2].

When a charged particle enters the active region of a detector, for example, with
parallel planar structure as shown in Fig. 1, it creates a cloud of e-h pairs equivalent
to a total charge Q based on the amount of energy deposited and the average e-h pair
creation energy of the detector material. The e-h pair creation energy, also known as
W-value, may be estimated by the empirical formula, W ¼ 1.43 + 2 Eg (where Eg is
the bandgap energy and W and Eg are both in units of eV). For example, a 137Cs
gamma photon of 662 keV when fully absorbed by a CsPbBr3 detector (Eg ¼ 2.3 eV

Fig. 1 The illustration of a
planar detector with charge
produced by interaction of
radiation with the detection
media
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andW¼ 6.03 eV) would produce only about 110,000 e-h pairs, equivalent to merely
0.0176 pC of charge. In all measures, radiation detection can be understood as the
acquisition of a small random signal from a detector using a simple model where the
detector has a thickness d, and an applied bias V that creates an electric field E, as
shown in Fig. 1.

The drifting of these electrons to the positive electrode and holes towards the
negative electrode induces the charge movement on the electrode. It is the movement
of this charge that sets off the onset of the current flow in the external circuit. By the
time the carriers reach the electrode or get lost in the trapping sites, the current flow
will be stopped. If there is no blocking effect from metal contacts, carriers will also
be injected into the detector to eventually neutralize the free carriers produced by the
radiation:

ν ¼ μ � �E ð1Þ

where ν is the carrier drift velocity in units of cm/s, Ē is the electric field in units of
V/cm, and μ is the mobility of hole or electron in units of cm2/V/s. From this
definition in Eq. (1), the mobility is nothing more than a proportionality constant.
We could also rearrange to have

τ=t= ν � τ=ν � t=μ � τ � Ē cmð Þ=d cmð Þ ð2Þ

where τ is the carrier lifetime in unit of s, μτ has the unit of cm2/V, d = ν t is the
detector thickness, and t is the time for carrier to drift to electrode. From Eq. (2), it is
seen that the charge collection is the competition of μ�τ�Ē, the mean free path of
electrons or holes, with the detector thickness. While the E could be controlled
manually by adjusting the applied bias voltage and d remaining a constant, the ER
performance eventually is dictated by the material property, i.e., the μτ product.

1.2 Inorganic Perovskite CsPbBr3 for Gamma-Ray Detection

1.2.1 Review of Material Properties

Lead halide perovskites are a family of semiconductor materials with molecular
formula APbX3 [where A

+ ¼ cesium (Cs), methylammonium (MA or CH3NH3), or
formamidinium (FA or CH(NH2)2) and X� ¼ chlorine (Cl), bromine (Br), or iodine
(I)] showing attractive properties for gamma-ray detection. The perovskites can be
further classified into an organic-inorganic group with organic component (i.e., MA
+ or FA+ or a mixture of them) as the cations and an all-inorganic group with Cs+ as
the cations. Table 1 lists some typical properties of interest for a few room-
temperature gamma-ray detectors.
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As the most technologically mature room-temperature gamma-ray detector, cad-
mium zinc telluride (CZT or Cd1-xZnxTe with x � 0.1) has achieved an ER of less
than 1.0% at 662 keV with a signal readout correction algorithm applied [3]. How-
ever, the raw material growth issues and the associated high costs with CZT sustain
the demand for an alternative detector technology [4]. The thallium bromide (TlBr)
detectors have been reported to suffer from ionic conduction-induced polarization
phenomena, which leads to the performance deterioration over time under an applied
bias [5].

Perovskites have a large effective atomic number (Zeff), a large and tunable
bandgap, and high μτ product, which makes them promising for high-ER gamma-
ray spectroscopy [6]. Additionally, the perovskites can be grown into a large size
from low-cost solution-grown method compared to the high-temperature melting-
grown method with a relatively higher initial cost. Among the members of the
perovskite family, the organic-inorganic perovskites typically have larger μτ product
than the all-inorganic perovskites. However, this advantage is counteracted by their
sensitivity to moisture and hysteresis due to the presence of organic cations
[7, 8]. Their thermal and thermodynamic instability towards decomposition is
problematic too, given the presence of the toxic Pb [9]. On the contrary, the all-
inorganic perovskites show a superior long-term stability both chemically and
mechanically, while maintaining the desirable electric and photovoltaic properties,
which is realized by the replacement of organic cation by its inorganic counterpart
[10, 11]. The lower Zeff of CsPbCl3 and the relatively higher instability of CsPbI3 in
ambient air make them both inferior detector candidates compared to CsPbBr3 [12].

1.2.2 X-Ray Detection Performance of a Perovskite Detector

Because of the much higher photon flux (>105 cm�2 s�1 with a small X-ray tube)
than the sparse gamma-ray photons from a gamma-ray source, the evaluation of

Table 1 Typical properties of interest for some room-temperature semiconductor gamma-ray
detectors [1–3, 6, 13–16]

Constituent elements and
atomic numbers

Bandgap
(eV)

μτ product
(cm2V�1) ER @662 keV

Cd1-
xZnxTe

Cd: 48, Zn: 30, Te, 52;
Zeff ¼ 49.9 when x ¼ 0.1

1.5–1.6 0.004–0.01 0.5%

TlBr Tl:81, Br: 35, Zeff ¼ 72.6 2.68 0.0005 1.0%

Organic-
inorganic
perovskites

H:1, C:6, N:7, Pb:82,
Bi:83, Cl:17, Br:35, I:
53, e.g., MAPbBr3:
Zeff ¼ 62

1.5–3.1 0.001–0.018 6.5% for
MAPbBr2.94Cl0.06

All-inor-
ganic
perovskites

Cs:55, Pb:82, Bi:83,
Cl:17, Br:35, I: 53, e.g.,
CsPbBr3: Zeff ¼ 62

1.7–2.8 0.0001–0.001 1.4% for melt-growth
CsPbBr3
5.5% for solution-
growth CsPbBr3
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X-ray detection performance can usually serve as a good starting point to a gamma-
ray detector’s evaluation. Wei et al. reported X-ray detectors made of MAPbBr3
single crystals with a lowest detectable X-ray dose rate of 0.5 μGyairs�1, and a
sensitivity of 80 μC Gyair

�1 cm�2 that is four times higher than the sensitivity of the
α-Se X-ray detectors [17]. MAPbBr3 single crystals integrated onto Si substrates
have been reported to produce a sensitivity of 2.1 � 104μC Gyair

�1 cm�2 and a
lowest detectable dose rate of 247 nGyair s

�1 [18]. With dopant compensation, a
MAPbBr2.94Cl0.06 crystal achieved a sensitivity of 8.4 � 104μC Gyair

�1 cm�2 and a
lowest detectable dose rate of 7.6 nGyair s�1 [15]. An alloyed MAPbI3 X-ray
detector, such as GAMAPbI3 (GA¼guanidinium) single crystal, has achieved a
sensitivity of 2.3 � 104μC Gyair

�1 cm�2 with a lowest detectable dose rate of
16.9 nGyair s�1 [19]. A hot-pressed CsPbBr3 quasi-monocrystalline film was
reported to have a sensitivity of 5.6 � 104μCGyair�1 cm�2 and a lowest detectable
dose rate of 215 nGyair s

�1 [20].

1.2.3 Perovskite Gamma-Ray Detector Performance Review

X-ray detectors typically operate in current mode whereas a gamma-ray spectros-
copy detector is an event-by-event counting instrument operated in pulse mode with
histogram binning of pulse heights. This difference really stems from their respective
application thrust. While X-ray imaging demands a high fluence of X-ray photons,
the gamma-ray spectrum acquisition is mostly for quantitative analysis of isotopes or
elements of interest, often in trace level, or astrophysics, with sparse photons to
spare. Resolving the gamma-ray energy spectrum requires the charge generated by a
single photon to be collected with a high collection efficiency that poses great
challenges right from the synthesis of detector materials up to the device fabrication.
Consequently, although various perovskite X-ray detectors have been reported with
a wide range of good X-ray sensitivity, only a few have demonstrated discernable
peaks in their gamma-ray energy spectra. Wei et al. demonstrated a dopant-
compensated CH3NH3PbBr3�xClx gamma-ray detector with an ER of 6.5% at
662 keV [15]. A Schottky-type CH3NH3PbI3 gamma-ray detector was reported by
He et al. to achieve an ER of 6.8% at 122 keV and 12% at 59.5 keV [14]. He et al.
also reported detectors made of high-temperature melt-grown CsPbBr3 single crystal
with an ER of 3.9% and 3.8% at 122 keV and 662 keV, respectively [13]. Pan et al.
demonstrated solution-grown CsPbBr3 single-crystal perovskite detectors that pro-
duced 137Cs energy spectrum with an ER of 5.5% at 662 keV [2]. A recent
breakthrough was achieved by He et al. where a melting-growth CsPbBr3 single
crystal demonstrated 1.4% ER at 662 keV applying a resolution improvement
technique.
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2 Signal-to-Noise Ratio: Key to the Performance of a
CsPbBr3 Gamma-Ray Detector

A high signal-to-noise ratio (SNR) of the detector signal is indispensable to achieve a
good performance from a gamma-ray detector. High SNR implies a high charge
collection efficiency for the charge generated by an incident gamma-ray photon,
which requires a high schubweg distance μτE (the mean free path of electron or
hole). A CsPbBr3 single crystal with high bulk quality, e.g., low trap/defect densi-
ties, is necessary to achieve a high μτ value. A large electric field E further increases
the μτE value. However, as the applied electric field E increases, the leakage current
also increases and the ion migration might be an issue too.

2.1 Metal/Perovskite CsPbBr3/Metal Gamma-Ray Detector

The Schottky junction structures have been applied to perovskite radiation detector
architecture due to their ease of fabrication that involves a straightforward metal
deposition process. The perovskite radiation detectors with Schottky junction typi-
cally have a metal/perovskite/metal structure. Depending on the majority charge
carrier type of the perovskite single crystal, i.e., n- or p-type, and the metal work
function, the metal/perovskite/metal structure can be classified into three categories
in terms of their device current-rectifying behavior or three current-voltage (I-V)
characteristics: ohmic-ohmic, Schottky-ohmic, and Schottky-Schottky.

2.1.1 The Ohmic-Ohmic Structure

A perovskite radiation detector showing an ohmic-ohmic current-voltage behavior
has a metal (low work function)/n-type perovskite/metal (low work function) struc-
ture or metal (high work function)/p-type perovskite/metal (high work function)
structure. In this case, the potential barrier at the metal/perovskite interface is
negligible resulting in a large leakage current through charge injection. No
current-rectifying behavior exists in either direction of applied electric field, which
is manifested in a linear symmetric I-V curve (Fig. 2). A detector with ohmic-ohmic
structure works in resistive mode with its entire volume acting as the active region
for radiation detection. A gamma-ray detector working in resistive mode will have a
relatively high leakage current at an increased bias voltage due to the lack of current-
suppressing behavior, unless the material is ultrapure.
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2.1.2 The Schottky-Ohmic Structure

Contrary to the resistive mode, a perovskite gamma-ray detector with Schottky-
ohmic or Schottky-Schottky structure is preferred due to their current-suppressing
behavior. The Schottky junction forms at the interface of metal (low work function)/
p-type perovskite or at the interface of metal (high work function)/n-type perovskite,
while the other side of the detector is made into ohmic. The Schottky-ohmic
structure exhibits an asymmetric I-V curve, indicating its current-rectifying behavior
(Fig. 2). Reverse bias voltage needs to be applied with electric field direction from
n-type perovskite to the high-work-function metal (or from low-work-function metal
to p-type perovskite). A depletion region is formed at the Schottky junction side,
which serves as the active volume for gamma-ray detection. The charge carriers (i.e.,
e-h pairs) generated inside the depletion region by the incident gamma-ray photons
would drift towards the electrodes, which induces charge at the electrode that can be
sensed by the external circuit. Outside the depletion region is the charge-neutral
region that is essentially inactive for gamma-ray detection. This is because the excess
e-h pairs created in this region by incident gamma-ray photons recombine or get
trapped due to the absence of an electric field, and hence do not drift in the electric
field and are not collected by the electrode, unless the charge carrier lifetimes are
sufficiently long to allow carriers at a diffusion length’s distance from the depletion
region to diffuse towards it.

The energy band diagrams of a Schottky-ohmic structure at zero reverse bias,
moderate reverse bias, and full depletion reverse bias are shown in Fig. 3. At zero
bias, there is a built-in electric field at Schottky junction side, corresponding to the
band-bending region. In contrast, there is essentially no or negligible built-in electric
field at ohmic junction, corresponding to no band bending. Outside the depletion
region is the charge-neutral region depicted by a flat energy band. As the applied
reverse bias increases, the built-in electric field in the depletion region is reinforced
by the applied voltage, which is indicated by the stronger band bending. When the
reverse bias reaches the full depletion voltage, the entire detector volume is depleted.
The hole injection from anode that contributes to the bulk leakage current is
suppressed by the energy barrier created by the low-work-function metal. Similarly,

Voltage

Current
Scho�ky-Ohmic

Ohmic-Ohmic

Scho�ky-Scho�ky

Fig. 2 Qualitative
illustration of I-V curves for
ohmic-ohmic, Schottky-
ohmic, and Schottky-
Schottky structures
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the electron injection from cathode, another contribution to the bulk leakage current,
is prohibited by the energy barrier created by the high-work-function metal.

Unlike the ohmic-ohmic structure where charge carriers can recirculate inside the
detector volume, no charge carrier recirculation exists for the Schottky-ohmic
structure under reverse bias due to the energy barriers at either boundary of the
detector volume. As a consequence, the maximum charge that can be collected is
equal to the charge generated by the incident gamma-ray photons, which yields a
maximum photoconductive gain of 1. The hole-induced photocurrent due to the
drifting of the holes under surface illumination condition, e.g., laser excitation, can
be obtained by Many Eq. (3) [21], where e is the elementary charge of electron; Gs is
the surface charge carrier generation rate; A and L are the semiconductor cross-
section area and length, respectively; s is the charge carrier surface recombination
rate; τp and μp are the hole lifetime and mobility, respectively; and E is the applied
electric field. The electron-induced photocurrent under cathode surface illumination
can be obtained similarly by replacing τp and μp with τn and μn, respectively, in
Eq. (3). Multiplying both sides of Eq. (3) by a time interval Δt gives Eq. (4), where
QL is the charge collected inΔt and eGsAΔt is the charge generated by photons inΔt.
As the applied bias voltage increases, the collected charge approaches the generated
charge and finally saturates:

IL ¼ eGsA
1þ s

μpE
τpμpE=L
� �

1� exp � L
τpμpE

� �� �
ð3Þ

QL ¼ ILΔt ¼ eGsAΔt
1þ s

μpE
τpμpE=L
� �

1� exp � L
τpμpE

� �� �
ð4Þ

2.1.3 The Schottky-Schottky Structure

A perovskite gamma-ray detector with Schottky-Schottky structure has the metal
(high work function)/n-type perovskite/metal (high work function) or metal (low
work function)/p-type perovskite/metal (low work function) structure. Schottky
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Fig. 3 Energy band diagram of a Schottky-ohmic structure at zero reverse bias (left), moderate
reverse bias (middle), and full-depletion reverse bias (right). A p-type semiconductor is used for
illustration. EFs and EFm stand for the Fermi level of semiconductor and metal, respectively
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junction exists at both sides of the detector. The Schottky-Schottky structure exhibits
symmetric I-V curve (Fig. 2). However, it is worth noting that there is a large
difference between the symmetric I-V curves shown by an ohmic-ohmic structure
and a Schottky-Schottky structure. The I-V curve of an ohmic-ohmic structure is
linear over the entire range, whereas the I-V curve of a Schottky-Schottky structure
shows current-suppressing effect, indicated by the I-V curve slope reduction at low
voltage range. For the same detector material, the magnitude of leakage current with
an ohmic-ohmic structure is typically much larger than that with a Schottky-
Schottky structure. A perovskite gamma-ray detector with Schottky-Schottky struc-
ture can work in either bias voltage polarity.

The energy band diagrams of a Schottky-Schottky structure at zero bias, moderate
bias, and full-depletion bias are shown in Fig. 4. The hole injection from the anode is
suppressed by the energy barrier provided by the low-work-function metal. On the
cathode side, the Schottky-ohmic structure displays an advantage over the Schottky-
Schottky structure regarding bulk current suppression as a high-work-function metal
provides larger barrier height for electron injection from cathode against a low-work-
function metal. However, this advantage may be practically insignificant, since at a
high reverse-bias voltage the surface leakage current may dominate the total leakage
current.

2.2 Electron Transport Layer and Hole Transport Layer

In addition to the metal/perovskite/metal structure with a proper selection of metals,
an electron transport layer (ETL) and/or a hole transport layer (HTL) may also be
used to form a junction with perovskite, which could show current-rectifying
behavior and suppress bulk leakage current. The ETL/HTL are semiconductor
materials, either inorganic or organic, typically used to ensure proper operation of
a perovskite solar cell, by enabling for example good charge carrier mobility and
compatible energy levels with respect to perovskite absorber [22–24]. The junction
between ETL/HTL and perovskite essentially forms a p-n heterojunction structure.
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The ETL/HTL generates selectivity for electrons or holes, necessary to drive the
charge collection in a perovskite solar cell in the absence of an external bias [25]. In a
radiation detector where an external bias voltage is applied for charge extraction, the
ETL/HTL is in principle inessential. A depletion layer may be formed in ETL and
perovskite when a junction between ETL (e.g., n-type) and perovskite (e.g., p-type)
is reverse biased, which may introduce nonlinearity between energy deposition and
charge generation. The same applies to HTL and a n-type perovskite. The different
bandgaps of ETL/HTL and perovskite, and thus different e-h pair creation energies,
would lead to different amounts of charge generated from the same amount of energy
deposited in the respective depletion regions, which may deteriorate the detector
energy spectrum resolution. However, such degradation of energy resolution may be
minimal in certain practical scenarios such as (1) the ETL/HTL is much thinner
compared to the perovskite crystal, (2) the ETL/HTL doping concentration is
sufficiently high to minimize the depletion region spread in ETL/HTL, and (3) the
Zeff of ETL/HTL is relatively low such that its interaction with gamma rays is
negligible. Thus, the effect of Zeff, doping, and thickness of the ETL/HTL on the
linearity between energy deposition and charge production must be understood to
make a suitable choice of ETL/HTL for use in a perovskite gamma-ray detector.

2.3 Perovskite CsPbBr3 Gamma Detector Surface Processing
and Fabrication

While a good design architecture of perovskite gamma-ray detector is critical to
reducing the bulk leakage current, surface processing of raw single crystals with
good polishing and cleaning is key to reducing the surface leakage current. The
organic cations used in perovskite are hygroscopic so that any medium used for
surface processing must not contain water to avoid damage to the perovskite crystals.
The perovskite crystals are also heat sensitive as it has been reported that organic
perovskites (MAPbX3, X ¼ Cl, Br, I) decompose at moderate temperatures
(~60 �C), which may lead to their long-term instability issues and health concerns
due to the release of toxic decomposition product [9]. Although the inorganic
perovskite CsPbBr3 has a melting temperature of ~560 �C, it has two phase
transitions that occur at ~80 �C and ~130 �C [10]. Any phase transition should be
carefully avoided during the crystal surface processing as that may induce stress or
even deformation of the CsPbBr3 crystal leading to degradation of detector
performance.

2.3.1 Surface Polishing, Cleaning, Passivation, and Metal Deposition

Polishing paper or polishing paste may be used to reduce surface roughness, while
any polishing medium containing water must be avoided. In addition, chemical-
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mechanical polishing may be used with suitable chemicals, which may potentially
reduce surface defects. Nonpolar organic solvent, such as toluene, is recommended
for surface cleaning. Surface passivation/oxidation may be used to further reduce
surface leakage current. However, the passivation layer could potentially bring the
risk of charge accumulation at surface, which may degrade gamma-ray detector
performance. The passivation layer is essentially a resistive layer between perovskite
and metal contact. The exact resistance of such a layer is material specific and
depends on several factors such as its chemical composition, thickness, and surface
morphology. Although a resistive layer creates a physical isolation between metal
and perovskite CsPbBr3, it is not detrimental to charge induction process. The metal
electrode does not have to be in an immediate physical contact with the semicon-
ductor surface to allow charge induction and the linearity between generated charge
and induced signal amplitude still holds according to the Shockley-Ramo theorem
[26], which is also known as proximity charge sensing and experimentally demon-
strated by P. Luke [27]. If the resistive layer has a resistance small enough that the
charge carriers from metal and CsPbBr3 can easily tunnel through its energy barrier,
no significant charge accumulation occurs at the interface between resistive layer and
CsPbBr3 and its negative effects on ER of gamma spectrum are negligible. When the
resistive layer has a resistance large enough, a considerable charge accumulation
occurs at the resistive layer-CsPbBr3 interface, which could cause polarization and
distortion of electric field inside the detector leading to a severe ER degradation. The
ultimate effect of oxide/passivation layer on gamma-spectrum ER is a balancing act
between surface defect passivation and charge accumulation, which depends quan-
titatively on the exact resistance of the oxide/passivation layer and its defect passiv-
ation effects. In practice, a passivation/oxidation layer less than tens of nanometers
in thickness is recommended during the detector fabrication to achieve a well-
controlled detector performance.

After polishing, cleaning, and any surface passivation, metal electrodes may be
deposited onto the crystal surface. Physical vapor deposition methods such as
thermal evaporation and E-beam evaporation could be used for the metal contact
deposition. The samples in the E-beam evaporators can reach up to 150 �C. While
this is a much lower temperature to decompose CsPbBr3, it is more of a concern with
organic perovskites, the decomposition of which produces toxic lead and carcino-
gen. Furthermore, the samples are under high-vacuum environment in the metal
evaporator, which could be below the vapor pressure of the material. Thus, although
no material may be lost at atmospheric pressure, a significant amount of the material
may be lost at vacuum and the material decomposition under such conditions may
contaminate the evaporator chamber. Thus, the metal deposition process for perov-
skite must be carefully monitored and controlled so that the temperature of the
deposition environment would not lead to decomposition or phase transition of the
perovskite crystals.

Any other metal deposition methods that involve water or high temperatures
should also be avoided. After metal deposition, the metal electrodes may be
connected to the external circuit. Since the perovskite crystals are fragile and

Inorganic Perovskite CsPbBr3 Gamma-Ray Detector 43



pressure sensitive, proper encapsulation, for example using epoxy or wax, and
packaging should be employed to avoid any crystal and electrode damage.

2.3.2 Guard-Ring Electrode for Surface Leakage Current Reduction

Guard-ring electrode structure is another effective technique to reduce the surface
leakage current in addition to the aforementioned techniques. A guard-ring-based
detector structure has a planar electrode on one side, and on the other side has a
central and a guard electrode. The central electrode is usually made in a circular
shape and surrounded by the guard electrode in an annulus shape, which are both
biased at essentially the same voltage. Consequently, the surface leakage current that
normally flows from the surface edge to the central electrode in a direction parallel to
detector signal current is bypassed by the guard electrode. In other words, the surface
leakage current would flow through the guard electrode, and not the central elec-
trode. Since only the central electrode is connected to the detector readout circuitry,
the leakage current signal from guard electrode is not collected and is successfully
eliminated from the detector current to provide a much cleaner signal with higher
SNR for energy spectrum acquisition.

3 Perovskite CsPbBr3 Gamma-Ray Detector Performance
Characterization

With a perovskite CsPbBr3 device successfully fabricated and electrically charac-
terized using, for example, I-V and C-V (or 1/C2-V) measurements, the next step
would be the evaluation of its radiation detection capability. A typical sequence of
tests could involve using multiple different radiation types and sources such as
starting with a UV laser source, an X-ray source, and a weak alpha button-sized
source, followed by the laboratory-scale standard gamma-ray sources. The laser and
X-ray measurements, due to the stable and high intensity of the radiation involved,
are relatively easy in terms of generating a current response in the detector. The
alpha- and gamma-ray tests are typically encountered by a more challenging event-
by-event-based particle counting with or without an energy measurement. An alpha
source such as 241Am is typically employed for detector evaluation due to its highly
energetic and strongest alpha particle emission at 5.486 MeV and the limited
penetration depth of such heavily charged particles in a perovskite crystal. In
addition to alpha particles, 241Am also emits low-energy gamma rays with
59.5 keV energy at an emission intensity of ~36%.
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3.1 Perovskite CsPbBr3 Gamma-Ray Detector Response
to Alpha Particles

3.1.1 Electron/Hole-Induced Alpha Energy Spectra

Alpha particle energy spectra acquired by a CsPbBr3 detector have been demon-
strated by Pan et al. [28]. The energy spectra of a 1.0 μCi 241Am alpha particle source
were acquired by a perovskite detector with a structure of Ti(titanium)/CsPbBr3/Au
(gold) (Fig. 5). Essentially all charge carriers are generated near the surface of the
crystal due to the limited penetration depth of the incident alpha particles (range at
28.8 μm for 5.486 MeV alpha particles simulated by SRIM). Reverse-bias voltage is
applied with electric field direction from Ti electrode to CsPbBr3 crystal. If the
charge carriers are generated near the Ti/CsPbBr3 interface, the collected signals are
mainly hole-induced signals and thus the acquired energy spectra are regarded as
hole-induced spectra. Similarly, if the charge carriers are generated near the
Au/CsPbBr3 interface, the acquired energy spectra are regarded as electron-induced
spectra.

As the applied reverse-bias voltage increases, the energy spectrum shifts to the
right, indicating a higher charge collection efficiency at a higher bias voltage. As the
alpha particle measurement was conducted not in the vacuum, a 2 cm air gap
between the alpha source and the electrode causes energy loss of alpha particles,
which is manifested in the broadened peak. A comparison of the hole- and electron-
induced energy spectra reveals a more refined spectrum shape and higher detector
pulse amplitude (represented in # ADC channels) of the hole-induced spectra, which
indicate superior hole transport characteristics compared to that of electrons in this
CsPbBr3 detector.
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electron-induced energy spectra. Same gamma-ray spectroscopy system settings were used in the
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3.1.2 Charge Carrier Mobility Estimation by Time-of-Flight Method

Charge carrier mobility can also be estimated through alpha particle response
evaluation, which is known as time-of-flight method. The charge carriers gener-
ated near the surface will drift towards the electrode of opposite polarity along
the trajectory of the electric field inside a detector. The time it takes for carriers
to drift from one side to the other side of the detector is defined as the charge-
drifting time, which is assumed to be the same as the preamplifier output pulse-
rising time (time taken for the pulse to rise from 10% to 90% of its amplitude).
Therefore, when the applied bias voltage and crystal thickness are known, the
charge carrier mobility can be estimated through the equation μ ¼ d2/(tr � V ),
where μ is the mobility, d is the crystal thickness, tr is the pulse-rising time, and
V is the applied bias voltage. Hole or electron mobility can be estimated from
signals that are primarily hole induced or electron induced, respectively. The
hole mobility estimation of a CsPbBr3 detector is demonstrated in Fig. 6. The
histogram of pulse-rising time confirms that, as the applied bias voltage
increases, the pulse-rising time as well as their deviation decreases. The hole
mobility value is obtained as 1.78 cm2/V-s for this particular device from the
linear fit of drift velocity v ¼ d/tr against the electric field E ¼ V/d. The estimated
mobility values may be different for different CsPbBr3 detectors, owing to a
crystal-to-crystal quality variation.
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3.1.3 μτ Product and Surface Recombination Velocity Evaluation by
Hecht Equation and Many Equation

The μτ product is normally overestimated when a laser or a high-intensity X-ray
beam is used for its evaluation. This is because the overpopulated charge carriers
tend to fill the trapping centers, resulting in a detector response that is better than
when collecting the minute charge release by gamma rays. The alpha particles are
used to estimate single-polarity μτ product and its energy spectra are used for μτ
product evaluation through a fit to the single-charge-carrier Hecht Eq. (5):

Q ¼ Q0
V μτ

d2
1� exp � d2

V μτ

� �� �
ð5Þ

where Q/Q0 ¼ CCE is the charge collection efficiency that can be obtained with the
peak centroid channel at each applied bias voltage divided by the centroid channel of
the saturation peak (i.e., the channel corresponding to maximum charge collection),
again V is the applied bias voltage, and d is the detector thickness. He et al.
demonstrated μτ product evaluation of CsPbBr3 detectors through single-charge-
carrier Hecht equation fitting [29].

While it is straightforward to apply Hecht equation for μτ product evaluation,
there are some limitations that restrict its use. The derivation of the Hecht equation
assumes a uniform electric field inside the detector, no charge de-trapping, and
negligible surface recombination effect. A modification to Hecht equation consid-
ering the effect of surface recombination is the Many Eq. (6):

CCE ¼ V μτ

d2
1� exp � d2

V μτ

� �� �
1

1þ d S
Vμ

ð6Þ

where S is the charge carrier surface recombination velocity in the units of cm/s. The
surface recombination velocity indicates the effect of surface treatment on charge
collection efficiency. From Eq. (6), it can be seen that a smaller surface recombina-
tion velocity is desirable for higher CCE, which may be achieved by proper surface
treatment.

3.2 Perovskite CsPbBr3 Detector Gamma Spectrum
Performance

Resolving the photopeak produced by a weak gamma-ray source (a few μCi or less)
requires the detector working in the single-photon counting mode. To maintain the
proportionality between the energy deposited by an incident gamma-ray photon and
the charge induced, the charge collection efficiency of the CsPbBr3 gamma-ray
detector has to be as high as possible. The doping concentration or defect density
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of the CsPbBr3 single crystal has to be as low as possible to reduce charge carrier
trapping. A high resistivity, typically >109 Ω � cm, of the perovskite single crystal is
required. Gamma-ray energy spectra acquired by CsPbBr3 gamma-ray detector have
been demonstrated by He et al. [13], using melt-grown CsPbBr3 single crystal and by
Pan et al. using solution-grown CsPbBr3 single crystal, as shown in Fig. 7 [2].

3.2.1 Electron/Hole-Induced Gamma Energy Spectra

The attenuation of gamma-ray photons of different energies in CsPbBr3 is thickness
dependent, as shown in Fig. 8a, inset. It is thus possible, using a proper choice of
gamma-ray energies, to demonstrate the difference in contribution of hole and
electron transport to the gamma-ray energy spectrum. By switching the relative
position of the gamma-ray source with respect to the Ga (gallium)/CsPbBr3/Au
detector (Fig. 8b, c), the electron-induced and hole-induced gamma spectra can be
acquired. The spectrum resulted primarily from hole transport clearly presents a
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stronger and more symmetric 59.5 keV full energy peak compared to that resulted
primarily from electron transport. This phenomenon is also observable with the
122 keV full energy peak from 57Co source due to relatively low attenuation
thickness for 122 keV gamma rays. In case of the 662 keV gamma-ray photons
from 137Cs, the longer attenuation thickness indicates a uniform generation of charge
carriers in the detector volume, which results in a negligible difference between hole-
and electron-contributed energy spectra, regardless of the source position relative to
the detector.

3.2.2 CsPbBr3 Gamma-Ray Detector Energy Spectrum Linearity
and Stability

A linear energy response is also an important characteristic for a gamma-ray
detector. CsPbBr3 gamma-ray detector made of solution-grown CsPbBr3 single
crystal is shown to have excellent energy linearity (Fig. 9).

The long-term stability of the solution-grown CsPbBr3 single-crystal gamma-ray
detector was evaluated by Pan et al. [28]. The dark currents measured for both a Bi
(bismuth)/CsPbBr3/Au detector and a Ga/CsPbBr3/Au detector remained stable for
several hours under a constant bias voltage of �200 V (Fig. 10a), which shows little
or no ion migration issues. In addition, the 137Cs gamma-ray spectra of Ga/CsPbBr3/
Au detector acquired at the beginning and end of a 24-h period during which a bias
voltage of �200 V was continuously applied showed no difference (Fig. 10b). This
result further indicates the good stability of Ga/CsPbBr3/Au detector under a long-
period bias condition.

The solution-grown CsPbBr3 single crystals are also shown to be robust and the
same crystal can be reutilized multiple times for device fabrication. A CsPbBr3
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single crystal was repeatedly used with deposition of different metal contacts to
evaluate its gamma spectrum performance for each metal/perovskite/metal configu-
ration while eliminating crystal-to-crystal variation [28]. Leakage current as low as
2 nA to 3 nA was consistently achieved at �200 V bias with detector thickness of
~2–3 mm and Zr(zirconium), Bi, Ti, and Ga as the Schottky contact metals, which is
comparable to the leakage current of a commercial CZT detector (Fig. 11). Gamma-
ray energy spectra with a prominent photopeak at 662 keV were consistently
acquired with all the studied metal contacts and device structures (Fig. 12). The
best ER at 662 keV was 11% with a peak-to-Compton valley ratio of 2 (Fig. 12d).
The Bi/CsPbBr3/Bi detector was stored in ambient air and the energy spectrum
acquired after 1 month showed no significant difference from that acquired using the
as-fabricated device (Fig. 12b).

3.2.3 Long Pulse-Rising Time of CsPbBr3 Gamma-Ray Detector
and Digital Pulse Processing

Conventional instrumentation for semiconductor-based detectors is designed to
process charge-drifting times shorter than 10 μs, for example, 10 s of ns for Si
detectors and 100 s of ns for CZT detectors. The preamplifier, often charge-sensitive
preamplifier, has an output pulse-rising time assumed to be equal to the charge-
drifting time in the detector. Perovskite CsPbBr3 detector poses a new challenge to
the traditionally applied gamma-ray spectroscopy in terms of its long charge-drifting
times. For example, a perovskite CsPbBr3 gamma-ray detector can have a charge-
drifting time longer than 10 μs [2, 30], which would lead to ballistic deficit issues
during charge processing, subsequently resulting in the distortion of gamma-ray
energy spectrum.
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Fig. 10 Solution-grown CsPbBr3 gamma-ray detector stability test. (a) Dark current as a function
of time measured for a Bi/CsPbBr3/Au detector (thickness 2.58 mm, planar electrode area:
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Digital pulse processing (DPP) may be applied to address the potential ballistic
deficit issue resulting from the long charge-drifting times of perovskite gamma-ray
detectors. DPP may be used to reconstruct energy spectra free from ballistic deficit.
Pan et al. developed a custom DPP algorithm for perovskite CsPbBr3 gamma-ray
detector energy spectrum acquisition [2]. The DPP algorithm applies a digital
deconvolution to the preamplifier output signal, which eliminates the ballistic deficit
at preamplifier charge collection stage. Subsequently, the energy spectrum is
reconstructed by calculating the deconvolved signal amplitudes directly from the
difference between the signal peak and its baseline.

3.2.4 Gamma Energy Spectrum Resolution Improvement

Energy spectrum resolution degradation due to poor electron transport in the
CsPbBr3 single crystal could be reduced using single charge carrier collection
technique based on the Shockley-Ramo theorem [26]. The electric field distribution
inside the detector volume can be modified by modifying the electrode geometry.
Hence, the contribution of one type of charge carrier to the total induced charge is
elevated, while the contribution of the charge carrier with the opposite polarity is
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reduced. Electrode geometries other than planar electrodes can be used to implement
single-charge-carrier sensing, e.g., pixelated electrode and coplanar grid electrode.

A successful demonstration of using such techniques to improve the ER of the
CsPbBr3 gamma detectors made of melt-grown CsPbBr3 single crystals is reported
by He et al. [1], where 1.4% ER at 662 keV has been achieved with planar electrodes
using a melt-grown CsPbBr3 single crystal with small thickness and ER at ~4.5–7%
at 662 keV with a larger crystal volume. To achieve a high ER while maintaining the
high peak-to-Compton ratio enabled by a CsPbBr3 crystal with relatively large
volume, He et al. used quasi-hemispherical electrode and pixelated electrode,
which yields 1.8% ER at 662 keV for quasi-hemispherical electrode and 1.6% ER
at 662 keV for pixelated electrode, respectively [1].
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The Impact of Detection Volume on Hybrid
Halide Perovskite-Based Radiation
Detectors

Pavao Andričević

Abstract Ionizing radiation, wherever present, e.g., in medicine, nuclear environ-
ment, or homeland security, due to its strong impact on biological matter, should be
closely monitored. Availability of semiconductor materials with distinctive charac-
teristics required for an efficient high-energy photon detection, especially with high
atomic numbers (high Z), in sufficiently large, single-crystalline forms, which would
also be both chemically and mechanically robust, is still very limited.

In this chapter, we introduce the new metal halide perovskite material, which
meets all aforementioned key requirements, at an extremely low cost. In particular,
γ-ray detectors based on crystals of methylammonium lead tribromide (MAPbBr3)
equipped with carbon electrodes were fabricated, allowing radiation detection by
photocurrent measurements at room temperatures with record sensitivities (333.8
μC Gy�1 cm�2). Importantly, the devices operated at low bias voltages (<1.0 V),
which may enable future low-power operation in energy-sparse environments,
including space. The detector prototypes were exposed to radiation from a 60Co
source at dose rates up to 2.3 Gy h�1 under ambient and operational conditions for
over 100 h, without any sign of degradation. We postulate that the excellent radiation
tolerance stems from the intrinsic structural plasticity of the organic-inorganic halide
perovskites, which can be attributed to a defect-healing process by fast ion migration
at the nanoscale level.

Furthermore, since the sensitivity of the γ-ray detectors is proportional to the
volume of the employed MAPbBr3 crystals, a unique crystal growth technique is
introduced, baptized as the “oriented crystal-crystal intergrowth” or OC2G method,
yielding crystal specimens with volume and mass of over 1000 cm3 and 3.8 kg,
respectively. Large-volume specimens have a clear advantage for radiation detec-
tion; however, the demonstrated kilogram-scale crystallogenesis coupled with future
cutting and slicing technologies may have additional benefits, for instance, enable
the development for the first time of crystalline perovskite wafers, which may
challenge the status quo of present and future performance limitations in all opto-
electronic applications.
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1 Importance of New Materials for Radiation Detection

Ionizing radiation, besides all its negative effects, has found to benefit greatly the
humankind in many ways. It is used nowadays in a wide range of domains, from
medicine, academic research, and industry to energy generation, specifically in
various applications in agriculture, archeology, space exploration, law enforcement,
geology, and many others [1, 2]. Accompanying all these applications is always
radiation detection, precisely because of its damaging effects on different materials,
especially the human body. Therefore, there is a need to control and monitor
radiation constantly, particularly as humans do not have a direct way of
recognizing it.

The key process by which radiation is detected is ionization, where the incident
ray gives part of its energy to an electron, which then collides with other atoms
liberating many more electrons. These electrons are then collected either directly
using proportional counters or solid-state semiconductor detectors, or indirectly via
scintillation detectors, in order to register the presence of radiation and measure its
energy [3]. The final result is an electrical pulse whose voltage is proportional to the
deposited energy.

In this work, we will concentrate on solid-state detectors based on semiconductor
materials, which first started to appear in the 1970s. Their main advantage towards
commonly used scintillator detectors is that the charge produced by the photon
interaction is collected directly. Therefore, the energy resolution of these detectors
is dramatically better, enabling great spectral detail to be measured. Moreover, the
need of photomultipliers and other accompanying electronics is not needed which
drastically lowers their fabrication costs.

Multiple distinct characteristics of a semiconductor material are required for an
efficient high-energy photon detection. For example, a large detecting volume to
intercept radiation, a large linear attenuation coefficient, large and balanced carrier
mobilities (μ), and concomitant long charge carrier lifetimes (τ), thus resulting in
high values of their product (μτ), are all important for efficient charge collection.
And finally, a high resistivity accompanied by a low charge trap density is needed to
avoid charge trapping under a single-event analysis [4]. The product μτ attains the
highest values in crystalline semiconductor materials, in which carrier transport is
not limited by scattering and trapping at grain boundaries. However, the availability
of such semiconductors, especially with high atomic numbers (high Z), in suffi-
ciently large, single-crystalline forms which would also be both chemically and
mechanically robust, is still limited [5].

High-purity germanium crystals possess the ideal electronic characteristics in this
regard. They are the most widely used semiconductor materials in solid-state-based
detectors. However, due to a small bandgap of germanium, to perform a high-
resolution spectroscopy a liquid nitrogen cooling system is necessary for germa-
nium-based solid-state detectors. Therefore, to achieve a high-resolution detection at
room temperature, there have been applications of semiconducting materials other
than germanium and silicon, such as CdTe, HgI2, and GaAs [3].
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Zinc-alloyed CdTe (Cd1�xZnxTe, denoted CZT for 0 < x < 0.2) single crystals
produce the best resolution of γ-ray spectra among the non-cooled semiconductor
radiation detectors, due to their large bandgap of above 1.6 eV, a high resistivity up
to (108–109) Ω cm at room temperature, and a large μτ product [6]. However,
important limitations can be identified for the application of CZT detectors, such
as the cost-restricted crystal manufacturing at a scaled-up level, the incompatibility
of high-temperature crystal growth with readout circuits, and a low hole mobility.

The recently rediscovered hybrid halide perovskites (ABX3) have been found to
meet all aforementioned key requirements for high-energy radiation detection. The
high-Z chemical elements, such as lead (Pb), iodine (I), and bromine (Br), concom-
itant with relatively large densities of perovskite (4.0 g cm�3), allow for a substantial
attenuation of high-energy photons. They possess large proper bandgaps to reduce
thermal noise, and high resistivity to suppress dark current and device noise.
Moreover, a great mobility-lifetime product for efficient charge collection has been
calculated (e.g., for Cs0.1FA0.9PbI2.8Br0.2 SCs the μτ product is of about
1.2 � 10�1 cm2/V) [7]. The linear attenuation coefficient and its corresponding
penetration depth of all aforementioned radiation detector materials as well as that of
the methylammonium lead tribromide single crystals (MAPbBr3 SCs), which will be
discussed more in detail in this work, are shown in Fig. 1. Furthermore, a comparison
of all the fundamental figures of merit for radiation detectors of these materials is
given in Table 1.

However, unlike the market leading crystals, these perovskite SCs may grow
from abundant and low-cost raw materials in solutions at near room temperature

Fig. 1 Linear attenuation coefficient and corresponding penetration depth as a function of photon
energy for different radiation detection materials from X- to γ-ray. Inset: Optical images of high-
purity Ge [8] and CZT [9] single crystals. Values taken from [10]

The Impact of Detection Volume on Hybrid Halide Perovskite-Based Radiation. . . 57



without using high-capital-demanding infrastructure, therefore making them a good
candidate for fabrication of the next generation of high-energy radiation detectors.

2 X-Ray Detection by Perovskite

The first perovskite-based radiation detectors were polycrystalline thin films of
methylammonium lead triiodide (MAPbI3). These very common devices in the
photovoltaic field were repurposed for X-ray detection [15]. Yakunin et al. success-
fully demonstrated an X-ray image of a leaf using this device. Despite the still
imperfect image it showed great potential for application in medical diagnostics,
especially if better quality thin films or single crystals will be used [16].

Solution-growth perovskite SCs offered even more advantages when compared to
their polycrystalline counterparts. Náfrádi et al. [17] first demonstrated the high mass
attenuation coefficient of 14� 1.2 cm2 g�1, and large charge collection efficiency of
75 � 6% for a MAPbI3 bulk single crystal under unfiltered X-ray radiation in the
20–35 keV range. This work was closely followed by X-ray detectors fabricated
from 2 to 3 mm thick MAPbBr3 SCs with record high μτ products
(1.2 � 10�1 cm2 V�1) able to detect dose rates as low as 0.5 μGyair s�1 with a
sensitivity of 80 μC mGyair

�1 cm�2 [18]. With the required dose rate for medical
diagnostics being 5.5 μGyair s�1 [16], this would allow to reduce the radiation dose
applied to the human body for many medical and security operations. Later, the same
group of Huang and coworkers [19] monolithically integrated these perovskite SCs
onto different substrates, from silicon wafers to glass, through facile,
low-temperature, solution-processed molecular bonding. The dipole of this bonding
molecule at the interface of perovskite and Si significantly reduces the dark current at
higher optimum bias, enabling the Si-integrated MAPbBr3 single-crystal detector to
reach a sensitivity of 2.1 � 104μC Gyair

�1 cm�2 under 8 keV X-ray radiation. In
addition, the low-noise current led to a decrease in the lowest detectable X-ray dose
rate (36 nGyair s

�1) [19].
Most recently, we demonstrated a promising method for building X-ray detector

units by 3D aerosol jet printing perovskite into electric circuits [20]. With aerosol jet

Table 1 Comparative table of the fundamental figures of merit of radiation detection for different
materials

Material
Bandgap
(ev)

Bulk
resistivity
(Ω cm)

μτ product
(cm2 V�1)

Energy
resolution
(%)

Temperature
(K) Reference

Ge 0.67 102–103 >1 0.2 77 [11]

GaAs 1.42 106–107 0.1 5.3–12 255–300 [12]

HgI2 2.13 1010 0.01 0.85–1.3 300 [13]

CZT 1.5–1.6 1010 0.004–0.01 0.5 300 [14]

Perovskite 1.5–3.1 107–1010 0.001–0.01 3.9 300 [6]
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printing, the material can be selectively deposited at any location of interest with μm
precision. The success of this technique in writing well-defined 3D structures is
linked to the existence of intermediate phases of MAPbX3 formed with polar aprotic
solvents in the form of elongated crystallites. These solvatomorph phases are
preformed in the nozzle, grow during the time of flight, and land on the substrate
as already-formed crystalline nanowires containing little solvent. This prevents the
spreading of the solution on the surface and/or the dissolving of the underlying
layers in the case of defining high-aspect-ratio 3D structures. Once at the surface,
with further evaporation of the solvent, the intermediate phases transform into
MAPbX3. This deposition feature is very specific to MAPbX3 chemistry with
polar aprotic solvents and allows the designing of a well-defined network, necessary
for an X-ray photodetector. In this work, a device was fabricated depositing MAPbI3
on graphene, as seen in Fig. 2. The detector exhibited ultrahigh sensitivity of
2.2 � 108μC Gyair

�1 cm�2, for detecting 8 keV X-ray photons at dose rates below
1 μGy/s (detection limit 0.12 μGy/s), which was a fourfold improvement of the best-
in-class devices [21].

Therefore, perovskites have already been studied substantially as X-ray photo-
detectors, even reaching industrial players. Samsung Electronics developed a detec-
tor that can decrease radiation exposure to less than 1/10th of the normal amount
typical for medical imaging such as fluoroscopy, digital radiography, CT, and other
radiology equipment [22].

3 Gamma Detection by Perovskite

Compared to X-rays, gamma photons have a much higher energy, meaning stronger
penetration capabilities. Although perovskite materials have high linear attenuation
coefficients, thicker devices will be needed for sufficient stopping of γ-rays.
Stoumpos et al. [5] initially proposed centimeter-size SCs of all inorganic CsPbBr3
for X- and γ-ray detection due to their high attenuation, high resistivity, and
significant photoconductivity response. Dong et al. [23] then introduced, for the
first time, a photodetector based on a MAPbI3 SC to monitor an intense γ-ray
radiation from a 137Cs source, with photon-to-electron conversion efficiency of
3.9%.

Kovalenko and coworkers [4] followed that by demonstrating the γ-energy
resolution capabilities with various hybrid lead halide perovskite SCs, mainly with
FAPbI3 SCs exhibiting high μτ products in the range of 10�2 cm2 V�1. However,
despite the record μτ product of their CsxFA1�xPbI3�yBry (x¼ 0–0.1, y¼ 0–0.6) SC
gamma dosimeter (0.12 cm2 V�1), a poor signal-to-noise ratio was visible, probably
due to the low bulk resistivity and large dark current. Wei et al. [6] attempted to solve
this issue by using a p-type MAPbBr3 SC via dopant compensation of Cl�. By
further suppressing the crystal surface/edge leakage current with a guard-ring elec-
trode, a tenfold improved bulk resistivity to 3.6� 109 Ω cm was documented for the
MAPbBr2.94Cl0.06 sample. The best photopeak energy resolution reached 6.5% as
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the first demonstration of γ-ray energy spectrum collection was demonstrated by
halide perovskite. He et al. [24] improved that by growing centimeter-sized single
crystals of CsPbBr3 with extremely low impurity levels (below 10 ppm for total
69 elements) that can resolve the 59.5 keV (241Am γ-ray), 122 and 136 keV (57Co
γ-ray), 511 keV (22Na γ-ray), and 662 keV (137Cs γ-ray) lines with best spectral
resolution of 3.8%.

Fig. 2 Three-dimensional MAPbX3 aerosol jet printing. (a) Schematic of the AJP system. The
jet-focusing nitrogen flow helps the fast evaporation of the solvent and the growth of the interme-
diate phases, which is important for the creation of well-defined 3D structures. (b) 1 cm2 sensing
chip with 3D printed MAPbI3 walls about 600μm in height. (c) False-colored SEM image of the 3D
printed MAPbI3 wall on the Ti/Au electrodes (graphene in blue, MAPbI3 in purple, and metal
electrodes in yellow). (d2i) Various printed patterns of MAPbI3 lines, spirals, grids, and pillars
written on the glass substrate [20]
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Nevertheless, to date the volume of laboratory-grown metal halide perovskite
dedicated for gamma-detecting purposes did not exceed 1.2 cm3. In this chapter [25],
the detection of γ-rays with MAPbBr3 SCs with different volumes ranging from 0.1
to 1000 cm3 is presented, as well as the influence of different electrode designs from
silver epoxy to various carbon allotropes. In addition, the capability of dose rate
measurements with great long-term stability is discussed.

3.1 Device Architecture

MAPbBr3 single crystals, used in this work, were synthesized using the inverse
temperature crystallization method. In 2015 Kadro et al. [26] and Saidaminov et al.
[27] showed that MAPbX3 (X ¼ I, Br, Cl) perovskites exhibit inverse temperature
solubility behavior in certain solvents. This important observation led to an innova-
tive crystallization method, baptized as the inverse temperature crystallization route.
The method allowed the growth of high-quality size- and shape-controlled single
crystals rapidly, at a rate that is an order of magnitude faster than previously reported
methods.

0.8 g MAPbBr3 was dissolved per cm3 of DMF at room temperature. Crystal
growth was initialized by increasing the temperature of the solution from room
temperature to 40 �C with a heating rate of 5 �C/h. Nice cubic like, centimeter-size
single crystals can be harvested after only a couple of hours of crystallogenesis.

For resistively detected γ-radiation, the elaboration of stable and low-resistance
contacts is very important. Our detector devices were initially assembled using
copper wires as electrical contacts glued to the surface of MAPbBr3 SCs with
conductive adhesives, like Dupont 4929 silver epoxy (Fig. 3a). However, it has
been recently recognized that perovskite-based optoelectronic devices implementing
silver electrodes exhibited stability issues over long-term operation. Notably, silver
and other noble metal-based electrodes undergo electro-corrosion, thus degrading
and weakening the electronic properties. Therefore, lately, carbon-derived compo-
nents such as carbon nanotubes, graphene, reduced graphene oxide, fullerenes, and
graphite have been proposed.

Here, three types of carbon electrodes were investigated: vertically aligned
carbon nanotube (VACNT) forests, where the perovskite single crystal engulfed
the individual nanotubes as protogenetic inclusions (Fig. 3b), thus leading to the
formation of a three-dimensionally enlarged interface [28]; graphite-spray electrodes
covering the whole surface of the MAPbBr3 single crystals, allowing large electrode
surfaces (Fig. 3c); and lastly, graphite paper in pressed MAPbBr3 polycrystalline
sample in the form of pallets (Fig. 3d).

Gamma irradiation measurements were done inside an irradiation cavity
“LOTUS” in the Laboratory for Reactor Physics and System Behavior at EPFL
[29]. The experimental cavity is 3.6 m long, 2.4 m wide, and 3 m high, with a 2.2 m
concrete shielding, which makes it adapted to irradiation with strong sources. It is
equipped with a 60Co radiative source and a shielded irradiator that allows safe usage
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of the source and irradiation with a horizontal collimated beam. The 60Co source has
an activity of 269 GBq and produces γ-rays with energies of 1.173 and 1.332 MeV.
It is doubly encapsulated in stainless steel and hermetically sealed. It is held by a
steel and tungsten source rod, and incorporated in the irradiator. In the storage
position, the lead and tungsten shielding is made so that the dose rate at 30 cm of

Fig. 3 Images of the samples different electrode strategies: (a) silver paste contacts, (b) aligned
carbon nanotube contacts engulfed by the crystal, (c) graphite-spray contacts, and (d) pressed
carbon paper on the surface of compressed polycrystalline sample. (e) Image of the detector device
with graphite contacts inserted in the cavity and exposed to a 60Co γ-source. (f) Photocurrent versus
voltage measured at room temperature for the extraction of mobility-lifetime product for holes
according to the Hecht equation. (g) The electric field dependence of photocurrent under a
2.3 Gy h�1 dose rate for the four device architectures, showing an excellent resolution even at
low electric fields. (h) Time dependence of the photocurrent responses at 1 V mm�1 electric field.
For simplicity we will use gamma on-source out, direct exposure
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the irradiator stays under 50 μSv h�1. Therefore, users can safely enter the cavity and
approach the irradiator. The tungsten rod, driven by a pneumatic system, travels
inside the irradiator, allowing it to lift the source into the top exposed position in less
than a second. In this position, the source is held in front of the beam port allowing a
flow of γ-rays to directly enter the cavity. A removable collimator, made of several
tapped tungsten and lead disks, is inserted in the beam port in order to limit scattering
and provide a horizontal radiation beam with a 15-degree opening angle.

The perovskite γ-ray detector devices were positioned in the beam line (Fig. 3e) at
various distances from 25 cm to 125 cm from the source. By varying the distance, we
were able to change the exposed dose rate of the samples, due to the inverse-square
law, from 2.3 to 0.07 Gy h�1. Long coaxial cables were used to connect the detectors
through tunnels in the concrete shielding with the measuring setup outside the
cavity. The cavity is kept in ambient conditions; thus the samples were encapsulated
in polydimethylsiloxane (PDMS), an optically clear and inert silicon-based organic
polymer, to preserve them from humidity. Additionally, this polymer coating layer
allows easier handling of the detector device, lowering the risk of lead toxicity.
Lastly, all light sources were removed from the inner part of the cavity so as not to
have any interference to the signal while under gamma exposure.

To compare the different devices, the fundamental figure of merit of γ-radiation
detectors, i.e., the μτ product, was calculated from the γ-photocurrent-voltage curves
showed in Fig. 3f. The obtained μτ products range from 0.5 � 10�3 to
0.3 � 10�2 cm2 V�1, which is comparable to the highest quality CZT SCs of
0.91 � 10�2 cm2 V�1 [30]. However, the actual advantage of perovskite over
CZT is that it possesses comparable μτ products for both holes and electrons [31]
even though MAPbBr3 has shown to be a hole transport semiconductor with
electrons mostly affected by traps [32]. CZT, on the other hand, has one order of
magnitude lower hole mobility [33]. Furthermore, these values are in range with μτ
products of other hybrid halide perovskite detectors, keeping in mind that they were
extracted from photocurrent generated from high-energy photon irradiation.

To further compare the different device types, J-E (current density vs. electric
field) curves as well as photocurrent responses were plotted as seen in Fig. 3g, h.
Typical current-voltage curves were not used as samples are very different in volume
and electrode distance. The two best-performing devices are fabricated with the
VACNT and graphite-spray electrodes. The VACNT/MAPbBr3/VACNT device
configuration offers the highest photocurrent density at low electric fields, presum-
ably due to the large contact area between the CNTs and the perovskite, as well as
the field enhancement factor at the nanotube tips [34]. However, due to the com-
plexity of the device fabrication larger devices with VACNT electrodes are hard to
obtain. Therefore, the absolute value of photocurrent response is much higher in the
device fabricated with graphite-spray electrodes, because of larger volume allowing
more interactions of high-energy photons with the device active area. In addition, the
VACNT electrode device has unstable currents in time as seen in Fig. 3h. These
VACNTs have shown to enhance ion migration in perovskite SCs [34]. This prop-
erty utilized to an advantage for light emission is here, unfortunately, causing an
unwanted current drift, which should be reduced in detectors as much as possible.
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One can notice that even the “low-budget” device consisting of the pressed and
sintered polycrystalline perovskite with graphite paper can perform properly. During
all measurements the devices were positioned precisely 25 cm from the source,
exposing them to a 2.3 Gy h�1 dose rate.

3.2 Dose Rate Measurements

Dose rate-dependent measurements, usually neglected in most of the reports, are
important for the characterization of the device performance. In the case of a fixed-
activity γ-source, the dose could be changed by the distance between the device and
the irradiation source, this way varying the number of γ-photons reaching the
detector in a unit time. Hence, our detector was positioned at different distances
from the 60Co source, ranging from 25 to 125 cm. Corresponding values of dose
rates ranged from 2.30 to 0.07 Gy h�1, which were measured by a calibrated
γ-sonde.

On-off characteristics were measured for all aforementioned device architectures,
for multiple distances from the source. The bias voltage for each device was chosen
to give a predominantly stable and constant baseline current. This is crucial for
calibrating the device properly to perform dosimetry measurements, and will be one
of the main challenges to overcome. Furthermore, the value of the photocurrent at
the leading edge of the γ-ray on was plotted as a function of distance from the source.
These two types of curves are shown in Fig. 4a and b for the MAPbBr3 SCs with
graphite-spray electrodes.

The photocurrent measurements plotted as a function of distance (Fig. 4b) are in
good agreement with the theoretical inverse-square law behavior. All curves are
fitted to the _D0=rx function, where _D0 is the dose rate at the distance r and x is the
power constant. The extracted value of the exponent ranged from (1.0 � 0.3) to
(2.45 � 0.06) for the pressed pallet to the vertically aligned CNT electrode config-
uration, respectively.

However, it is important to mention that because the irradiator with the 60Co
radioactive source is placed in a concrete irradiation cavity of reduced dimensions
(3.6 � 2.4 � 3 m3), the shielding geometry has to be taken into account. An intense
scattering of gamma particles from the concrete walls affects the theoretically
estimated inverse-square law behavior of dose rates for a point-like source in open
space.

Therefore, to further prove that MAPbBr3 γ-ray detectors can perform dose rate
measurements, the devices were compared with two types of commercially available
detectors for gamma dose rate measurements: a thermoluminescent dosimeter
(Harshaw TLDs-700, 4.38% 7Li-doped), and a calibrated γ-sonde (Berthold LB
6414). The commercial devices were positioned at the same distances from the
source as our detectors, and measured in the same conditions. The distance-
dependent curves are shown in comparison to our graphite spray and VACNT
electrode samples in Fig. 4c. All measured values show a strong correspondence.
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This is once more a confirmation of the advantages of using MAPbBr3 SC devices
with carbon electrodes, proving that they can be applied in dosimetry applications.

From the dose rate measurements, one can calculate the sensitivity of detecting
gamma irradiation for the devices, a figure of merit more commonly used for X-ray
detection. As mentioned previously, the dose rates corresponding to the distances of
the detectors from the 60Co source were read by the γ-sonde. The sensitivity was
estimated from the slope of the liner fit of the photocurrent dose rate dependence.
Values of 112 � 3 μC Gy�1 cm�2 and 49 � 2 μC Gy�1 cm�2 were determined, for
our two best samples, MAPbBr3 SC with VACNTs and graphite-spray contacts
(Fig. 5a and c), respectively. It is important to point out how these sensitivities are
achieved for low bias voltages (<2 V) and are enhanced by increasing the voltage. In
Fig. 5b and d the dependence of the photocurrent density and sensitivity of the two

Fig. 4 (a) On-off characteristics and (b) photocurrent dependence on the distances from the source
fitted to the _D0/r

x function for the sample with graphite electrodes. (c) Comparison of the detector
photocurrents at different distances from the source (graphite and VACNT electrodes) with
commercially available and calibrated gamma detectors
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devices with different bias voltages can be seen, reaching sensitivity values as high
as 531 μC Gy�1 cm�2 for the MAPbBr3 SC gamma detector device with graphite-
spray electrodes (334 μC Gy�1 cm�2 for VACNTs at 0.5 V) when exposed to our
strongest dose rate of 2.3 Gy/h.

These values are one order of magnitude higher than the best reported so far
sensitivity of perovskite detectors when exposed to gamma rays, of 41 μC
Gy�1 cm�2 [35], as well as in the same order as that of CZTs used as X-ray detectors
for medical imaging [36].

3.3 Long-Term Operational Stability

Radiation damage is one of the major concerns of commercially available state-of-
the-art detectors. It is well known that neutrons, protons, electrons, and even
γ-radiation can lead to displacement damage in solid-state detectors (Si, CZT, etc.)
[37]. In the case of high-energy particles, the displacement damage is a cascade-type
process involving multiple interactions, resulting in an extended damage region or
defect clusters. In contrast, in the case of γ-radiation, the displacement damage is
caused by high-energy Compton electrons (around 1 MeV) that only produce point

Fig. 5 Calculated sensitivity from the photocurrent dose rate dependence and its change with
voltage for the γ-ray photodetector devices with (a, b) VACNT and (c, d) graphite-spray electrodes
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defects. These displacement damages lead to an increase of the leakage current and
damage the sensor. Conventional materials for γ-ray detection can be made more
radiation resistant by a purposeful introduction of known impurities. Conceivably,
certain impurities, by their interaction with the primary defects caused by radiation,
vacancies, and interstitials, can neutralize them without significantly altering the
material properties. For example, silicon detectors with enhanced oxygen content
exhibited better radiation hardness, being almost insensitive to γ-ray radiation up to
6 MGy [37].

As compared to the robust Si and CZT, hybrid halide perovskites are considered
even more prone to degradation when exposed to various environmental factors.
Consequently, performance deterioration of the perovskite-based γ-ray detector can
clearly be expected in long-term operation. Therefore, since the detector stability is
in general an important factor for perovskite optoelectronic devices, we performed
test measurements on different timescales ranging from 1 h up to 100 h of operation.

The first γ-ray detector that was investigated was the simplest configuration, a
MAPbBr3 single crystal with silver epoxy electrodes. The device was positioned
inside the irradiation cavity in front of the γ-beam exposing it to a constant dose rate
of 2.3 Gy h�1 for 24 h, resulting in a total dose on the SC device of around 55 Gy.
Moreover, a constant bias voltage of 5 V was applied constantly during the 24 h,
simulating continuous operational conditions.

On-off measurements done in the same way as previously to test the γ-detection
performance of the device were performed before and after the 24-h irradiation.
Immediately after the long-term exposure the gamma response degrades to 10% of
its initial value. These results did not come as a surprise, because as we mentioned
previously, silver and other noble metal electrodes have shown many stability issues
in all perovskite-based optoelectronic devices. This is quite logical as halides are
widely used to etch metal layers as copper, silver, aluminum, and gold [38].

However, recently it has been documented that degradation in the performance of
perovskite solar cells, due to illumination and load, can be recovered when leaving
the device in the dark for a comparable amount of time. We attempted the same for
gamma detection, measuring the on-off curves at different time intervals after the
24-h irradiation. During the first hour, no regeneration was visible. Yet, when the
sample was left for 60 h in the dark under no external bias voltage, an almost
complete recovery was made. The baseline current did not return to its initial value,
but the photocurrent response fully restored.

Nevertheless, due to the initial degradation, our interest moved the samples
fabricated with carbon electrodes. Carbon compared to other metal electrodes
lacks electro- and photocorrosion, is cheap and abundant, and provides excellent
chemical stability and tunability offering the possibility of selective electrodes. We
concentrated mainly on the MAPbBr3 SCs with graphite-spray contacts. Long-term
operation measurements were performed in the same way as for the previous silver
electrode device, exposing it to a constant 2.3 Gy h�1 dose rate and under a bias
voltage of 1 V. The measurements were done for different irradiation intervals from
10 min to 100 h. One distinctive characteristic, which can be visible with all-time
intervals, is that immediately after exposing the detector to the source we see an
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almost instantaneous increase in current (<1 s), followed by a decrease in current:
fast in the first couple minutes, later saturating to a more or less constant value. This
effect appears as well with visible light, and can be associated with the capacitive
effect due to the pre-applied voltage before exposure. However, in the case of
gamma irradiation, this drop in current can last up to 1 h and more. After this
drop, the current recovers to its initial baseline, but also continues to increase further
in time. This is probably due to the ion migration that starts to govern the change in
baseline current for longer time intervals. The 24-h and 100-h exposures confirm
this, as the current in their case continues to increase constantly, doubling in value
for the longest duration (Fig. 6a, black curve).

Although the baseline current changes during these long-term exposures under
operational conditions, no visible degradation of the sample or its detection proper-
ties is visible. Photocurrent response measurements were done before and after each
of the irradiation intervals. When normalized to the baseline current, because it
changes during operation, the detectors exhibit a very similar response before and
after the exposure (<5% difference).

The constant bias voltage applied to the detector is the main reason for the
substantial current drift in long-term operation. Ions inside the single crystal migrate

Fig. 6 Long-term stability improvement of the C/MAPbBr3/C γ-ray photodetector by pulsing the
bias voltage. (a) Comparison of photocurrent stability in time for different bias voltage schemes
under a 2.3 Gy h�1 dose rate exposure for 100 h. (b) Schematic representation of the self-repairing
behavior of the perovskite under gamma irradiation. (c) Demonstration of a solvent-free, solid-state
PbBr2 and MABr reaction and a formation of MAPbBr3 obtained by mechanical grinding, as a
possible reason for a fast self-healing of the material after radiation damage
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due to the external electric field governing the current characteristics. This effect is
even more pronounced for carbon electrodes, especially CNTs, which is the reason
why we opted for graphite-spray electrodes. However, if one could apply a pulsing
voltage with time intervals in between at open-circuit conditions, this poling effect
could be suppressed. A pulsing voltage scheme, applying 1 V every 60 s, was tested
for the C/MAPbBr3/C device. For all cases (1, 12, and 100 h) the dark current
variation was reduced substantially allowing changes of 10% or even less for the
100-h exposure as seen in Fig. 6a (red curve). After the initial decrease in photocur-
rent, commonly seen in perovskite devices, the value saturates and shows remark-
able stability, most likely even beyond 100 h, which was just the chosen timescale of
our experiment. Very small peaks of decrease in current visible throughout the
curves could appear from different electronic effects during the pulsing of the
voltage. These could later be removed with even more improved electronics. There-
fore, the weak variation of the photocurrent in time, which is caused by ion migration
inside the perovskite single crystal, can in principle be suppressed by using a
low-frequency pulsed voltage source to operate the detector.

It is important to remember that all devices are encapsulated into PDMS, which
protects the perovskite single crystal from ambient conditions, most notably humid-
ity and oxygen. Therefore, all changes in current are in direct correlation with either
the bias voltage or the gamma radiation. Photodetector devices were furthermore
tested 1 and 2 years after their fabrication and initial measurements. They continue to
perform in the same manner, confirming an excellent shelf life stability of 2 years
and more. During all measurements the same γ-detector device was exposed to more
than 300 h accumulating an absorbed dose of more than 600 Gy, and it still remains
enacted with no degradation either visible or in device performance. This demon-
strates that hybrid halide perovskites could be a viable radiation detection material
with great radiation hardness.

However, the mechanism behind this phenomenon is currently unknown. It has
been reported that perovskites possess natural defects, which are known not to
interfere with detection sensitivity. These defects may act in the same way as the
aforementioned purposely introduced impurities in Si, likewise improving the radi-
ation hardness of perovskite single crystals. Another more important feature is that,
unlike the robust semiconductors Si and CZT, perovskites are “soft mixed ionic and
electronic semiconductors.” When atoms are knocked out from their equilibrium
positions, they form point defect like vacancies. This can, for example, create
bromine-rich and bromine-deficient parts, which can further lead to a complete
separation, resulting in the production of the MAPbBr3 degradation compounds,
MABr and PbBr2 [39], accompanied by a phase transition and decreased absorption,
which have already been observed in perovskites after long-term irradiation
[40]. This would result in deterioration of the device performance. However, perov-
skites have shown the possibility to revert to their initial conditions after or even
during these long-term operations, known as the self-healing mechanism [41–
43]. Migration of the charged defects [44] or their (trans)formation by chemical
reactions [41] is postulated to be the cause of this behavior (see the sketch of
Fig. 6b).
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As a proving example, experiments showed that perovskite solar cells survived
accumulated dose levels up to 1016 and 1015 particles cm�2 of electrons (1 MeV) and
protons (50 keV), respectively. These are known to completely destroy crystalline
Si-, GaAS-, and InGaP/GaAs-based solar cells [45]. Besides, perovskite solar cells
have shown to retain 96.8% of their initial power conversion after more than 1500 h
of continuous gamma irradiation, with an accumulated dose of 23 kGy [42]. Yet, the
mechanism behind this long-term γ-radiation stability under operational conditions
and very high irradiation dose rates has not been addressed. The structural plasticity
of organic-inorganic halide perovskites, fast ion migration, and thermodynamically
favorable chemical reaction of “radiation-damage-phase-separated” components
(MABr and PbBr2) to perovskite product stimulate the reversible self-healing pro-
cess on the nanoscale. The affinity of these components to enter into a reaction in
solid state, without a solvent, just by steric proximity promoted by mechanical
mixing is shown in Fig. 6c. One can see that after several minutes of grinding
macroscopic quantities, the orange-yellow color of MAPbBr3 is obtained. Therefore,
even if a complete degradation of the material would occur, in a confined space of
the crystal (at a microscopic scale), this mechanism might induce the self-healing of
the radiation damage.

4 Effect of Size on Detector Capabilities

One of the main challenges of the perovskite photovoltaic field is upscaling,
managing to retain the same cell efficiency while increasing the active area. How-
ever, for ionizing radiation in general, but especially γ-rays, it is not the surface of
the crystal that is important but actually the thickness or volume. This can be seen
nicely from Fig. 1 as the penetration depths for photons with energies above 100 keV
become larger than 1 cm.

To test the real effect of crystal size and orientation and detection capabilities,
perovskite devices of the same architecture but different sizes of MAPbBr3 SCs were
placed in the irradiation cavity. Initially, a detector device with silver epoxy elec-
trodes was exposed to both γ-rays and visible light illumination at different crystal
orientations, thus allowing for exposure of different crystal surfaces. As expected,
under visible light illumination, the photocurrent notably increased when a larger
active surface of the MAPbBr3 SCs was exposed. In contrast, the photocurrent
response to γ-irradiation exhibited a negligible difference between the two
orientations.

However, when detectors of different volumes were exposed to the gamma
radiation a vastly different outcome was measured. The devices were fabricated
around larger MAPbBr3 SCs with silver epoxy electrodes, keeping the same spacing
between the electrodes, as schematically shown in Fig. 7a. The detectors were then
positioned in the gamma beam keeping their first edge at a fixed distance from the
source. This allowed us to measure the responsivity of γ-ray detectors as a function
of volume of the MAPbBr3 SCs in the range of 141–16,800 mm3.
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As shown in Fig. 7b, the photocurrent is markedly growing with the increasing
crystal volumes of MAPbBr3 SCs. Initially, for MAPbBr3 SCs of smaller sizes up to
about 2000 mm3, the photocurrent increases linearly with growing crystal volumes,
thus confirming both a high photocarrier extraction efficiency and the sensitivity
dependence on the crystal volume. As might be expected, however, due to the finite
value of the μτ product, as well as simplicity of our detector which employs just two
electrodes placed on one crystal facet, this dependence becomes sublinear with
further increasing of the crystal volumes. Clearly, the herein observed loss of
photocarriers, which cannot be harvested by the electrodes due to recombination
or trapping within the active crystal volume, can be eliminated by designing a more
volumetric detection pattern in the future.

To estimate what thickness of SCs is needed for efficient interaction of high-
energy photons with the active material the penetration depth was calculated. For the
60Co gamma source, a linear attenuation coefficient of 0.1917 cm�1 was estimated
which corresponds to a penetration depth of 5.22 cm. This proves that multiple-
centimeter crystal sizes would be needed for efficient detection of photons with
above 1 MeV energies.

4.1 Oriented Crystal-Crystal Intergrowth: OC2 Growth

Therefore, to estimate the limitations of the aforementioned volume dependence, a
goal of growing a perovskite crystal with a thickness of over 10 cm was set.
Upscaling of perovskite-based optoelectronic devices remains a challenge for the
whole community. There is still no reliable technique to grow perovskite crystals in a
controlled manner on a large scale. Nevertheless, laboratory prototypes of perovskite
optoelectronic devices are posting record performance numbers, surpassing some

Fig. 7 (a) Schematic illustration of the configuration of volume dependence measurements of the
photocurrent. (b) Photocurrent dependence as a function of the crystal volume. Blue line ¼ guide
for the eye. Inset: On-off characteristics at different crystal volumes
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well-established semiconductor materials such as silicon. Before 1915, monocrys-
talline silicon was at this stage of development. About 100 years ago, it had started to
be implemented in various electrical applications with great success; however there
were some limitations regarding the growth and purification methods and producible
quantities. Nowadays, in the well-established silicon industry, up to 2 m large ingots
of monocrystalline silicon are routinely grown and sliced into thin wafers. Today
these are the basis of most of our modern solid-state electronic devices, from
transistors to solar cells. The question then arises whether or not one day a
Czochralski-type growth will be a routine method of large-scale crystallogenesis
for perovskite single crystals as well.

In this chapter, the “oriented crystal-crystal intergrowth” method is introduced
[25], hereinafter referred to as the OC2G technique, which can yield solution-grown
MAPbBr3 crystals with volumes and masses over 1000 cm3 and close to 4 kg,
respectively.

In the OC2G technique, nice cubic shape SCs of MAPbBr3, that were previously
solution grown by the inverse temperature crystallization method, serve as building
blocks for the final large crystal. They are then precisely aligned side by side along
their facets, like a mosaic or a 3D Rubik’s cube pattern, as illustrated in Fig. 8a. It is
not required to have SCs of the same size; however, attention should be on the
perfect alignment of the edges to achieve a nice and fast intergrowth. After immers-
ing them into a solution of MAPbBr3 in DMF, they can be fused together by an
inverse temperature crystallization. Under controlled and slowly increased temper-
ature, the solution will gradually reach saturation, and the growing crystals fill up the
space between the aligned facets (Fig. 8b), resulting in a very firm connection
without inducing any unwanted polycrystallinity.

From two up to four crystals can be intergrown by OC2G at the same time,
depending on the size and weight of the individual single crystals. Each additional
added crystal increases the time of a single growth cycle, which is limited due to the
concentration of MAPbBr3 in the solution. Repeatable cycles, from room tempera-
ture to for example 80 �C, can be done to achieve a better junction. It is interesting to
point out that under an applied force the final crystal will break at random places, and
not along the merged facets. This breaking behavior of the OC2G crystal is an
indirect proof of crystallinity and grain boundary quality, if it exists at all at the
created junction.

After studying in detail the OC2G technique and learning its possibilities and
limitations, a growth of a 10 cm thick crystal with a mass of over 1 kg was initiated.
Over 35 small MAPbBr3 seed single crystals, from a couple of millimeters to
centimeter large, were first grown using the inverse temperature crystallization
method. Together, their weight reached about 500 grams. The seed single crystals
were then fused together in a multiple-step OC2G to form the large crystal. A series
of time-lapse images depicting every cycle during the growth are showed in Fig. 8c.

Three-by-three seed single crystals were firstly grown together to make crystal
“lines.” Subsequently, three of these lines were grown together to obtain crystal
plates weighting approximately 200 g and having a top surface area of about
8 � 8 cm2. Four of these plates containing nine seed single crystals were merged
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simultaneously over 2 weeks. Two-by-two crystal plates were then fused together by
precisely aligning their flat surfaces. Due to the increased contact surface, a longer
period was needed for this stage. Similarly, the same step was repeated to attain a
full-connected MAPbBr3 crystal with more than 5 cm long edges, weighting close to
2 kg (about 1 month of total growth). Repeating the growth cycles for additional
weeks, while simultaneously introducing a fresh solution, the crystal continued to
grow, increasing in size and weight. More than 300 g/week would be added to the
mass of the crystal. Finally, the product of 10 weeks of total growth was a 1000 cm3

and 3.82 kg crystal of MAPbBr3, as shown in Figs. 8d.
To the best of our knowledge, this is by far the largest hybrid perovskite crystal

produced, reaching the average baby birth weight of 3.8 kg. It is also worth

Fig. 8 (a) Schematic representation of the OC2G technique, fusing together individual single
crystals into a larger crystal. (b) Illustration of the intergrowth at the molecular view. (c) Photo-
graphs of consecutive steps of the OC2G method took at different milestones. Full process starting
from 36 single crystals of a total mass of 500 grams to a (d) 3.8 kg crystal
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mentioning that, in principle, there are no technological limitations to further exceed
these impressive crystal sizes in the future. Likewise, with a complete understanding
of the OC2G technique, the growth time could be cut at least in half, if not
even more.

4.2 Increased Detection and Potential Shielding

A device was fabricated utilizing the large crystal to test if in fact the enlarged
volume will benefit greatly the radiation detection signal. Firstly, silver epoxy
contacts were deposited, as in our first size dependence measurements. However,
it is obvious that a more volumetric electrode design is needed to be able to collect all
generated charges. Therefore, the focus was moved to the graphite-spray electrode
architecture (Fig. 9a). The 1 dm3 crystal was positioned in the beam path as close as
possible to the source, corresponding to a dose rate of 1.25 Gy h�1. Photocurrents of
over 100 nA were acquired at relatively low bias voltages, 2–5 V. These values were
compared to other graphite-spray electrode samples based on MAPbBr3 SCs, grown
by inverse temperature crystallization. As seen in Fig. 9b, an increase in the
photoresponse of over 100 times is present when utilizing crystals grown by the
OC2G method, even despite a lower dose rate of irradiation due to setup limitations.

Therefore, once again the importance of an increased volume is confirmed, as
well as the fact that the gain is not linear. Clearly, a loss of photocarriers, which
cannot be harvested by the electrodes due to recombination or trapping within the
active crystal volume, is present. This problem can be solved by designing a truly
volumetric charge collection pattern. Nevertheless, the OC2G crystal, even with this
simple electrode design, exhibited a significant signal increase and is proving to be a
viable method for future large-volume perovskite radiation detectors.

Additionally, due to the high density of perovskite, large-volume MAPbBr3
crystals could offer other applications, such as radiation shielding. For example,
the 12 cm thick MAPbBr3 crystal should attenuate 93.5% of the 269 GBq 60Co
(1.25 MeV) source. To prove this assumption, another detector was designed based
on the large OC2G MAPbBr3 crystal (volume ~1000 cm3). Two copper wires,
embedded in silver epoxy contact pads on one facet of the crystal, served as biasing
electrodes. The detector was then positioned in the beam of gamma radiation in three
different orientations. Firstly, the crystal facet containing the biasing electrodes was
exposed directly to the source from a distance of 35 cm (orientation “1,” Fig. 9c). In
this configuration, the “active volume,” within which the charges are collected most
likely, was directly exposed. Next, the detector was rotated by 90�, thus moving the
contact area further from the radiation source (orientation “2”). Lastly, the detector
was turned by an additional 90�, thus positioning the contact area entirely opposite to
the source (orientation “3”). In this latter arrangement, the crystal facet containing
the biasing electrodes was at the distance of ~45 cm from the radiation source, thus
also being “shielded” by the whole thickness of the MAPbBr3 crystal (of ~10 cm).
The photocurrent across the detector drops markedly when the detector’s spatial
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position is being switched from the orientation “1” to “2.” This pronounced drop of
the photocurrent (of ~73%, Fig. 9d) can be associated with strong “shielding” of the
contact area provided by the outermost portion of the MAPbBr3 crystal, which, for
the orientation “2,” is directly facing the radiation source. The photocurrent con-
tinues to decrease (by dropping up to ~82%) also for the orientation “3,” in which, as
mentioned above, the contact area of the detector is “shielded” by the whole
thickness of the MAPbBr3 crystal (~10 cm). It is worth noting that the herein
reported drop of the photocurrent is definitely more pronounced than the one,
which could be expected for an “inverse distance squared” dependence (typically
observed for exposure from a point radiation source, dark red circle in Fig. 9d).
Altogether, these findings confirm strong attenuation of gamma rays by large-
volume MAPbBr3 crystals.

Fig. 9 The size effect of perovskite-based gamma detectors. (a) Schematic illustration of the
configuration of volume dependence measurements of the photocurrent of MAPbBr3 detectors
based on single crystals attained by the inverse temperature crystallization method and crystals
attained by the OC2G method. (b) Photocurrent dependence as a function of the crystal volume. (c)
Sketchy representation of the different mutual orientations of the radiation source and the gamma-
ray detector. (d) Comparison of the evolution of the photocurrent across the gamma-ray detector
designed around a large MAPbBr3 OC2G crystal (~1000 cm3) and the “inverse square law”
corresponding to three different mutual orientations of the crystal facet containing the biasing
electrodes and the radiation source (Cobalt-60)
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5 Conclusion

Detectors based on MAPbBr3 SCs demonstrated detection of γ-rays from a 60Co
(1.173 and 1.332 MeV) source. Four different device configurations have been
studied: simple copper wires as electrical leads glued to the SC by silver epoxy
contacts; VACNTs engulfed inside the perovskite SC itself as a three-dimensionally
enlarged electrode; graphite spray around the whole MAPbBr3 SC as a large surface
electrode; and “low-budget” device consisting of pressed and sintered polycrystal-
line perovskite with graphite paper. All detector configurations were positioned
inside an irradiation cavity directly in line with a gamma beam of the 269 GBq
cobalt source, exposing them to a dose rate of 2.3 Gy h�1. They managed to clearly
detect a photocurrent response while moving the source from shielding to the
exposed position and back. Directly from the photocurrent under γ-exposure the
μτ products were obtained ranging from 0.5 � 10�3 to 0.3 � 10�2 cm2 V�1, which
are comparable to those of the highest quality CZT SCs.

Furthermore, γ-radiation dose rate measurements were performed by varying the
distance of the detectors to the gamma source and in that way changing the amount
of γ-photons reaching the crystals in a unit of time. For distances from 25 to 125 cm,
dose rates of 2.30 to 0.07 Gy h�1 were achieved on the sample. All devices exhibited
an expected decrease of photocurrent response with the increase of distance from the
source, while in the case of the SC device with carbon electrodes, the decrease of
photocurrent of the leading edge of an on-off signal was in good agreement with the
theoretical inverse-square law behavior, when fitted with a _D0=rx function, where _D0

is the dose rate at the distance r and x is the power constant. The extracted value of
the exponent ranged from (1.95 � 0.05) to (2.0 � 0.3) for the VACNT and graphite-
spray electrode configuration, respectively. Moreover, the measured dose rates
showed a good correlation with commercially available thermoluminescent dosim-
eters (Harshaw TLDs-700, 4.38% 7Li-doped), and a calibrated γ-sonde (Berthold LB
6414), exhibiting the possibility of utilizing perovskites in dosimeter device.

Although the VACNT electrode device configuration showed the best
responsivity in sample volume dependence, the design, which we believe could
have the best commercial application potential, is the graphite-spray electrode
configuration, as it requires less device fabrication complexity, and has a much
more stable baseline current under long-term operation. Whereas the current of the
VACNT detector increases constantly in time, due to the strong ion migration
already present in all perovskite optoelectronic devices, it was further enhanced
when using carbon nanotubes. The simplest architecture of just silver epoxy elec-
trodes not only allows a big enough surface for increased charge collection, but more
importantly has also proven to have very weak stability degrading the device
γ-detection performance.

The MAPbBr3 SC device with graphite-spray electrodes demonstrated good
stability when irradiated from the 60Co source under ambient and operational
conditions for a testing period of 100 h. Utilizing a pulsing voltage scheme of
applying 1 V every 60 s, the baseline current was stabilized, not changing more
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than 10% during this long-term operation. No degradation or deterioration of
γ-radiation detection capabilities is observed during the testing period. We attribute
the observed excellent radiation tolerance to the intrinsic structural plasticity of
hybrid halide perovskites, as well as the fast ion migration accompanying a revers-
ible component-phase separation-based defect-healing process, on the nanoscale.

Lastly, device photocurrent responses to γ-radiation are directly proportional to
the active volume of MAPbBr3 SCs, contrary to the active surface, as is the case for
visible-light illumination. For this reason, a new growth technique was developed
called oriented crystal-crystal intergrowth, or OC2G. This new technique success-
fully produced a very large MAPbBr3 crystal of over 1 dm

3, and close to 4 kg. In the
OC2GMAPbBr3, single crystals are aligned side by side along their facets, similar to
a Rubik’s cube pattern, and fused together by the inverse temperature crystallization
method. The formed crystals showed great solidity, unable to break at the junction.

An increase in the photoresponse of over 100 times is present when utilizing
crystals grown by the OC2G method. However, for these higher crystal volumes the
increase is sublinear, partially due to the finite value of the μτ product, but even more
so because of the simplicity of the detector electrodes. A more volumetric detection
pattern design would be needed in the future for better charge collection. It is
important to point out that the large crystals obtained with the OC2G technique
are, technologically, not limited in size. Furthermore, mostly due to their large
thickness and attenuation, these crystals could be used as shielding, besides for
detection, for highly radioactive sources.

In conclusion, the simplicity, low-cost solution-based fabrication process, and
operational stability under γ-irradiation of the crystalline MAPbBr3 make this
material a good candidate for a new generation of high-energy radiation detectors.
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Inorganic Halide Perovskite Thin Films
for Neutron Detection

Leunam Fernandez-Izquierdo, Martin G. Reyes-Banda,
Jesus A. Caraveo-Frescas, and Manuel Quevedo-Lopez

Abstract The need for high-efficiency radiation detectors with wide-area coverage
is essential in applications such as nuclear medicine, industrial imagining, environ-
mental radioactivity monitoring, spacecraft applications, and homeland security,
among others. For these applications, the detector material should interact strongly
with high-energy particles or photons, must be able to operate at high electric fields
with negligible leakage current, must possess high resistivity, and must be scalable.
Cesium lead bromide (CsPbBr3) possesses excellent electric, electronic, and spec-
troscopic properties while showing endurance to humidity and good stability under
extreme operating conditions. These properties make it an ideal material for high-
energy radiation detectors. The use of CsPbBr3 for heavily charged particle sensing
is normally limited to single crystals due to the lack of deposition techniques for
thick CsPbBr3 films, which is necessary for efficient radiation and neutron sensing.
This chapter shows methods that allow the deposition of perovskite thin films with
controlled thickness. The close-space sublimation (CSS) process allows for the
deposition of stoichiometric and high-quality CsPbBr3 films with reduced defects
and large grains with high deposition rates. Alpha and neutron particle sensing using
a p-n diode is discussed. This chapter demonstrates the potential of inorganic
perovskite films for alpha and neutron detectors in planar and micro-structured
perovskite thin films.

1 Introduction

Cesium lead bromide (CsPbBr3) is a promising material for radiation sensing used as
a scintillator or direct detector [1–3]. Besides its high stability, CsPbBr3 possesses
interesting electronic and optoelectronic properties such as high attenuation above
the bandgap, good photoresponse, large electron and hole mobility, long lifetimes,

L. Fernandez-Izquierdo · M. G. Reyes-Banda · J. A. Caraveo-Frescas · M. Quevedo-Lopez (*)
Department of Material Science & Engineering, University of Texas at Dallas, Richardson, TX,
USA
e-mail: mquevedo@utdallas.edu

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022
K. Iniewski (ed.), Advanced Materials for Radiation Detection,
https://doi.org/10.1007/978-3-030-76461-6_4

81

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-76461-6_4&domain=pdf
mailto:mquevedo@utdallas.edu
https://doi.org/10.1007/978-3-030-76461-6_4#DOI


low excitation binding energy, halogen self-passivation, defect tolerance, and lumi-
nosity [1, 4–12]. Device-quality single crystals have been prepared using many
methods, including a high-temperature process [4], solution-based methods such
as antisolvent vapor crystallization (AVC) [8, 9, 11], and inverse temperature
crystallization (ITC) [13]. The carrier concentration (holes) of these crystals varies
in the range of 5 � 107 to 1 � 108 cm�3 [10, 11] and about 1 � 109 cm�3 for
electrons [10], resulting in nearly intrinsic crystals with resistivities in the range of
1–3 GΩ cm [11]. As a reference, Bridgman-grown crystals show resistivities as high
as ~340 GΩ cm [4, 14] and mobility-lifetime (μτ) product for electrons and holes in
the range of 1.7� 10�3 to 4.5� 10�4 cm2V�1 and 1.3� 10�3 to 9.5� 10�4 cm2V�1,
respectively [4, 15, 16]. These μτ values are better than those of CdZnTe (CZT) and
CdTe. It is important to note that the electron μτ product of CZT and CdTe [12] is in
the lower range of the corresponding values for CsPbBr3, while the hole μτ product
is only 0.1% that of CsPbBr3.

The reported use of CsPbBr3 for radiation sensing is limited to single crystals,
except for its use as a thin film in X-ray scintillators [1, 3]. There are no reports for
direct radiation detection using thin-film diodes based on CsPbBr3. This is related to
the lack of deposition techniques for thick CsPbBr3 films. The close-space sublima-
tion (CSS) process reported here addresses this problem. Although the intrinsic
phase purity and crystal quality of single crystals offer improved optoelectronic
properties, the high cost of the single-crystal approach renders this option nonviable
for portable and large-area applications; hence thin films are a better option. Fur-
thermore, the photon attenuation coefficient of CsPbBr3 is linear and comparable to
that of CZT for energies up to 1000 keV [4]. Still, no exhaustive studies exist for the
interaction of CsPbBr3 with charged particles (alphas, betas, etc.) or for higher
photon energies such as gamma rays. The interaction of CsPbBr3 2D nanosheets
with ionizing radiation has been reported recently, showing scintillation perfor-
mance comparable to commercial crystals [1]. The observed luminosity of
~21,000 photons/MeV is comparable with commercial Cs2LiYCl6 (CLYC) crystals,
but the luminescence decay time of <15 ns is much shorter than that of NaI:Tl
(~200 ns), CLYC (>50 ns), and LaBr3(Ce) (>16 ns) [17]. Recently gamma and alpha
particle spectroscopy using CsPbBr3 single crystals was reported [15].

There are a few reports for CsPbBr3 thin-film deposition using solution
processing [1, 18, 19], chemical vapor deposition (CVD) [20], vacuum evaporation
[21], and even a hybrid vacuum solution process [22]. Although a solution process
approach is “simple,” economic, and more flexible, the stability and electronic
properties of the resulting materials might be compromised by impurities and
solvents incorporated from the precursor solution. On the other hand, physical
vapor deposition methods, such as CVD and vacuum processes, eliminate solvents
and yield higher quality materials, but precursor utilization is low and not practical
for depositing thick films, necessary for efficient high-energy electromagnetic radi-
ation and neutron sensing [23]. To overcome the aforementioned deficiencies, it has
worked on developing a solution-free, simple, high-growth-rate, scalable, and inex-
pensive CSS process to deposit high-quality CsPbBr3 films. Furthermore, this
method can also be used for other material systems. CsPbBr3 melts congruently at
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~570 �C [4]; therefore, sublimation from CsPbBr3 powder or crystals can produce
stoichiometric films. The fact that CSS is a near-thermal-equilibrium deposition
process results in films with reduced defects, large grain, high material utilization,
and high growth rates. The films are used to demonstrate a thin-film solid-state
neutron detector using an ITO/Ga2O3/CsPbBr3/Au diode.

Planar CsPbBr3/Ga2O3 p-n junction diodes coupled with 10B neutron conversion
film have been demonstrated by showing a thermal neutron detection efficiency of
2.5% [24]. The theoretical neutron detection efficiency of planar detectors is limited
to <4.5% due to the self-absorption of reaction products within the neutron conver-
sion layer [25]. Higher efficiencies have been demonstrated when using micro-
structured silicon diodes backfilled with a neutron conversion material [26–
28]. Micro-structured detectors fabricated using thin-film semiconductors can be
easily scaled for large-area applications than detectors using single-crystal semi-
conductors. Neutron detection efficiency using micro-structured detectors has also
been demonstrated recently [28].

2 CsPbBr3 Film Deposition Using Close-Space Sublimation

Figure 1a shows a diagram of the process to obtain perovskite thin films. CsPbBr3
films with thicknesses between 8 and 20 μm can be deposited by the CSS process
from CsPbBr3 crystallites grown using the AVC method. Figure 1b shows the XRD
patterns of the CsPbBr3 precursor crystals and the resulting CsPbBr3 film. The
CSS-deposited CsPbBr3 films have the same crystallographic nature and phase
purity as the precursor crystals. High-incident-angle (2�) XRD analyses confirmed
the phase purity in the bulk of the CSS-deposited CsPbBr3 films with the ortho-
rhombic perovskite structure [9, 10, 13, 29]. No diffraction peaks for polymorphs
Cs4PbBr6 and CsPb2Br5 [30] were observed, further demonstrating the phase purity
of the deposited CsPbBr3 films. The crystallite size of the as-deposited CsPbBr3 was
in the range of ~245 nm with lattice constants a ¼ 8.205, b ¼ 11.694, and
c ¼ 8.268 Å, consistent with the orthorhombic CsPbBr3 phase [10].

Surface morphology of as-deposited films (Fig. 1c), evaluated by scanning
electron microscopy (SEM), shows grains with an average size of ~2.5 � ~6.5 μm
with dense columnar growth (Fig. 1d). Recrystallization is evident after annealing at
450 �C for 30 min. This annealing was introduced further to increase the grain size
and density of the films. The grain size and columnar growth of the CSS-deposited
CsPbBr3 are in sharp contrast with the smaller grains observed in films deposited by
solution process or physical methods such as CVD and co-evaporation
[19, 31]. EDXS analysis was performed across the film cross section at five points
to examine any possible variation in stoichiometry. The composition is maintained
constant throughout the film thickness. The surface roughness of the CsPbBr3 film
may result in discontinuities at the interface due to poor coverage of the contact
films. To avoid this, a polishing process to reduce the surface roughness was
introduced, reducing the roughness from ~270 nm to <50 nm.
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The X-ray photoelectron spectroscopy (XPS) spectra of the CsPbBr3 film and
crystals are shown in Fig. 1e–g. The binding energies for the Cs 3d, Pb 4f, and Br 3d
regions are consistent with CsPbBr3 [32]. Furthermore, the binding energies match
for both the source crystals and the thin films, indicating that the CsPbBr3 stoichi-
ometry/composition and crystalline structure of the crystals are maintained during
the CSS deposition process.

3 Ga2O3/CsPbBr3 Diodes and Performance Characteristics

A schematic of the device configuration along with the band diagram is shown in
Fig. 2a, b. Conduction (Ec) and valence band (Ev) edge energies of �3.0 and
�5.3 eV, respectively, were estimated for the CsPbBr3 film using data from photo-
electron spectroscopy in air (PESA), Kelvin probe, and optical transmittance. From
Hall measurements, the resistivity, mobility, and carrier concentration for the
CsPbBr3 film were determined as 1 � 1011 Ω cm, 0.013 cm2 (V s)�1, and
5 � 109 cm�3, respectively. The corresponding values for the n-Ga2O3 are
~5 � 106 Ω cm, 1 cm2 (V s)�1, and ~1015 cm�3, respectively.

Fig. 1 (a) CSS process using the CsPbBr3 crystals as the source material; (b) XRD patterns of the
CsPbBr3 film and crystals used as the source material, the reference XRD pattern corresponds to
ICSD #97851; (c) top view and (d) cross-section SEM images of the as-deposited CsPbBr3 thin
film; (e–g) corresponding XPS spectra of Cs 3d, Pb 4f, and Br 3d showing identical chemical
bonding for crystals and films
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To demonstrate charged particle sensing, a p-n junction diode with the configu-
ration ITO/Ga2O3/CsPbBr3/Au was fabricated. The resulting diode showed leakage
(reverse bias) current of 5 � 10�8 A/mm2 and is fully depleted at �5 V (Fig. 2c and
inset) with negligible I-V hysteresis and rectification of 104. The favorable band
alignments and the high bandgap of Ga2O3 enabled low leakage current and diode
rectification >104, which is significantly superior to that reported for CsPbBr3/ZnO
[33] and ZnO/CsPbBr3/MoO3 diodes [34].

The rise and decay times for the CsPbBr3 diode are shown in Fig. 2d. The device
shows an on/off ratio of 102 at�4 V (E¼ 5 kV/cm) when exposed to a 405 nm laser
(Fig. 2d). The estimated rise/decay time for the diode was 190/460 μs, which is much
shorter than previously reported for CsPbBr3-based diodes [33, 34] and
photoresistors [8, 10, 35]. The superior performance of the fabricated devices,
even without a hole transport layer, is attributed to the phase purity, large columnar
grains of the CSS-deposited CsPbBr3 films, as well as large bandgap of the Ga2O3

n-layer.

Fig. 2 (a) The band edge positions of different layers as determined experimentally and (b)
schematic of the ITO/Ga2O3/CsPbBr3/Au device; (c) current-voltage characteristics (dark) for the
Ga2O3/CsPbBr3 diode; the inset shows the complete depletion of the device with an ~8 μm thick
CsPbBr3 film at low reverse bias; (d) rise/decay time estimation
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4 Alpha and Neutron Sensing with CsPbBr3 Diodes

The diodes were evaluated as charged particle detectors, specifically for thermal
neutron sensing using 10B layer as conversion film. Neutron detectors normally
include a “conversion” material such as 10B in which a transmutation reaction
produces an ionizing particle which in turn creates e-h pairs in the detector material
[36]. The transmutation reaction includes a neutron captured by the 10B that then
becomes 11B in an excited state that splits into 7Li and an alpha particle (4He) as
shown in the reaction from Eq. (1) [36]:

10Bþ n ! 94%7Li 0:840 MeVð Þ þ α 1:470 MeVð Þ þ γ 0:48 MeVð Þ
6%7Li 1:02 MeVð Þ þ α 1:77 MeVð Þ

( )
ð1Þ

The results for alpha and neutron response are shown in Fig. 3. The alpha peak is
clearly observed after exposing the diodes to 210Po (5.3 MeV) (Fig. 3a), demon-
strating the Ga2O3/CsPbBr3 diode sensitivity to alpha particles. The measured alpha
response corresponds to 16% of that of a commercial OPF480 Si diode when
exposed to the same 210Po source. The peak broadening (Fig. 3a) can be due to
various factors, such as the attenuation of alpha particles by the air and the top
electrode, charge trapping in semiconductors, and electronic noise [37]. Next, the
diode was exposed to thermal neutrons using a 252Cf source. Results show neutron
counts one order of magnitude higher than the background noise. Background noise
measurements were performed before the exposure to the 252Cf source. No increase
in the background counts was observed for alpha particle or neutron exposure,
indicating that the increase in the counts with time is a result of energetic particles
absorbed in the Ga2O3/CsPbBr3 diode, as seen in Fig. 3a (inset). No counts were
detected above LLD. This confirms that the counts are originating from the alphas
generated in the 10B layer after neutron interaction and absorbed in the diode, and not
due to gammas from the 252Cf source. Figure 3b shows neutron response of the
CsPbBr3 diodes when exposed to a 252Cf source. Calculated efficiency shows
approx. 1% for CsPbBr3 detectors representing 38.3% of the obtained silicon

Fig. 3 (a) Alpha particle response when exposed to the 210Po source, data collected for 180 min
with a shaping time constant of 3 microseconds; inset: counts above LLD for alpha particles (black)
and noise (green) recorded every 15 min; (b) normalized neutron response of CsPbBr3-fabricated
devices; (c) silicon-based neutron detector
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efficiency (Fig. 3c). To the best of our knowledge, the demonstrated results are the
first report of neutron detection using a thin-film CsPbBr3-based device.

5 Composition Tuning in CsPbBr3 Films

The diffractograms for films before and after solid-state ion exchange with chlorine
(Cl) are shown in Fig. 4a. For films treated in PbCl2, the characteristic XRD patterns
of CsPbBr3 shift depending on the annealing time. When annealed in PbCl2 vapor,
the characteristic peaks (101) and (002) shift towards higher 2θ values (Figs. 4a),
indicating a smaller lattice constant resulting from the smaller Cl atoms substituting
Br in the CsPbBr3 films. This further indicates that Cl effectively incorporates in the
crystalline structure of CsPbBr3 [38, 39]. For PbCl2-treated films, the lattice param-
eter is inversely proportional to the Cl content and shows a linear relationship.

The XPS spectra of the CsPbBr3 films before and after annealing with PbCl2 are
shown in Fig. 4b, c. The binding energies of the Cs 3d region do not change for
as-deposited or ion-exchanged films. This is demonstrated in the 723.66 and
737.66 eV peaks, corresponding to Cs 3d5/2 and 3d3/2 core levels [32, 40]. The
shifting of Pb 4 f core levels to higher binding energies for PbCl2-treated samples
indicates stronger binding of the halogen with Pb, which is attributed to the higher
electronegativity of Cl [41].

Fig. 4 (a) CsPbBr3 films after thermal processing under the vapors of PbCl2 for 120 min. The two
bottom panes in each figure correspond to the ICSD patterns used as reference; (b) XPS spectra
revealing Br 3d at 67.96 and 68.96 eV; (c) XPS spectra of Cl 2p at 197.3 and 198.9 eV for films
treated in PbCl2 vapors; (d) cross section of as-deposited CsPbBr3 film; (e) cross section of films
annealed for 120 min in PbCl2 vapors; (f) cross section of etched microstructures in CsPbBr3 thin
films
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The binding energies of Br 3d5/2 and 3d3/2 for CsPbBr3 are shown in Fig. 4b. No
significant change is observed for ion-exchanged films with either PbCl2; however,
the attenuation of Br 3d doublet and the presence in the Cl 2p doublet intensity
(Fig. 4c) in PbCl2-treated films demonstrate a successful ion exchange [42]. As
expected, the atomic concentration of Cl in films treated with PbCl2 varies linearly
with annealing time.

Figure 4d shows the cross section of the as-deposited CsPbBr3 films (8 μm). The
film exhibits large grains, with an average size of ~5 μm. Annealing of this film at
425 �C under vacuum in the absence of PbX2 results in the formation of voids
without any grain growth. Recrystallization and grain growth are evident when
annealed at the same temperature in the presence of PbCl2 vapor (Fig. 4e), with a
remarkable change for the films annealed. For films annealed in PbCl2 (Fig. 4e) after
120 min, grain size increased to ~12 μm. This recrystallization is much larger than
that obtained by methods such as solution-based treatments [43, 44] and CVD,
where the maximum reported grain size was in the order of 0.3 to 0.5 μm
[45]. The recrystallization in the presence of PbCl2 vapor not only promoted grain
growth but also resulted in a void-free surface with no visible grain boundaries
across the film cross section [46]. The CsPb3-xClx sample underwent a dry etching
process using a combination of HBr and Ar plasma, with which it was possible to
obtain the trenches in the perovskite films, as shown in Fig. 4f.

The CsPbBr3 structure was also confirmed by Raman spectroscopy analysis
(Fig. 5a). The Raman spectrum corresponds to an orthorhombic phase with bands
at 52 cm�1 and 74 cm�1 assigned to vibrational modes of the [PbBr6]

4� octahedron
and bands at 127 cm�1 and 151 cm�1 to Cs+ ion vibrations [47, 48]. The Pb-Br
rocking modes in the [PbBr6]

4� octahedron for Cs4PbBr6 have two intense bands at
~86 cm�1 and ~127 cm�1 [9, 49]; however, the absence of the 86 cm�1 band and the
weak nature of the band at 127 cm�1 confirm that no Cs4PbBr6 is present. The weak
nature of the 127 cm�1 bands is characteristic of CsPbBr3 [9, 48, 49]. From the
Raman spectra in Fig. 5a, it is evident that with the introduction of Cl, the degen-
eracies of Raman modes are lifted, leading to the appearance of additional phonon
modes [47].
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Fig. 5 (a) Raman spectra of the CsPbBr3 and CsPbBr3-xClx films; (b) PL bands of the as-deposited
CsPbBr3 and CsPbBr3-xClx films; (c) estimated bandgap of the CsPbBr3 and ion-exchanged films.
The bandgap was determined using the relation (αE)2 ¼ A(E � Eg); the absorption coefficient (α)
was obtained from the UV-Vis spectral measurements
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The photoluminescence (PL) spectra of the as-deposited and ion-exchanged
CsPbBr3 films are shown in Fig. 5b. As-deposited CsPbBr3 films show a strong
emission centered at 534 nm and a weak shoulder at 550 nm. Films annealed in
PbCl2 show a strong emission centered at 460 nm. The weak band in the PL spectra
of the thin films has been associated with several phenomena, including photon
recycling [50, 51], structural differences between surface and bulk leading to slightly
different bandgaps [52], bound excitons [4], and defects due to grain size inhomo-
geneity or traces of precursor [53, 54]. Based on the SEM and XRD analysis (0.5�

and 2.0� grazing angles), grain size inhomogeneity and precursor traces can be ruled
out. Photon recycling can happen in translucent materials. The redshifted PL band
can be observed along with the original PL emission when the signal is captured
from a wide area [51]. Additionally, the bandgap of the CsPbBr3 film was estimated
at 2.32 eV and incremented to 2.62 eV with the ion-exchange treatment that further
confirmed the incorporation of Cl into the lattice [46] (Fig. 5c).

6 Ga2O3/CsPbBr3-xClx Diode Performance and Neutron
Sensing

The performance of CsPbBr3 in a diode configuration ITO/Ga2O3/CsPbBr3/Au
(Fig. 2b) has been reported in previous sections. The fully depleted diode had a
capacitance as low as 15 pF, a low leakage current of 5� 10�8 A/mm2 at �5 V, and
rectification of ~104 [24]. Resistivity, mobility, and carrier concentration values of
n-Ga2O3, determined from Hall measurements, are ~5 � 106 Ω cm, 1 cm2 (V s)�1,
and ~1015 cm�3, respectively [24, 55]. Figure 6a shows the current-voltage plots for
the Ga2O3/CsPbBr3 devices, both for as-deposited and ion-exchanged in PbCl2
vapor. Lower leakage current density (�1 � 10�8 A/mm2) at �5 V was obtained
with PbCl2 ion-exchanged devices, with a rectification factor of 105. This value is
10� higher than the fabricated device with as-deposited CsPbBr3. This performance
can be attributed not only to the favorable band alignments and the high bandgap of
Ga2O3 but also to the recrystallization leading to grain growth, reduction in grain

Fig. 6 (a) Effect of PbCl2 vapor and the microstructure in CsPbBr3 thin films on I-V properties of
detectors; (b) normalized neutron response of CsPbBr3- and CsPbBr3-xClx-fabricated devices; (c)
normalized neutron response of CsPbBr3-xClx with trenches
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boundaries, and dopant compensation [38] that the PbCl2 ion exchange provides to
the CsPbBr3 films. The changes observed between diodes without and with dry
etching are mainly due to the generation of surface states on the sidewalls of the
microstructures during etching. These surface states can negatively impact the
electrical performance of devices.

Figure 6b shows normalized comparison of neutron response between the
CsPbBr3 and CsPbBr3-xClx diodes when exposed to 252Cf source. Theoretical
efficiency using a 10B conversion layer is ~4.5% (ref). Calculated efficiency shows
approx. 2.5% for CsPbBr3-xClx which represents a substantial increase compared to
1% for CsPbBr3. The 2.5% efficiency represents 69.9% of the obtained silicon
efficiency (Fig. 3c) [24, 46].

7 Radiation Detection Efficiency of Micro-structured
CsPbBr3-xClx/Ga2O3 Detectors

Calculated efficiency in CsPbBr3-xClx with trenches (10 μm deep) represents a
substantial increase compared to planar devices. The device response to the 252Cf
source can be seen in Fig. 6c, showing an efficiency of approx. 4.3%. This result
represents 130.4% of the alpha efficiency obtained with silicon-based diodes
(Fig. 3c).

Figure 7a shows the comparison of experimental thermal neutron detection
efficiencies of CsPbBr3-xClx-based detectors with the theoretical efficiency calcu-
lated by MCNP. The discrepancy in experimental neutron detection efficiency

Fig. 7 (a) Comparison of neutron detection efficiencies between theoretical simulations and
experimental results (the efficiency of planar silicon is represented using star symbol); (b–d)
cross-section image of etched microstructures in CsPbBr3-xClx thin films filled with 10B
conversion film
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compared with theoretical efficiency is ~45%. The discrepancy increases with
increasing trench depth and can be attributed to two major reasons: the packing
density of 10B in the microstructures and poor charge collection efficiency in the
detectors. It is known that the discrepancy in the efficiency of up to 25% in micro-
structured detectors arises from differences in experimental and theoretical packing
density of 10B in the microstructures [28]. In theoretical calculations, the micro-
structures were assumed to contain 10B with 100% density, whereas in these
experiments, such packing density of 10B powders was not achieved. Figure 7b–d
shows the SEM cross-sectional image of microstructures in CsPbBr3 that are
backfilled with 10B powders using a sedimentation process designed to preserve
the perovskite integrity.

The microstructures were successfully filled without large voids. It is mainly due
to the wide opening of trenches that enabled 10B particles to backfill these structures
easily. The irregular shape and different sizes of 10B powder particles enable the
close-packed filling in the microstructures. However, tiny voids between the powder
particles prevent microstructures from attaining 100% fill density. Finally, the
discrepancy due to low load collection efficiency in the etched samples may be
related to permanent damage to the sidewalls during trench formation. Surface
recombination of charges generated by incident alpha particles on these defective
surfaces is more pronounced and could negatively impact the charge collection
efficiency of the detector [56].

The etched sidewall area increases as the etch depth increases resulting in the
formation of more surface defects. This can be seen in the broadening discrepancy of
experimental efficiency as a trench depth function where more surface states are
present.

8 Conclusions

A solution-free CSS process for depositing high-quality films of CsPbBr3 is dem-
onstrated and implemented in the fabrication of solid-state alpha particles and
thermal neutron detectors. The CSS process used small crystals as precursors to
deposit films with large columnar grain growth across the entire film thickness of
8 to 15 μm. Congruent sublimation of CsPbBr3 resulted in films with a pure
orthorhombic phase with no secondary phases. An ion-exchange treatment was
developed to control composition and promote crystal growth, positively impacting
the overall semiconducting properties of the perovskite film. Good band edge
alignment, high resistivity of CsPbBr3 and CsPbBr3-xClx, and large bandgap of the
n-layer Ga2O3 result in diodes with low leakage currents (10�8 A/mm2) with
rectification between 104 and 105. Preliminary studies on the exposure to thermal
neutrons resulted in counts ~60 higher than the background noise. The efficiencies of
CsPbBr3, CsPbBr3-xClx, and CsPbBr3-xClx with trench (10 μm) samples are 1.0%,
2.5%, and 4.3%, respectively, that represent 38.3%, 69.9%, and 130.4% of the alpha
capture efficiency seen in planar silicon diodes. These results are highly encouraging
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and highlight the promise of the CSS process in depositing perovskite films and the
dry etching method to obtain micro-structured perovskite films, wallowing large-
area fabrication perovskite-based neutron detectors.
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Radiation Detection Technologies Enabled
by Halide Perovskite Single Crystals

Feng Li, Tiebin Yang, and Rongkun Zheng

Abstract Recently, following the unprecedented rise in the performance of opto-
electronic devices based on the halide perovskite polycrystalline or nanostructured
films, low-cost halide perovskite single-crystal candidates have attracted much
attention due to their excellent optoelectronic properties and improved stability
when compared to polycrystalline and nanostructured counterparts for various
applications such as photovoltaic cells, photodetectors, light-emitting diodes, and
lasers. Their unique optoelectronic properties and improved stability, as well as their
low-cost raw materials and growing processes, make halide perovskite single crys-
tals and their various forms greatly suitable for radiation detection technologies. In
this book chapter, we summarize various synthesis and growth methods of halide
perovskite single crystals and introduce their strong radiation detection performance.
The advantages and limitations of halide perovskite single crystals, which are
employed as active candidates for various radiation detection applications, are
discussed in detail. Finally, outlooks on the remaining challenges and new opportu-
nities in the field of single-crystal perovskite radiation detectors, with particular
emphasis on device designs, ion migration, and stability concerns, are highlighted.

1 Introduction

Ionizing radiation, defined as having enough energy to ionize atoms or molecules,
can be applied in many areas of our lives [1–3]. In the forms of particles or
electromagnetic waves, ionizing radiation can be categorized by being directly
ionizing or indirectly ionizing, respectively. Any charged particle with enough
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kinetic energy can ionize atoms by Coulomb force, which induces direct ionizing.
Directly ionizing radiation particles include atomic nuclei, electrons, muons,
charged pions, protons, and energetic charged nuclei stripped of their electrons, of
which the most common types are alpha particles and beta particles consisting of
helium nuclei and electrons or positrons, respectively. Indirectly ionizing radiation is
usually photon radiation or neutron radiation induced by electrically neutral parti-
cles, where the atoms are further ionized by beta particles from the interaction
between photons or neutrons and other atoms. Photon radiation is typically known
as high-energy electromagnetic wave X-rays (0.1–100 keV) and gamma rays
(0.1–100 MeV), which will cause the ejection of electrons from atoms and then
further ionization by secondary beta particles. Neutrons often cause ionization by
interacting with protons in hydrogen via linear energy transfer. Figure 1 represents
the formation of common radiation types, including particle radiation and electro-
magnetic (photo) waves and their related producing/emitting ways. Due to the
peculiarity of high penetration and ionization, radiation rays can be widely used in
various fields, including nuclear physics, medical imaging, radiotherapy, food
industry, security monitoring, crystallography, and so on [4–8].

Generally, semiconductors with an appropriate bandgap can easily detect free
charges induced by radiation under applied voltages. Semiconductor-based radiation

Fig. 1 (a) Schematic representation of particle radiation with their formation. (b) Schematic
representation of the electromagnetic spectrum and the relevant formation
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detectors, such as common photodetectors working in the UV-visible-infrared light
ranges, can directly obtain a current signal from free electrons excited by Coulomb
force or photoelectric effect. Current radiation detectors are mainly based on silicon
(Si), amorphous selenium (a-Se), germanium (Ge), cadmium zinc telluride (CZT),
cadmium telluride (CdTe), and mercury iodide (HgI2) [9–12]. However some pre-
requisites should be fulfilled before semiconductors can serve as high-performance
radiation detectors. Generally, the semiconductor bandgap is required to stay in the
range from 1.5 to 2.5 eV, which can ensure a low dark current at room temperature
while providing enough of an energy barrier for electron-hole pair production. High
average atomic number Z and high mass density lead to the large stopping power
required for successfully detecting high-energy radiation. For instance, even though
improvements of crystal purity and doping techniques have been applied for the
widely used Si semiconductor, the relatively small bandgap (1.12 eV) causes a large
dark current at room temperature, and the small atomic number sets a great limitation
for fabricating high-performance Si-based radiation detectors. CZT materials, with a
relatively large bandgap (1.57 eV) and high atomic number (49.3), have also shown
excellent performance in commercial radiation detectors, which can be operated at
room temperature [13–15]. The carrier mobility-lifetime product (μτ) is another
important factor for identifying suitable semiconductors for radiation detection
application. A large μτ indicates a long carrier diffusion length, by which the
probability of a carrier being captured and recombined is reduced. Radiation can
also be detected by indirect detectors consisting of a scintillator and photodetector
arrays. Scintillators can convert high-energy particles and photons into visible light
via radioluminescence, which is further detected by other sensitive photodetectors
such as charge-coupled devices (CCD), photodiode arrays, and complementary
metal oxide semiconductors (CMOS). A high-quality scintillator should have the
traits of high light yield, long-term stability, and high energy resolution. Most
commercially used scintillators are usually based on inorganic crystals such as
thallium-doped sodium iodide (NaI(Tl)) and thallium-doped cesium iodide (CsI
(Tl)) [16–18]. However, these commercial semiconductors usually require complex
growth methods and severe operating conditions, which creates a sharp rise in
demand for high-performance and low-cost materials.

As a class of promising photoactive materials, metal halide perovskites APbX3,
where the A site can be monovalent organic or inorganic cations such as the
methylammonium (MA+ ¼ CH3NH3

+) ion or Cs+, or the mixture thereof, and X is
usually a halide component such as Cl�, Br�, or I�, or a mixture thereof, have
attracted much attention in energy and optoelectronic applications due to their
excellent features, including a long carrier lifetime, large absorption coefficient,
high light yield, and cost-effective growth method—encouragingly, halide perov-
skites, particularly the single crystals, have exhibited many suitable properties for
radiation detection applications [19–24]. Ever since halide perovskites were first
determined to have the ability to detect radiation [25], many radiation detectors
based on this class of perovskites have been successfully fabricated [26–29]. Accord-
ingly, the rapid research progress and great strides made by halide perovskites with
different crystal forms in ionizing radiation detection call for a swift and consistent

Radiation Detection Technologies Enabled by Halide Perovskite Single Crystals 99



survey into the state of the field. Recently, there have been excellent review papers
on the radiation detection devices based on halide perovskites [30, 31]. Each of these
corresponding review publications has a different line of focus, depth, and narrative.
However, review papers centered on perovskite radiation detection applications that
also include the detection of directly ionizing radiation particles are limited. In this
regard, this book chapter aims to summarize the recent achievements, ongoing
progress, and challenges of halide perovskite single crystals for radiation detection
devices with an emphasis on the fundamental detection principles of various radia-
tion photons and charged particles. We begin by offering growth methods for halide
perovskite single crystals and their unique physical characteristics for radiation
detection. The subsequent section comprehensively presents the mechanism of
different types of radiation detectors. Thereafter, the recent achievements of halide
perovskite radiation detectors in mainly detecting alpha and beta particles, as well as
gamma and X-rays, are summarized and discussed in detail. Finally, we present a
brief perspective for the future development of halide perovskites for radiation
detection applications and suggest some strategies to enhance their long-term sta-
bility and device performance.

2 Halide Perovskite Single Crystals

2.1 Growth of Halide Perovskite Single Crystals

2.1.1 Bulk Halide Perovskite Single Crystals

The solution temperature lowering (STL) method was developed by Tao’s group to
grow MAPbI3 bulk single crystals (Fig. 2a), since such materials have decreased
solubility in HX (X ¼ Cl, Br, and I) solution at low temperatures [32]. Through this
method, a large single crystal (10 � 10 � 8 mm3) was grown in about 1 month
(Fig. 2b). Furthermore, MAPbBr3�xClx and MAPbI3�xBrx mixed-halide perovskite
crystals were grown using this method, during which hydrobromic acid was mixed
with hydrochloric acid or hydroiodic acid in different molar ratios into methylamine
and lead (II) acetate solution. Because this method has the disadvantage of being
time consuming, radically faster perovskite crystal synthesis approaches have thus
been developed. In this regard, the inverse temperature crystallization (ITC) method
has been widely applied in recent years; it was observed that the exhibited crystals
from this method can be shape controlled, can be of higher quality, and can be
obtained quicker compared with other growth techniques. Bakr et al. introduced this
method to rapidly grow high-quality bulk crystals [33], where an orange MAPbBr3
crystal was grown within 3 h (Fig. 2c). The ITC approach was further modified in
order to grow large-scale bulk perovskite crystals. Furthermore, the incorporation of
seed crystal growth has been demonstrated to be an effective strategy for the large-
scaled single crystals. The growth of various large-sized perovskite crystals via the
modified ITC method was also reported by Liu et al., who obtained a number of
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larger sized crystals (7 mm) by choosing good-quality seed crystals and repeating
and carefully controlling the ITC process several times (Fig. 2d) [34]. Taking
advantage of the different solubilities of different perovskite single crystals at
varying temperatures contributes to the time-saving feature of the ITC method.
Another main method to grow perovskite crystals is the anti-solvent vapor-assisted
crystallization (AVC) method (Fig. 2e), which was first introduced by Bakr et al.
[35]. In this method, two or more solvents are selected, of which one should be a
good solvent (solubility) that is less volatile, and the other is a bad solvent that is
more volatile. Because of the insolubility of the material in the bad solvent, the
proficiency of the perovskite crystal formation increases significantly when the bad
solvent slowly diffuses into the precursor solution. Other groups, such as Loi’s group
and Cao’s group, also applied this method to obtain the high-quality crystals
[39]. Although the AVC method costs more time than the ITC method, its temper-
ature-independent character is appealing for its widespread use.

2.1.2 Thin Single Crystals

Bulk perovskite single crystals with large thicknesses may cause an increase of
charge recombination, thus leading to the degradation of their device performance

Fig. 2 (a) Schematic of STL method. (b) Image of bulk MAPbI3 crystal. Cryst.Eng.Comm [32],
Copyright 2015. (c) MAPbBr3 crystal growth by ITC method at different time intervals. Nature
Commun [33], Copyright 2015. (d) Schematic of growth process for the large-sized crystals.
J. Mater. Chem. C [34], Copyright 2016. (e) Schematic of AVC method. Science [35], Copyright
2015. (f) Schematic of cavitation-triggered asymmetrical method. Adv. Mater [36], Copyright 2016.
(g) Schematic for the growth of perovskite thin crystals. J. Am. Chem. Soc. [37], Copyright 2016.
(h) Schematic of the scalable growth for perovskite crystal films using an inkjet printing method.
Sci. Adv [38], Copyright 2018
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and impeding practical applications. In this regard, growing thin perovskite crystals
represents an effective approach to overcome the above obstacle and thus advance
further practical applications. Bakr et al. developed a cavitation-triggered asymmet-
rical crystallization strategy to grow the thin single crystals. In the processing, they
used a very short ultrasonic pulse (�1 s) in the solution to reach a low supersatu-
ration level with anti-solvent vapor diffusion; the μm-sized thin crystals could be
grown within hours (Fig. 2f) [36]. Su et al. used a space-limited ITC method and
grew a 120 cm2 single crystal on fluorine-doped tin oxide (FTO)-coated glass
[40]. Meanwhile, Wan et al. reported a space-confined solution-processed method
to grow the perovskite single-crystal films with adjustable thickness from nanome-
ters to micrometers (Fig. 2g) [37]. Benefitting from the capillary pressure, the
perovskite precursor solution filled the whole space between two clean flat sub-
strates, which were clipped together and dipped in the solution.

Currently, more promising approaches have been employed to grow thin single
crystals with high quality and large scale. A one-step printing geometrically confined
lateral crystal growth method was introduced by Sung et al. to obtain a large-scaled
single crystal [41]. During the process, a cylindrical metal roller with a flexible poly-
(dimethyl-siloxane) (PDMS) mold was wrapped and then rolled on a preheated SiO2

substrate (180 �C) with an ink supplier filled with the precursor solution. Alterna-
tively, mm-sized single crystals were synthesized by Song et al. by a facile seed-
inkjet-printing approach (Fig. 2h) [38]. After injecting the perovskite precursor
solution onto the silicon wafer, the ordered seeds could be formed. Another substrate
with the perovskite-saturated solution then covered the top, and thin crystals could
be grown as the solvent dried at room temperature. Aiming to realize advanced
optoelectronic devices, developing more promising growth approaches to synthesize
size-controllable perovskite crystals will be rewarding in the future.

2.2 Superb Properties of Perovskite Crystals for Radiation
Detection

As mentioned above, the superior photophysical and electronic properties of halide
perovskites enable them as promising candidates for next-generation energy and
optoelectronic devices [19–24]. As shown in the Introduction, single-crystal perov-
skites have exhibited many properties that are actually desired for high-performance
radiation detectors, particularly for detecting alpha particles, beta particles, gamma
rays, and X-rays [25–31, 42]. In this section, the superb features of perovskite single
crystals for radiation detection applications are introduced in detail:
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2.3 Large Stopping Power

Heavy metal elements (normally Pb or Sn) and halide components (usually Cl, Br, or
I) provide this class of perovskite materials with high average atomic numbers,
which offer large stopping power and high detection efficiency. For example,
all-inorganic halide perovskite CsPbBr3has an average atomic number of 65.9,
which is even larger than that of 49.3 for CZT. Hybrid perovskite MAPbI3 has a
density of 4 g/cm3, corresponding to a linear attenuation coefficient of 10 cm�1 at
100 keV, while CsPbI3 holds an even larger linear attenuation coefficient of
14 cm�1. Figure 3a shows the linear attenuation coefficients of halide perovskite
materials, including MAPbI3 and CsPbI3, and those of the commonly used Se, CdTe,
and TlBr at different photon energies.

2.4 Suitable Bandgap and Large Bulk Resistance

As mentioned above, appropriate bandgaps are crucial for high-performance radia-
tion detectors, especially for room-temperature operation. Encouragingly, halide
perovskites hold tuneable bandgaps ranging from 1.3 to 3.2 eV that can be easily
realized by adjusting the halide components [33–42, 45–50], which make them
perfectly suitable for the radiation detectors (Fig. 3b, c). Meanwhile, the bulk
resistance of halide perovskite ranges from 107 to 1010 Ω cm, which contributes to
a low dark current at room temperature and low noise, especially when applied to
high voltage bias.

2.5 High Mobility-Lifetime Product

Both the intrinsic and extrinsic defects of the semiconducting materials can capture
the charge carriers that are generated by radiation, thus decreasing the signal current
of the related devices. The large μτ product of halide perovskites can reduce the
recombination of electron-hole pairs at the defects and traps within them, and thus
more carriers can be collected by the electrodes, which further increases the detector
efficiency. Perovskite single crystals usually exhibit a low trap density of 107–
109 cm�3 and thus offer high μτ products [51–53]. For example, the MAPbI3 single
crystal holds a high μτ product of 10�2 cm2/V, with an ultralong carrier diffusion
length of over 175μm under the illumination of sunlight [54]. Moreover, the internal
quantum efficiency of 3 mm thick MAPbI3 single crystal approaches 100% under
weak light illumination, which indicates a diffusion length almost exceeding 3 mm.
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2.6 Facile and Low-Cost Crystal Growth Method

The other advantages of halide perovskites are their cost-effective crystal growth and
device fabrication methods. Compared to widely used commercial semiconductors,
such as Si, Ge, Se, and CZT, of which the growth processes typically require high
temperature, high vacuum, or complex instruments, halide perovskites are usually
produced by low-temperature (<150 �C) solution processes such as the
abovementioned ITC method [33, 53, 55], AVC method [35, 52, 56], and supersat-
urated recrystallization [57, 58]. Moreover, the total cost for the growth of a 1 cm3

Fig. 3 (a) Attenuation coefficients of CsPbI3, MAPbI3, CdTe, Se, and TlBr versus different photon
energies. Reproduced with permission [30]. Copyright 2019, Nature Publishing Group. (b) PL
spectra of tuneable APbX3 nanocrystals. Reproduced with permission [43]. Copyright 2017,
AAAS. c) Absorption coefficient and length with different photon energy of MAPbI3 crystal.
Reproduced with permission [44]. Copyright 2015, Nature Publishing Group
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perovskite single crystal is estimated at around $0.3/cm3 when scaling up the
production, which is three or four times lower than CZT crystals [30]. In addition,
the related detection devices can be easily fabricated through one-step spin-coating
or spray methods and by directly using the freshly grown perovskite crystals, which
offers a large operating range for further integration.

2.7 High Light Yield

The fascinating properties of halide perovskites also enable them to be both direct
photoconductors and indirect scintillators for radiation detections. When
transformed into different crystal forms, like nanocrystals and quantum dots, halide
perovskites also exhibit strong radioluminescence. High-performance scintillators
require high light yield (LY) and fast decay time, which are crucial for measuring the
time of the initial particle or radiation with high precision and increased timing
resolution. When compared to LaBr3-Ce, which exhibited an optimal device perfor-
mance with a LY value of 70,000 ph/MeV and a decay time of 16 ns, halide
perovskites hold a much higher LY value of over 106 ph/MeV and a fast decay
time of less than 1 ns [59]. In addition, perovskites in their nanocrystal form also
permit easy halide ion exchange, from which a tuneable luminescence spectrum
across almost the whole visible region can be obtained [60, 61].

Armed with all these advantages, direct radiation detectors based on perovskite
single crystals have exhibited excellent device performance by working in
photoconductor mode [26, 44, 62–66]. Due to their high light yield under radiation
illumination, halide perovskites can serve as scintillators integrated with other
semiconductor photodiodes, by which high-performance radiation detectors can be
achieved with multiple detection abilities [43, 67–69].

3 Principles of Radiation Detectors

3.1 Direct Radiation Detectors

Suitable semiconductors can directly detect radiation, of which the fabricated detec-
tors are operated in current or voltage modes based on the direct interaction of
incident particles or photons with the sensitive semiconductors [70, 71].

3.1.1 Alpha and Beta Particle Detections

The alpha particle was named as such by Rutherford in 1899 as it had the lowest
penetration of ordinary objects; the particle was then confirmed to be helium nuclei
in 1907 [72]. Emitted from the alpha decay of heavy atoms, alpha particle energy
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varies with the half-life of the emission process, where higher energies are caused by
larger nuclei. Most alpha particles hold energy ranging from 3 to 7 MeV with a speed
of 15,000 km/s due to their higher particle mass compared to other radiation rays.
Thus, alpha particle penetration is typically lower than beta particles or gamma rays,
as it can be blocked by a piece of paper or human skin. However, it is still the most
destructive ionizing radiation; alpha-emitting atoms that are inhaled, ingested, or
injected into our body will cause serious chromosome damage of DNA that is
20 times greater than that caused by the same dose of gamma rays or beta particles
[73]. Developing high-quality detectors for alpha particle radiation is not only for
environmental safety concerns but also for the nuclei information carried by alpha
particles. An alpha spectrum is commonly used to characterize alpha particles
emitting from nuclei. Thus, peak resolution is an important parameter for alpha
detectors, which helps distinguish the alpha peak in the alpha spectrum. For high-
energy alpha particles, direct radiation detectors usually work in voltage mode, since
the particle flux is relatively weak and alpha particles will come into the detector one
by one. The electron-hole pairs generated by alpha particles are further collected by
the detector, of which the intensity is proportional to the particle energy. Then, a
histogram of the energy-resolved spectrum can be obtained. Since the preliminary
signal intensity of a histogram is relatively low, a charge-sensitive preamplifier is
often integrated with the semiconductor. The amplifier then converts the collected
charges into a voltage signal which is later read out by a multiple channel digitizer
and finally output as an alpha particle spectrum.

Compared to alpha particles, beta particles usually hold relatively lower energies
but have much higher speed, which leads to a different interaction model with atoms.
Beta particles can directly interact with other electrons in atoms by inelastic scatter-
ing, which excites other electrons to high energy levels or to emit photons. Beta
particles can also interact with nuclei through elastic scattering due to their much
lower mass, during which only the trajectories of beta particles change. Once
electron-holes are generated by beta particles, they can be detected by semiconductor
detectors on voltage mode.

3.1.2 Gamma-Ray Detections

Gamma rays, as the form of electromagnetic waves with the shortest wavelength and
the highest energy, are usually emitted from atom nuclei. Gamma rays can also be
detected by a scintillator or photodetector working in voltage mode that records a
gamma-ray spectrum [74]. Based on the different gamma-ray energies, the electron-
hole pairs can be generated in different ways. The photoelectric effect often occurs
when the gamma photon energy ranges from 10 to 500 keV, where all the energy of
gamma photons is used for electron generation. With gamma photon energies from
50 keV to 3 MeV, Compton scattering can occur, where part of the energy of gamma
photons is transferred into electrons. If a gamma ray holds energy over the MeV
range, electron and positron pairs will be generated in the semiconductor, which is
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called pair production. The μτ product is an important factor for gamma-ray detec-
tors, which can be derived by fitting the modified Hecht formula [75]:

I ¼ I0μτV
L2

1� exp � L2

μτV

� �

1þ Ls
Vμ

where I0 is the saturated photocurrent, L is the material thickness, V is the applied
voltage, and s is the surface recombination velocity. Gamma-ray detector perfor-
mance can be typically characterized by the spectral peak resolution, which is
defined by the ratio of the full-width at half-maximum (FWHM) and the incident
energy of the radiation source.

3.1.3 Direct X-Ray Detections

X-rays, as electromagnetic waves with high penetration, are some of the most widely
used radiations in modern society. Since its discovery by Rontgen in 1895, X-rays
were immediately applied to medical applications due to their high sensitivity to
different materials, thus enabling imaging applications [76]. In the twentieth century,
X-rays have shown their ability in crystallography, imaging, and microscopy, and
were even used in World War I. Nowadays, the utility of X-rays has covered
medicine, food safety, environmental surveillance, industry, and science research
[2, 6, 77]. Similar to gamma rays, X-rays can be detected by either direct photode-
tectors coupled with semiconductor photodiodes or indirect scintillators. While
aiming to get high imaging performance, extra considerations of sensitivity, spatial
resolution, and lowest detectable dose rate need to be taken into account for X-ray
detectors. Direct X-ray detectors usually work in current mode, where photon flux is
strong enough to generate current signals. Compared to high-energy particles or
photons, which are collected by the detector separately, multiple X-ray photons
come and interact with semiconductors at the same time and are converted into
electron-hole pairs by both the photoelectric effect and Compton scattering. Many
charges are generated during these two processes, which will further be collected by
electrodes under the applied voltage bias to produce the current signal. The key
parameter of the direct X-ray detector is sensitivity, which is calculated by

S ¼
R

Ix�ray tð Þ � Idark
� �

dt
D� V

where IX-ray and Idark are current under the radiation of X-ray and at dark conditions,
respectively; D is the X-ray dose rate; and V is the detector volume. Detectors with
high sensitivity can generate more current signals under the same irradiation with a
higher signal-to-noise ratio, which leads to higher contrast when applied to imaging
applications. The linear dynamic range (LDR) describes the range in which the
sensitivity remains constant. A long LDR enables detectors to work steadily among a
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large range of X-rays with different dose rates. Another important parameter of the
X-ray detector is the lowest detectable dose rate, which is the detection limit of an
X-ray detector and is highly related to X-ray imaging in medical diagnostics. Spatial
resolution characterizes the imaging quality obtained by an X-ray detector, which is
defined as the number of line pairs that can be distinguished per millimeter. Direct
X-ray detectors are often integrated with semiconductor photodiode arrays for
imaging and therefore the spatial resolution is affected by both the photodetector
and the photodiode arrays.

3.2 Indirect Radiation Detection

Indirect radiation detectors, often consisting of a scintillator and photodiode arrays,
are also capable of detecting high-energy particles or photons [78]. As mentioned
above, high-energy particles can ionize materials by Coulomb force, while high-
energy photons can interact with materials by way of the photoelectrical effect,
Compton scattering, and pair production. All these processes will generate many
excitons in the scintillator that are transferred to the defect states and further
recombine to produce a UV- or visible-light-emitting effect. Then, the UV or visible
light is captured by photodiode arrays while the electrical signal can be recorded by
an external circuit. The key figures of merit for scintillators are the LY value and
decay time. LY is the number of photons that can be converted by the scintillator in
units of photon or particle energy, which can be calculated by

LY ¼ 106
SQ
βEg

where S is the efficiency of the transport of electron-hole pairs to the emission center,
Q is the radioluminescence efficiency, and β is usually a constant of 2.5. A high LY
value means a high number of photons emitted from the scintillator, which leads to
high signal output. For a high-performance scintillator, a fast decay time is essential
since the time interval between the emission of photons and absorption of radiation is
short, which will reduce some side effects such as afterglow.

4 Charged Particle Detection by Halide Perovskites

4.1 Alpha Particle Detectors

As mentioned in the above section, developing high-performance detectors for alpha
particle radiation is not only for environmental safety concerns but also for capturing
nuclei information carried by alpha particles. Recently, Xu et al. fabricated an alpha
particle detector based on a MAPbBr3 single crystal with a metal-semiconductor-
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metal structure [79]. As shown in Fig. 4a, BCP and C60 layers were coated for the
functions of passivation and electron extraction, respectively, and a preamplifier and
digitizer were used for alpha spectrum measurements. A series of alpha energy
spectra were obtained under an exposure of a 0.8μCi 241Am source for 900 s at
different biases. A voltage-dependent alpha spectral peak with a voltage bias chang-
ing from 180 V to 550 V can be seen in Fig. 4b. From the Hecht equation of single-
polarity charge transport, the calculated μτ product was (0.4–1.6) � 10�3 cm2/V
(Fig. 4c). All-inorganic perovskite CsPbBr3 also holds great potential for alpha
particle detection. He et al. first reported an alpha particle detector with an asym-
metric structure of In/CsPbBr3 single crystals/Au [64]. Due to the different work
functions between the In (EF,In ¼ 4.1 eV) and Au (EF,Au ¼ 5.1 eV) electrodes, large
potential barriers for holes and electrons were formed on the In and Au sides,
respectively, which further suppressed the dark current under reverse bias. As
shown in Fig. 4d, a low dark current of 2 nA/cm2 was obtained at �1 V, which
was further increased to 100 nA/cm2 at �100 V. A voltage-dependent alpha spectral
peak was also shown for the all-inorganic perovskite alpha detector (Fig. 4e), with a

Fig. 4 (a) Schematic illustration of the alpha particle detector based on MAPbBr3 crystal. (b)
Voltage-dependent alpha spectra obtained from the MAPbBr3 single-crystal detector. (c) Spectral
peak centroids at different voltage biases. Black points represent experimental data, with a red line
fitted from the Hecht equation. Reproduced with permission [79]. Copyright 2017, Elsevier. (d) I-V
curve of an In/CsPbBr3/Au alpha particle detector in the dark at biases from �1 V to 1 V. (e)
Voltage-dependent alpha spectra obtained under different reverse biases. Reproduced with permis-
sion [64]. Copyright 2019, Elsevier. (f) Scintillator light output measurement as a function of
temperature for MAPbBr3 (black), LYSO-Ce (red), and CsI (green) under 241Am source. (g)
Normalized scintillator decay of MAPbBr3 crystal (red) and LYSO-Ce (black). Reproduced with
permission [59]. Copyright 2019, RSC. (h) Pulse height spectra of Li-doped (PEA)2PbBr4 with
Gaussian fitting to extract light yield. (i) Alpha pulse height spectra of (PEA)2PbBr4 scintillator.
Reproduced with permission [80]. Copyright 2020, Nature Publishing Group
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peak resolution of 15%. Notably, this alpha particle detector can be operated at a low
bias of �6 V compared to other perovskite-based alpha particle detectors which
usually require large operation voltage, exhibiting the competitive device perfor-
mance of the all-inorganic perovskite working as an alpha particle detector.

Beyond the direct alpha particle detectors, halide perovskites are also suitable for
fabricating indirect scintillators for detecting alpha particles. Mykhaylyk et al.
reported a high-LY alpha particle scintillator based on MAPbBr3 nanocrystals
with an ultrafast response time at low temperature [59]. As depicted in Fig. 4f,
MAPbBr3crystals showed increasing light output and light yield with decreasing
temperatures that were much higher than those of the commercial LYSO-Ce scin-
tillator at around 150 K and CsI scintillator at around 50 K. Moreover, MAPbBr3
also exhibited a rapid and intense alpha response at 77 K with fast and slow decay
times of 0.1 ns and 1 ns, respectively, compared to the relatively longer decay of 1μs
for LYSO-Ce (Fig. 4g). Currently, lithium-doped layer-structured perovskite
(PEA)2PbBr4 crystals have also been used for multiple radiation detectors and
scintillators [80], which exhibited enhanced performance, including an increased
LY value of up to 11,000 ph/MeV and a fast decay time of 11 ns (Fig. 4h). Figure 4i
displays the pulse height spectra result of a (PEA)2PbBr4 scintillator under radiation
from 241Am and 224Cm sources. Compared to the commercial alpha particle detec-
tors and scintillators, which require high-cost production lines, halide perovskites,
taking the obvious advantages of low cost and multiple functional detectability, have
already shown impressive potential for next-generation alpha particle detections.

5 Photon-Radiation Detection by Halide Perovskites

5.1 Gamma-Ray Detectors

Yakunin et al. reported a gamma-ray detector based on an FAPbI3 (FA is
formamidinium) single crystal at room temperature for the first time [81]. In this
work, the large-size (3–12 mm) MAPbI3 and FAPbI3 single crystals were grown via
a facile solution-processed method. Figure 5a shows the photocurrent measured as a
function of voltage bias under the radiation of a Cu Kα X-ray. Through fitting by the
Hecht equation, MAPbI3 exhibited a high μτ product of around 10�2 cm2/V. The
fabricated gamma-ray detector based on FAPbI3 also showed a good response under
radiation from 241Am, as shown in Fig. 5b. Then, He et al. demonstrated a well-
resolved gamma-ray spectrum using an MAPbI3 single crystal [82]. Constructed by
an asymmetric Ga/MAPbI3/Au structure, the dark current was successfully
suppressed at a reverse bias (Fig. 5c). Figure 5d depicts the gamma-ray spectrum
measured by a Ga/MAPbI3/Au photodetector, where a superb peak resolution of
6.8% was achieved under 122 keV 57Co radiation. However, the relatively low
bandgap and bad thermal stability of MAPbI3 crystals set a huge limit for their usage
in high-energy gamma-ray detections. Wei et al. reported a high-performance
gamma-ray detector by modifying the halide component ratio in an MAPbBrxCl3-x

110 F. Li et al.



single crystal [62]. As the halide component varied from totally Br to Cl, the
perovskite single crystals showed a transition from p-type to n-type. Particularly,
the mixed hybrid perovskite MAPbBr2.94Cl0.06 single crystal was almost intrinsic,
thus leading to tenfold improved bulk resistivity of 3.6 � 109 Ω cm. The dopant
technique also offered an increased μτ product of 1.8 � 10�2 cm2/V. In addition to
crystal quality improvement, efficient device design also greatly contributed to the
detecting performance. As shown in Fig. 5e, the surface/edge leakage current was
mitigated by a guard-ring electrode. Being capable of detecting higher energy
gamma ray, the MAPbBr2.94Cl0.06 photodetector exhibited a resolution of 6.5% at
665 keV of gamma rays from a 137Cs source (Fig. 5f).

Fig. 5 (a) Bias dependence of photocurrent in MAPbI3 single crystal generated by Cu Kα X-ray at
8 KeV. The red line indicates a fitting from the Hecht equation with μτ of 10�2 cm2/V. (b) Energy-
resolved spectrum of 241Am by FAPbI3 single crystal. Reproduced with permission [81]. Copyright
2016, Nature Publishing Group. (c) I-V characteristic of Ga/MAPbI3/Au photodetector under dark
conditions. (d) Energy-resolved spectrum of 57Co by MAPbI3 single crystals. Reproduced with
permission [82]. Copyright 2017, ACS. (e) Side view of a MAPbBr2.94Cl0.06 single-crystal detector,
and electrode sides were encapsulated with epoxy. (f) Enlarged view of photopeak region from
137Cs spectrum obtained by MAPbBr2.94Cl0.06 photodetector (red) and MAPbBr3 photodetector.
Reproduced with permission [62]. Copyright 2017, Nature Publishing Group. (g) CsPbBr3 single
crystal grown by the Bridgman technique. (h) Gamma spectrum obtained by CsPbBr3 single crystal
under radiation from 137Cs source. Reproduced with permission [26]. Copyright 2018, Nature
Publishing Group. (i) Gamma spectrum obtained by CsPbBr3 single crystals with different device
structures under radiation from a 137Cs source. Reproduced with permission [83]. Copyright 2020,
Nature Publishing Group
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All-inorganic perovskite CsPbBr3 with a high average atomic number of 65.9 can
lead to a larger attenuation coefficient and higher stopping power, thus holding huge
potential for gamma-ray detection. He et al. successfully obtained a high-resolution
gamma-ray spectrum by using CsPbBr3 crystals [26]. Grown by the Bridgman
technique, the CsPbBr3 single crystal can be easily diced into different shapes
(Fig. 5g). An asymmetric device structure was also applied in this work with Ga
and Au used as electrodes. As mentioned above, because of the different work
functions between the Ga and Au electrodes, the dark current was highly suppressed
even under high reverse biases. The CsPbBr3 also maintained a good μτ product of
1.34 � 10�3 cm2/V. Furthermore, under exposure to a 5μCi 137Cs source, the
asymmetric photodetector achieved a peak resolution of 3.8% at 662 keV (Fig. 5h)
[26]. Recently, He et al. further improved the low-work-function metal by using
eutectic Ga-In alloy (EGaIn) [83], which enabled a record gamma-ray peak resolu-
tion of 1.4% by the EGaIn/CsPbBr3/Au gamma-ray detector with planar structure
(Fig. 5i). However, the planar-structured detector suffered a decrease in peak
resolution after enlarging the crystal size. With a hemispherical device structure, a
unipolar device with electrons being screened was obtained, and larger sized
CsPbBr3 single crystals can be applied to use in a gamma-ray detector with a high
peak resolution of 1.8%.

Halide perovskites have also been used as indirect gamma-ray scintillators, owing
to their high light-emitting property. Recently, Xu et al. reported a gamma-ray
scintillator based on an MAPbBr0.05Cl2.95 single crystal [84]. In this work, a series
of MAPbBrxCl3-x single crystals were grown via a solution-processed method which
were further integrated onto a silicon photomultiplier (SiPM) window as a scintilla-
tor. Figure 6a shows the PL spectrum of MAPbBrxCl3-x single crystals after tuning
the ratio of Br and Cl components; optical images excited by 365 nm laser are shown
in Fig. 6b. A near-band-edge emission was obtained for the MAPbBr0.05Cl2.95 single
crystal. The pulse height spectra of the 1.7 μCi 137Cs source were successfully
acquired at room temperature (Fig. 6c). In addition, layered perovskite
(C6H5C2H4NH3)2PbBr4 has also shown good scintillation when excited by gamma

Fig. 6 (a) X-ray-induced photoluminescence of MAPbBrxCl3-x single crystals. (b) Optical images
of MAPbBrxCl3�x single crystals excited by 365 nm laser. (c) Pulse height spectra acquired by
MAPbCl3 and MAPbBr0.05Cl2.95 under radiation from a 1.4μCi 137Cs source. Reproduced with
permission [84]. Copyright 2019, ACS
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rays [85]. In the referenced work, the large-sized (27 � 13 � 4 mm3) crystals were
synthesized by a solution-processed method. The bulk sample showed a high light
yield of 14,000 ph/MeV and a fast decay time of 11 ns. It should be noticed that even
though halide perovskite-based gamma-ray detectors have a relatively lower reso-
lution (about 1%) compared with the state-of-the-art CZT gamma-ray detector, its
low-temperature growth method and reasonable production cost indisputably blaze
the way for a new generation of gamma-ray detectors that are capable of both direct
and indirect detections.

5.2 X-Ray Detectors

As mentioned above, X-rays are some of the most widely used radiations in modern
society; their utility has covered medicine, food safety, environmental surveillance,
industry, and scientific research [2, 6, 77]. Similar to gamma rays, X-rays can be
detected by either direct photodetectors coupled with semiconductor photodiodes or
indirect scintillators.

5.2.1 X-Ray Photodetectors

As mentioned before, lead halide perovskites, holding large bulk resistance, strong
stopping power, and high mobility-lifetime product are promising for high-energy
photon detection, which can also be applied to X-ray detection applications.
Recently, Wei et al. reported a highly sensitive X-ray detector based on an MAPbBr3
single crystal [29]. A nonstoichiometric precursor ratio MABr/PbBr2 of 0.8 was used
for the growth of high-quality single crystals, where the obtained MAPbBr3 crystal
showed a record μτ product of 1.2 � 10�2 cm2/V (Fig. 7a). As shown in Fig. 7b, the
fabricated X-ray detector exhibited a great linear relationship between photocurrent
and X-ray dose. A high sensitivity of 80μC/Gyair cm2 was achieved, which was ten
times higher than the CZT detector under the same bias. The lowest detectable X-ray
dose rate was observed as 0.5μGyair/s, which is enough to satisfy the medical
diagnostics (5.5μGyair/s) requirement. Lately, a quasi-monocrystalline CsPbBr3-
based X-ray detector was fabricated by Pan et al. [65]. Through a simple hot-press
method, CsPbBr3 film with the thickness of hundreds of micrometers was obtained,
as shown in Fig. 7c. Notably, the X-ray detector held a record sensitivity of 55,684
μC/Gyair�cm2 under a 5.0 V/mm electric field (Fig. 7d).

5.2.2 X-Ray Imaging or Scintillators

The first halide perovskite-based X-ray detector based on polycrystalline MAPbI3
film for imaging applications was reported by Yakunin et al. in 2015 [44]. Wei et al.
used molecular (3-aminopropyl) triethoxysilane to connect the native oxide Si and
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perovskite single crystal by the NH3Br terminal of the molecule [86]. As shown in
Fig. 7e, a solid connection between the Si substrate and MAPbBr3 single crystals
was obtained, which enabled direct X-ray imaging for the device. The dark current
was also suppressed because of the molecule interlayer between Si and MAPbBr3,
which led to a high sensitivity of 2.1 � 104μC/Gyair�cm�2 and the minimum
detectable dose rate of 36 nGyair/s (Fig. 7f). High-resolution X-ray images can be
obtained with a spatial resolution of around 10 lp/mm (Fig. 7g).

6 Outlook and Perspectives

Halide perovskite single crystals have attracted tremendous research attention for
various energy and optoelectronic applications in the past decade due to their
promising features. So far, more and more single-crystal perovskite radiation detec-
tors have also been reported, due to their appealingly fast and excellent response to
charged particles and photon radiation. The outstanding photophysical and transport
properties of halide perovskites allow them to be used as direct radiation detectors

Fig. 7 (a) Normalized transient current curves of MAPbBr3 single-crystal devices with the MABr/
PbBr2 molar ratio of 0.8 under various biases. Inset shows the charge transit time versus the
reciprocal of bias. (b) X-ray-induced photocurrent at different dose rates. Reproduced with permis-
sion [29]. Copyright 2016, Nature Publishing Group. (c) SEM image of CsPbBr3 thick quasi-
monocrystalline film grown by hot-press method. (d) Sensitivity and gain factor of X-ray detector at
various electric field strengths. Reproduced with permission [65]. Copyright 2019, WILEY-VCH.
(e) Solid connection between MAPbBr3 single crystal and Si wafter integrated by a small molecule.
(f) X-ray-induced current density of a 150μm thin crystal device under different X-ray intensities.
(g) Optical and X-ray images of a capsule with a steel spring. Reproduced with permission
[86]. Copyright 2017, Nature Publishing Group
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with high sensitivity and spectral resolution. Halide perovskites can also be fabri-
cated into scintillators due to their efficient light emission under all types of
radiation. Moreover, single-crystal perovskites are usually synthesized via
low-cost and facile solution-processed methods compared to complicated require-
ments of other materials to produce commercial radiation detectors.

Despite the advantages that perovskite single crystals hold for radiation detection,
there are still a few challenges that stand in the way of the commercial use of halide
perovskites. Firstly, the large-scale production of perovskite crystals is still a daunt-
ing challenge and thus limits industrial level radiation detector fabrication. Then,
there is still a vast difference in detection performance between single-crystal
perovskite detectors and the existing commercial radiation detectors. As for alpha
particle detection, the state-of-the-art detector offers the highest spectral resolution
of 0.25%, while attempts to detect alpha particles by halide perovskites are still in
early stages with a spectral resolution of only 15%. Then, the resistance of halide
perovskites (107–109 Ω cm) is still not high enough to reduce the dark current to
appropriate levels, which may reduce the signal quality at high voltage biases.
Furthermore, the stability of halide perovskite crystals needs to be taken into
consideration because most of them suffer from decomposition in air, especially
hybrid perovskite crystals where their organic parts are chemically active. Even
though the all-inorganic perovskite crystals show better long-term stability in the air,
a thorough encapsulation method is still in high demand. Environmental safety is
another concern for commercial applications because of the heavy metal compo-
nent—Pb. A totally environmentally friendly assembly line is required for perov-
skite radiation detectors to minimize Pb contamination. Furthermore, the reduction
of ion migration in halide perovskite crystals is essential for detector performance,
which may necessitate a deep understanding of the physical mechanism inside halide
perovskites.

Regarding photon radiation detections, the highest gamma-ray spectral resolution
is 0.5%, which was obtained by the commercial CZT crystal-based detector at room
temperature. Although impressive progress on single-crystal perovskite gamma-ray
detectors has been made, the spectral peak resolution is still far too low, which can be
attributed to the relatively higher dark current, especially for Pb types. The long-term
stability of hybrid perovskites under the radiation of gamma rays remains elusive,
where the organic components in hybrid perovskites may suffer degradation. Single-
crystal perovskite X-ray detectors share roughly the same challenges as gamma-ray
detectors. Due to imaging requirements, the lowest detectable limit and spatial
resolution should be taken into consideration as other factors to consider. The lowest
detectable limit of single-crystal perovskite X-ray detectors is continually improving
and is more than enough for medical diagnostics at the present time. However, the
spatial resolution of direct X-ray detectors is still far behind the first-class HPGe
detector, which may be limited by both the perovskite crystal quality and device
fabrication method. Despite being confronted by these challenges, a bright future for
single-crystal perovskite radiation detection applications is readily apparent consid-
ering their tremendous advantages, including the low cost of raw materials, facile
production, excellent compatibility, and superb physical properties.
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Metal Halide Perovskites for High-Energy
Radiation Detection

Murali Gedda, Hendrik Faber, Konstantinos Petridis,
and Thomas D. Anthopoulos

Abstract In this chapter, the fundamental principles of high-energy radiation detec-
tion and recent progress in the emerging field of metal halide perovskite (MHP)-
based direct and indirect X-ray and γ-ray detectors are discussed. The chapter first
introduces the underlying principles of high-energy radiation detection, with empha-
sis on the key performance metrics. This is followed by a comprehensive summary
of the recent progress made in the field of perovskite-based radiation detector
technologies. Finally, the chapter ends with an overview of current issues and future
perspectives on MHP-based direct and indirect (scintillators) radiation detector
technologies.

1 Introduction

High-energy radiation (e.g., X-rays, γ-rays; Fig. 1a) detection plays a vital role in
many areas, including scientific research, medical applications, nondestructive eval-
uation, and national security. Current trends in detector technology offer substantial
reductions in size, weight, and power as well as reduced exposure times, broadening
the scope for emerging opportunities and applications. Recent advancements in the
field of high-energy photon detection, which combine enhanced performance and
cost-effective, large-area, and high-throughput manufacturing, could pave the way to
new technologies beneficial to our society. Metal halide perovskites (MHPs) repre-
sent a promising family of materials for radiation detection. Their attractive physical
and chemical properties combine a strong stopping power with a large μh/e�τ
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[mobility (μh/e) and lifetime (τ)] product, large linear attenuation coefficients
(Fig. 1b), absence of deep traps, and controllable crystallization via scalable
solution-based deposition techniques. These features make MHPs ideal for deploy-
ment in next-generation high-energy radiation detection technologies. To date, the
highest sensitivity reported for MHP-based radiation detector is ~700 mC
Gyair

�1 cm�2 and the lowest detection attained is 0.62 nGys�1 [1, 2].

2 Key Parameters of High-Energy Radiation Detectors

Depending on the detection principle, high-energy radiation detectors are classified
into two types: (I) direct radiation detectors and (II) indirect (scintillation) detectors.
Direct radiation detectors rely on photoconductive materials that are sensitive to
specific high-energy radiation, while indirect detectors work with scintillator mate-
rials that convert high-energy X-rays (0.1–100 keV) or γ-rays (0.1–10 MeV) to
ultraviolet light (UV) or visible (Vis) (Fig. 1a), which is subsequently detected by a
standard photodiode/array.

2.1 Direct Detectors

The functioning principle of direct high-energy radiation detectors is based on the
direct interaction of the incoming photons with the sensing material,

Fig. 1 (a) The electromagnetic spectrum ranging from infrared (IR) to γ-rays along with their
respective wavelengths and photon energies. The visible wavelength range is expanded for clarity.
(b) The linear attenuation coefficient of MAPbBr3, CsPbI3, CdTe, Se, and TlBr versus photon
energy. Figure 1a is reprinted from [3] with the permission of Wiley-VCH GmbH. Figure 1b is
reprinted from [4] with the permission of Springer Nature
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characteristically a semiconductor, and the immediate generation of an electrical
signal (voltage or current).

2.1.1 X-Ray Detectors

The interaction between soft X-ray photons (Fig. 1a) and sensing material depends
on the photoelectric absorption of the sensing material. On the other hand, the
detection of hard X-ray photons is due to Compton scattering (photon-electron
interaction). Important figures of merit (FOM) that regulate the performance of a
direct X-ray detector are discussed in the following.

Stopping Power

The stopping power is defined as the rate of energy lost per unit of path length (x) by
a charged particle with kinetic energy (TE) in a medium of atomic number Z (Z / ρ,
where ρ is the density of the material). It is measured in MeV/cm or J/m and is
represented as

dTE=ρ dx ð1Þ

Ionization Energy (W�)

The ionization energy (W�) of the sensing material is another critical parameter. It is
defined as the energy required to release an electron-hole pair in the photoconductor.
The ionization energy minimum is proportional to the energy bandgap (Eg) of the
absorbing material employed, and it can be represented as [5]

W� ¼ 2:2Eg þ Ephoton ð2Þ

or

W� ¼ 3Eg ð3Þ

μh/e � τ Product

At any given X-ray dose, high detection sensitivity is needed to generate good-
quality images. The sensitivity of X-ray detectors can be enhanced by means of two
different methods: (1) increasing the mobility-lifetime (μh/e�τ) product as it relates
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to the carrier drift length (LD) given as LD ¼ (kBTμτ/e)
1/2 and (2) higher applied

reverse bias. For efficient direct X-ray detectors, high μh/e�τ product and low trap
density are essential parameters. The μh/e�τ product for a given sensing material can
be estimated from modified Hecht formula for photoconductivity (I ) [6]:

I ¼ I0μτV
L2

1� exp � L2

μτV

� �

1þ L
V

S
μ

ð4Þ

Io is the saturated photocurrent, L is the material layer thickness, V is the applied
bias, and s is the surface recombination velocity.

Sensitivity

The following formula can calculate the detector’s sensitivity:

S ¼
R

IX�ray tð Þ � Idark
� �

dt
D� Vd

ð5Þ

where IX-ray and Idark are the generated currents with and without X-ray irradiation,
respectively. D is the dose, and Vd denotes the detector volume.

The linear dynamic range (LDR) of the detector that represents the range of X-ray
dose rate under which the sensitivity remains constant is a crucial parameter to
describe a detector’s properties. The higher the LDR, the better the resolution.

Energy Resolution

The energy resolution is defined as the detector’s ability to accurately determine the
incident radiation’s energy [7]. It is derived from the ratio between the FWHM and
the photopeak centroid Hmax. Thus, the energy resolution (R) is calculated from the
following equation:

R% ¼ FWHM
Hmax

ð6Þ

An additional requirement is that the active layer’s thickness should be at least
three times larger than the attenuation length. Direct radiation X-ray detectors with
semiconductors operate in current mode, while the magnitude of the produced
electrical current is proportional to the incident photon energy.
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2.1.2 γ-Ray Detectors

The interactions between γ-ray photons and the sensing element can be described in
three mechanisms. (1) Photoelectric process: Complete transfer of energy of the
γ-ray photon (with energy between 10 and 500 keV) to electrons. (2) Compton
scattering: Part of the γ-ray energy (50 keV to 3 MeV) is lost and is transferred to the
electrons. (3) Pair production: An incoming γ-ray photon with energy exceeding
1.022 MeV generates a positron and electron.

The semiconductors with similar characteristics used in X-ray detectors can also
serve the purpose of detecting γ-ray photons. The following important characteristics
are the prerequisites of semiconductors for high-energy γ-ray detectors.

1. Elements with high atomic number (Z): Facilitates large stopping power (see
Eq. (1))

2. Large bipolar μh/e�τ product: Enables efficient detection
3. Large bulk resistivity of >109 Ω-cm: Enhances the signal-to-noise ratio (SNR)

The photopeak energy resolution is another FOM parameter, and it is vital as it
allows the detector to differentiate between γ-ray photons with various energies. The
key FOM parameters of high-energy radiation direct detectors and their significance
are listed in Table 1.

2.2 Scintillator Detectors

The ability of scintillators to stop high-energy photons and translate them to lower
energy visible photons has found various applications in security and medical
imaging [5, 8].

Table 1 Some of the crucial direct radiation detectors’ FOM parameters and their significance

FOM parameter Significance

Mass attenuation coefficient Penetration depth of high-energy photons

Density of the sensing material Composition and structural properties of the
active material

Signal-to-noise ratio Defines dark current

Spatial resolution of the detector Determines the image resolution

Response time Photogenerated charges and transport

Uniformity of the sensing material Processing versatility of the active material

Operational stability Detector’s performance during operation

Electron-hole mobility (μh/e)-lifetime (τ)
product (μh/e�τ)

Defines the quality of a semiconductor
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2.2.1 X-Ray Scintillators

The interaction between X-ray photons and the scintillator material can occur via
(1) photoelectric absorption, (2) Compton scattering, and (3) pair production
[9, 10]. All processes are characterized by absorption coefficients that are eventually
determined by the atomic number (Z ) of scintillator material and the photon energy.
When the photoelectric effect is dominant, and for photon energies far from the
absorption edge, the linear absorption coefficient (μ) is given by

μL � ρZn=E3:5 ð7Þ

where ρ is the material density, E is the photon energy, and n is a constant, which
typically varies between 3 and 4. At higher energies, Compton scattering generally
occurs. Here, depending on the scattering angle, a part of the photon’s energy is
transferred to the electron. The Compton scattering linear absorption coefficient (μC)
is given by [9, 11]

μC � ρ= Εð Þ1=2 ð8Þ

For higher energies, the interaction of the radiation with the matter is governed by
the generation of low-energy excitons (pair production) within the scintillating
material that eventually recombine and produce visible light. The emitted light can
then be detected via different photodetectors coupled with the scintillator element.
Inexpensive production and stability are the main strengths of indirect scintillator
detectors compared to direct detectors [9, 11].

Light yield (LY) is the most important figure of merit for scintillators that
describes the number of electron-hole pairs generated during the ionization process
per unit energy and is given in photons per MeV:

LY ¼ 106 SQ= βΕg

� � ð9Þ

where Q is the luminescence efficiency, S is the efficiency of transport of electron-
hole to the optical (emissive) center, and β is a constant with a typical value of 2.5.

2.2.2 γ-Ray Scintillators

Upon interaction of γ-ray photons (with energies higher than 1.02 MeV) with the
sensing element of a γ-ray scintillator, pair production occurs. The absorption
coefficient (μP) is expressed as

μP � ρ Ζ ln 2E= mec
2

� �� ð10Þ
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where ρ is the material’s density, c is the speed of light, and me is the mass of
electrons. The phenomenon of scintillation can be divided into three main
sub-processes: conversion, energy transfer, and luminescence. Photon absorption
(i.e., the first stage of scintillation, which lasts �1 ps) is followed by the charge
transport and energy transfer steps. The energy of hot electrons and holes is
transferred to the luminescence centers, leading to visible light emission via the
aforementioned process. Some of the key FOMs of a scintillator are listed in Table 2.

3 Metal Halide Perovskites for Radiation Detectors

Excellent charge carrier mobility, long carrier diffusion length and lifetime, high
absorption coefficient, and low exciton binding energies even for polycrystalline
films made from solution are some of the properties that forecast the potential of
perovskites for optoelectronic applications in general [12, 13]. In addition, the
unique physical and chemical properties of strong stopping power, absence of
deep traps, large μh/e�τ product, and easy crystallization from low-cost solution
processes make perovskites suitable for next-generation ionization detection mate-
rials. This section focuses on the structure and properties of perovskites that allow
them to be superior radiation detection materials.

3.1 Crystal Structure

MHPs with the empirical formula of ABX3 (e.g., MAPbX3) are classified as 3D
perovskites in which BX6 octahedra are corner-shared along all three fourfold
octahedral axes (Fig. 2). 2D perovskites with a layered structure, organized from

Table 2 Important FOM parameters and their significance of high-energy scintillation detectors

FOM parameter Significance

Radiation absorption
efficiency

Density of the scintillator material and atomic number

Light yield (LY) Number of emitted photons per absorbed energy

Decay time Kinetics of the light response I(t) characterized by τ
Energy resolution Ability of the material to discriminate different radiation energies

Spatial resolution Regulates the spatial frequency response of the photodetector

Radiation hardness Characterizes the chemical and radiation stability

Proportionality Linearity of the detected signal to the incoming high-energy radiation
intensity

Afterglow Residual light output occurring after the primary decay time of the
main luminescent centers

Stopping power Attenuation coefficient of the absorbed radiation for a given thickness
of a material
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octahedra connected along two octahedral axes, can be derived from the 3D structure
by slicing along specific crystallographic planes. If 2D perovskites are further sliced
perpendicular to the inorganic sheets, octahedra remain connected only along one
axis, which can be categorized as 1D perovskites. The extreme case is 0D perov-
skites, derived by further slicing of 1D structures to form non-connected (i.e.,
isolated) octahedra or octahedral based clusters. Perovskites can also exist in the
form of a superposition of two or more classes; for instance, a framework of 3D and
2D is often called quasi-2D perovskites. It is worth mentioning that the perovskites’
structural stability of all dimensionalities relies on the cationic organic or inorganic
sublattice. For the sake of simplicity, the generalized empirical formulas are used for
the perovskites with various dimensionalities in Fig. 2. Even though there are
multiple stringent requirements in the material selection for ionizing detectors,
which narrow down the choice of effective materials substantially, halide perov-
skites still maintain many relevant advantages due to their compositional and
structural flexibility. The main applications of halide perovskites are focused on
optoelectronic devices, and obtaining a high-quality active layer is crucial. In
general, the MHP-based radiation detectors consist of either thin films or single
crystals (SCs). Solution processes such as drop-casting, spin coating, blade coating,

Fig. 2 Schematic representations showing the connectivity of BX6 octahedra in low-dimensional
perovskites and their formation by slicing the 3D structure along crystallographic planes
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spray coating, and centrifugal casting [14] are widely explored as methods to process
these materials, are easy to operate, and are compatible with all kinds of perovskite
inks.

3.2 Properties of Metal Halide Perovskites for Radiation
Detection

In recent years, research and development efforts towards next-generation materials
to detect high-energy radiation have intensified. The majority of ongoing efforts aim
to improve the manufacturability and sensitivity of the detection elements and
systems [15]. This is why the advancement and/or unearthing of materials that
combine key functionalities with economic production has become an intense area
of research, with MHPs currently leading the way [4, 15–17]. Due to their high
material density (�4 g cm�3) owing to their ability to integrate atoms with high
atomic number (Z), e.g., Pb (Z ¼ 82), Cs (Z ¼ 55), Sn (Z ¼ 50), In (Z ¼ 53), and Br
(Z ¼ 35), most of the MHPs are attractive for radiation detectors. Note that the
scaling of the X-ray absorption strength, which is derived from Z4/AE3 (A: atomic
mass; E: energy of the high-energy photons), relies on the Z value. Large absorption
cross sections, short penetration depths, large μh/e�τ products, and short detection
times (ns) have propelled MHPs for applications related to high-energy radiation
detection.

Tunable and small energy bandgaps of MHPs promote high light yield upon
X-ray irradiation (PLQYs: 12,900–250,000 photons/MeV) [18]. The compositional
and processing flexibility, high bulk resistivity (�107 Ω-cm), low charge-trap
density, and defect-tolerant nature (i.e., μh/e�τ product) are more beneficial attri-
butes of MHPs [19–22]. Halide perovskites’ stopping power (linear attenuation
coefficient of 0.09 cm�1) for γ-rays is approximately two times larger than that of
commercially deployed CdTe, further emphasizing the advantages of MHP technol-
ogy [23]. Furthermore, MHPs also offer extraordinary wide-ranging absorption that
spans from the visible to hard X-ray (Fig. 1a), making them an exceptional choice for
both high-energy direct detectors and scintillators [24]. Apart from their desired
radiation detector characteristics, the toxicity of MHPs is the main hurdle for
commercial deployment and needs to be addressed.

4 Advances in the Development of Perovskite X-Ray
Detectors

Direct detection of X-ray photons using MHPs offers an efficient, simple, and
potentially economic technology for various current and evolving applications.
Consequently, detection sensitivities of 55,684μC Gy�1 cm�2 with a low detection
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limit down to 36 nGys�1 have been demonstrated and attributed to the perovskites’
superior physical properties [25]. Hence, the application of such a well-performing
technology is enormously broad, including flexible and printable large-area X-ray
imaging devices as well as futuristic applications such as X-ray photon energy
harvesters for powering satellites in space [26, 27]. Two popular forms of MHPs
explored for optoelectronic application are polycrystalline thin films and single
crystals. For both cases, solution processes have widely been employed to produce
these perovskite forms. An overview of the achieved sensitivity values for single-
and multi-crystalline MHPs in recent years is given in Fig. 3a and combined with
their respective mobility-lifetime products is shown in Fig. 3b.

4.1 Polycrystalline Lead Halide X-Ray Detectors

4.1.1 3D Perovskites

The conventionally employed semiconductors for X-ray detection, amorphous Se,
crystalline Si, and CdTe exhibit large photoconduction upon irradiation with X-ray
photons [8, 28, 29]. However, uniform film processing onto arbitrary substrates with
other device components, e.g., thin-film transistors (TFTs), is highly challenging.
This is an area where halide perovskites could provide essential solutions due to their
superb processing versatility. For example, the direct X-ray detectors assembled in
p-i-n configuration with thick (10–100μm) crystalline MAPbI3 (MAPI) layers
processed by the spray-coating method have been used to measure the X-ray-
induced charges by monitoring the device’s built-in potential (Fig. 4) [24]. Though

Fig. 3 (a) An overview of the achieved sensitivity values for single- and polycrystalline MHPs in
recent years and (b) combined with their respective mobility-lifetime products. The numbers in the
graph indicate the references from which the data have been extracted
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the detectors show relatively long response times, they exhibit high specific sensi-
tivity (25μCmGyair

�1 cm�3). Apart from the improved response, the devices require
a high external bias of 80 V to collect the generated charges efficiently due to the
thick perovskite layer. Despite the higher film thickness, the reported strategy
demonstrated the potential of spray-coated MAPI for the direct conversion of
X-ray photons. For X-ray imaging, such as mammography and digital radiography,
thin-film transistor (TFT)-based flat-panel detectors (FPD) are widely used. An
830μm thick polycrystalline MAPI photoconductor was successfully fabricated on
a conventional TFT-based backplane and addressed the economic and technical
challenges associated with the use of single crystals without adversely affecting
the detector performance [30].

For efficient X-ray absorption, the photoconductor layer’s thickness should be
approximately three times that of the X-ray attenuation length of the material. In
MHPs, this characteristic length is on the order of hundreds of micrometers, which
represents a significant technical challenge if one considers the required high
structural quality of the layers [22]. In an attempt to tackle this challenge, room-
temperature mechanically sintered wafers of microcrystalline MAPI (thickness

Fig. 4 (a) Diagrammatic
representation of layer
stacking of the MAPbI3-
based p-i-n photodiode. (b)
Short-circuit X-ray
photocurrent as a function of
dose rate. Inset: Sensitivity
normalized to the active
volume for MAPbI3 layers
with different thicknesses.
Reprinted from [24] with
permission of Springer
Nature
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varying from 0.2 to 1 mm) were fabricated [31] to make an X-ray detector. The
resulting layers’ density (�3.76 g cm�3) was quite consistent with MAPI single
crystals (�4.15 g cm�3), highlighting the versatility of the sintering process. Upon
irradiation of X-rays of 38 keV, the calculated attenuation dept. of the detector
(planar-inverted perovskite solar cell architecture) was �125μm. At an electric field
of 0.2 Vμm�1, the device sensitivity was estimated as 2527 μC Gyair

�1 cm�2. The
μh/e�τ product and ionization energy of the perovskite wafer-based detector were
comparable with those of commercial CdTe detectors [32].

Using perovskite nanostructures as the X-ray sensing layer is another approach,
which could address the significant challenges of both inorganic and hybrid
MHP-based X-ray detectors, such as the limited temporal resolution, nonuniform
sensing, and poor stability. For example, an improved response time (1 s) was
reported for CsPbBr3 nanoparticles (NPs) decorated with reduced graphene oxide
(rGO) as an X-ray sensing element [33]. It was postulated that the generated charge
carriers in the NPs were quickly transferred to the rGO nanosheets and ultimately to
the electrodes. Besides, the scalable synthesis of CsPbBr3 self-assembled nanosheets
(3.1 nm thick) produced by a green synthesis route leads to a high
photoluminescence yield, and excellent storage stability is promising for applica-
tions as an active material for X-ray imaging screens [34]. The PL quantum yield
(PLQY) of cubic phase CsPbBr3 exhibited a higher value of 68% than the ortho-
rhombic counterparts (18.5%). The green synthesis method adopted in this work
could potentially provide a route towards a commercially viable perovskite-based
X-ray detector technology.

The detector’s operational stability, which is quite sensitive to the applied electric
field, is another technological bottleneck. To enhance the sensitivity of an X-ray
detector, a higher electric field is commonly employed, which leads to increased
leakage currents and thus a deteriorated detector performance. To overcome this
issue, a Schottky-type sandwiched photodetector comprised of Ag/CsPbBr3/ITO
with Ag/perovskite as a rectifying Schottky junction was developed [35]. The device
yielded a lower dark current (5 nA/cm2) and a relatively high sensitivity value of
770μC Gyair

�1 cm�2 upon irradiating with 333.69 nGys�1 dose at 8 V. Further, a
functional 4�4 X-ray detector array was also demonstrated to show the applicability
for more complex sensor layouts.

4.1.2 Low-Dimensional Perovskites

It is evident from the discussions in the previous section that 3D MHPs encounter
various challenges related to operational stability and sensitivity. The strategies
implemented to obtain a stable and efficient detector performance would add
complexity with adverse effects on the economics of manufacturing.
Low-dimensional perovskites with intrinsic chemical and moisture stability could
be potential alternatives to eliminate such complicated device processes. For exam-
ple, solution-processed 1D inorganic halide perovskite CsPbI3 crystals for X-ray
detection show a maximum sensitivity of 2.37 mC Gy�1 cm�2 with a lowest
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detectable dose rate of 0.219μGy s�1 (minimum signal used in a regular medical
diagnostics is 5.5μGy s�1). These values are far superior to the values obtained from
their 3D counterparts [69]. Extremely low dark currents (pA), even at 200 V,
resulting from an impressive μh/e�τ product and high bulk resistivity, are the
preeminent performance characteristics of the device.

High-quality, thick, single crystals that can endure large applied voltages are
frequently used to increase the perovskite layers’ resistivity under reverse bias to
suppress leakage current. However, developing such single crystals over a large area
is quite challenging. A solution-grown 2D Ruddlesden-Popper (RP) phase-layered
perovskite film, (BA)2(MA)2Pb3I10 (PbI3), as the X-ray sensing element was pro-
posed to tackle this issue [36]. Evidently, the device shows various exciting features,
such as low dark-current (10�9 A cm�2 at zero bias) and low-voltage operation (self-
powered devices). The detector configured in p-i-n (ITO/PTAA/(PbI3)/C60/gold)
geometry demonstrated a 10–40-fold higher X-ray absorption coefficient than that
of a Si detector (Fig. 5). An excellent X-ray sensitivity of 0.276 CGyair�1 cm�3 for
10 keV X-ray photons at zero bias was attributed to the detector’s low dark current.
The hysteresis-free operation, short response time (1–10μs), and excellent stability
are significant outcomes of the reported detectors. However, when it comes to large-
area, flexible/conformable medical imaging X-ray detectors, it is a trade-off between
the thickness, stopping power, and mechanical flexibility of a sensing element.
Inkjet-printed triple-cation perovskites such as Cs0.1(FA0.83MA0.17)0.9Pb
(Br0.17I0.83)3 with 3.7μm thickness were found to provide the required mechanical
flexibility without compromising the performance of the X-ray detector [37]. Along
with remarkable characteristics, such as good sensitivity of 59.9μC Gyair

�1 cm�2

and low operating voltage (0.1 V), the detector also showed enhanced stability under

Fig. 5 (a) Schematic diagram of the 2D RP-based p-i-n thin-film X-ray detector architecture
composed of (BA)2(MA)2Pb3I10 (named as Pb3) as an absorbing layer. (b) Signal-to-noise ratio
of X-ray-induced charges for 2D RP and a silicon reference detector. Reprinted from [36] with the
permission of American Association for the Advancement of Science
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X-ray illumination and accumulative exposure of 4 Gyair for 1 h without the need of
encapsulation. Notably, the sensor displayed outstanding mechanical flexibility even
after 500 bending cycles (bending radius: 3 mm).

When a perovskite film is processed over a large area, developing a homogeneous
layer with high X-ray sensitivity is critical. A printable form of 0D CsPbBr3
quantum-dot formulations that were subsequently used to develop X-ray detectors
(Fig. 6a) can promote an X-ray sensing element with desired features [27]. Well-
controlled crystallinity of the QDs yielded films with a reduced concentration of
surface defects (Fig. 6b). The photogenerated current was modulated from 0.1 to
0.36 nA by varying X-ray intensity ranging from 0.55 to 7.33 mGyairs

�1 (Fig. 6c).
Prominently, the detector could sense currents down to 9 pA corresponding to an
incident X-ray intensity of 0.0172 mGyairs

�1, with a fast response time of 28 ms
(Fig. 6d). The influence of mechanical bending on the performance of the CsPbBr3
QD-based X-ray detector was evaluated through 200 repeated bending cycles. A

Fig. 6 (a) Schematic of perovskite-based device fabrication procedure via inkjet printing. (b)
Photograph of X-ray detector arrays on a 4-in. wafer (top) and TEM image of CsPbBr3 QDs
(bottom). Scale bar: 20 nm. (c) X-ray photocurrents and sensitivity as a function of dose rate with
0.1 V bias voltage. (d) Temporal response of the device under 7.33 mGyairs

�1 dose rates with 0.1 V
bias voltage. Reprinted from [27] with the permission of Wiley-VCH GmbH
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small change of only 12% confirmed the mechanical robustness of the detector. This
study provided an outstanding demonstration of the durability, bendability, and
stability of the printed perovskite X-ray detector technology.

The processing versatility of MHPs is further expanded by the melt processing
method, which is simple, scalable, and cost effective. CsPbBr3 films deposited onto
glass substrates with this method pave the way to large-area, efficient, and low-cost
X-ray detectors based on MHPs [38]. Precise control of the cooling rate of the
perovskite layer from its melting temperature is the major driving parameter of this
process. The subsequent CsPbBr3 layers yield a specific resistance of 8.5�109 Ω,
which remains similar for films with a thickness ranging from 250μm to 1 mm.
Moreover, the estimated sensitivity (1450μC Gyair

�1 at 300 V) is analogous to
conventional Cd(Zn)Te X-ray detectors and superior to α-Si X-ray detectors.

Further enhancement in sensitivity along with reversible, stable, and fast (5 ms)
sensing behavior was reported for CH3NH3PbI2Cl-based planar-inverted perovskite
devices [39]. The demonstrated X-ray detector displayed 550% higher sensitivity
than the α-Si reference detector. Along with the high sensitivity and large-area
processability of MHPs, flexibility is also another attractive property for next-
generation X-ray detectors, which strongly relies on the thickness of the sensing
element. The integration of an MHP, MAPb(I0.9Cl0.1)3, into a bendable porous nylon
membrane is a promising approach to realize real-world flexible X-ray detectors
[40]. The device array processed through this method shows the highest μh/e�τ
product, outstanding sensitivity value of 8696 � 228μCGyair�1 cm�2, and excellent
operational stability. The proposed high-performing and large-area flexible X-ray
detectors offer a solution to some of the existing challenges in medical and industrial
X-ray imaging and detection.

4.2 Single-Crystal-Based X-Ray Detectors

Lead halide single crystals are free of grain boundaries and have been demonstrated
with lower defect density, better optoelectronic properties, and higher stability than
the polycrystalline thin films. The X-ray sensing and harvesting abilities of a single-
crystalline MAPI hybrid halide perovskite were first reported in 2015 [41]. The
MAPI single crystals’ stopping power for X-rays was found to be superior to
Si-based detectors. Only 110μm thick MAPI was found sufficient to stop soft
X-rays (�30 keV). In contrast, for detectors with Si, this value is about 1 mm.
Absorption of X-ray photons in MHP single crystals occurs in the bulk of the
perovskite, where a lower number of defect or trap states exist than those at its
surface. Hence, stable and hysteresis-free characteristics were observed. The
solution-grown MAPbBr3 single crystals were found to exhibit low defect density,
as shown in Fig. 7a. The surface traps on the crystal facets were passivated by
UV-O3 treatment, which resulted in a higher μh/e�τ product (1.4 � 10�2 cm2 V�1)
and thereby more efficient charge extraction characteristics [42]. A remarkable X-ray
photon stopping power, which is higher than that of silicon, CdTe, and MAPbBr3
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detectors, was found (Fig. 7b). Additionally, surface engineering techniques were
also invented and employed to reduce the surface trap density, thereby achieving
high sensitivity and low dark current. A reduced trap density in thermally annealed
(AZO)/MAPbBr3(crystal)/Au detectors compared to non-annealed devices was
found, and the effect was attributed to an efficient interface formation between the
AZO anode and the perovskite [43]. The interaction of MA+ and Pb+2 dangling
bonds with O2� ions was seen as a possible reason for achieving a low-leakage
current (nA), thus enhancing sensitivity (529μC Gyair

�1 cm�2 at 50 Vcm�1).
The integration of perovskite crystals with Si-based readout electronics is a step

to ensure efficient transport of X-ray-generated charges from the perovskite. A
simple technique to monolithically integrate MAPbBr3 single crystals onto Si sub-
strates via an NH3Br-terminating molecular interlayer resulted in tremendous figures
of merit of X-ray detector (energy range: 8–50 keV) [44]. An outstanding sensitivity
(2.1 � 104μC Gyair

�1 cm�2 under 8 keV X-ray radiation), �1000 times higher than

Fig. 7 (a) MAPbBr3 single-crystal radiation detector structure. (b) Attenuation efficiency of CdTe,
MAPbI3, MAPbBr3, MAPbCl3, and silicon to 50 keV X-ray photons (in terms of the photoelectric
effect) versus thickness. (c) Photograph of As-grown CsPbBr3 crystals and detector configuration.
(d) X-ray response sensitivities of the Al/CsPbBr3/Au device. Figure 7a and b is reprinted from [42]
with permission of Springer Nature, and Fig. 7c and d is reprinted from [45] with the permission of
The Royal Society of Chemistry
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commercial a-Se detectors, is one of the remarkable features. Such high-sensitivity
detectors are ideal for medical imaging applications.

Single crystals of MAPbBr3 were also explored for energy-sensitive X-ray
imaging. The sensitivity of the detector configured in p-i-n diode array was found
to vary as a function of the photon energy. This phenomenon was ascribed to carriers
being created at different depths of the crystal for dissimilar X-ray photon energies
[44]. An increased dark current while applying a high bias voltage to improve the
device sensitivity is one of the commonly encountered problems for single- and
polycrystalline perovskites. MAPbBr3 crystal X-ray detectors with a Schottky con-
tact were developed that can withstand even high electric fields without increasing
the dark current [46]. The X-ray detectors showed a reasonably fast response
(76.2μs) and recovery (199.6μs) times, along with good sensitivity (359μC
Gy�1 cm�2 for 50 keV at 200 V). Notably, the higher sensitivity and a threefold
faster response were observed for Schottky contact-based detectors than the ohmic
device. A similar approach has been employed for inorganic CsPbBr3 single crystals
with Al/CsPbBr3/Au configuration, and high sensitivity of 1256μC Gy�1 cm�2 for
80 keV X-ray photons was reported (Fig. 7c). This is almost 60 times higher than for
commercial α-Se detectors (Fig. 7d) [45]. Quasi-monocrystalline CsPbBr3 prepared
by the hot-pressed method [25] proved to be highly efficient with the peak sensitivity
of 55,684μC Gyair

�1 cm�2.
Another critical characteristic of MHP-based direct X-ray detectors is their spatial

configuration. In 2014 the first single-pixel detector comprising a polycrystalline
MAPbI3 that could record 2D X-ray images was introduced [28]. Even though the
scanning time was long, the work inspired the scientific community to develop more
X-ray detector arrays with MHPs. Soon after, the first linear detector array (LDA)
based on MHP-sensing materials was demonstrated featuring 200μm large pixels
[44]. The technology was advanced with the development of 2D arrays [30] that
were able to deliver faster imaging with improved spatial resolution. Notably, the 2D
imaging arrays were fabricated using similar deposition techniques that are used for
printable photovoltaics. Since MHPs allow low-temperature processing, their depo-
sition can directly be carried out onto temperature-sensitive readout electronics,
further simplifying the overall manufacturing of the detector arrays.

4.3 Lead-Free Perovskites for X-Ray Detectors

It is clear from the preceding sections that lead perovskites have been assiduously
studied, as they have established superior properties and proven to be highly
promising for various optoelectronic applications. Despite their fascinating proper-
ties and astonishing performances, the cytotoxicity of lead and degradation of lead-
based MHP devices in the ambient atmosphere have become major obstacles
towards their practical use in direct X-ray detectors [47, 48]. The substitution of
monovalent Pb by another metal ion with a similar ionic radius, i.e., tin (Sn), can lead
to even better optoelectronic properties than for Pb-based materials, such as longer
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carrier diffusion length, low exciton binding energy, and narrow bandgap. Another
approach is to introduce trivalent metals like bismuth (Bi) and antimony (Sb), which
are stable in ambient and inherently more environmentally friendly while
maintaining a similar electronic structure as that of perovskites with Pb. For exam-
ple, inorganic Cs2AgBiBr6 perovskite single-crystal X-ray detectors show four
orders of magnitude higher sensitivity (20–105μC Gyair

�1 cm�2) than commercial
a-Se detectors [49, 50]. Along with excellent ambient stability, the detectors also
demonstrated high operational stability with the detection limit of 59.7 nGyairs

�1

along with a low dark current (�9.55� 10�16 AHz�1/2). Post-deposition treatments,
such as thermal annealing and rinsing of Cs2AgBiBr6 crystals with isopropanol,
reduced the number of shallow traps and surface defects [51]. Additionally, the
suppression of field-driven ion migration was observed, which helped reduce the
vitally important leakage current. With enhanced operational stability, a good
sensitivity of 316μGyair�1 cm�2 resulted from these posttreatments.

Another Pb-free single crystal with exceptional optoelectronic properties is
Cs3Bi2I9. A higher X-ray absorption coefficient (compared to inorganic commercial
systems, e.g., CdTe and CsI crystals) and the high responsivity make Cs3Bi2I9 single
crystals a perfect candidate for X-ray detectors [52]. Some of its characteristic
features include a low trap density of 1.4 � 1010 cm�3 (significantly lower than
commercial inorganic materials (1015–1016 cm�3) [53, 54]), the high electrical
resistivity of 2.79� 1010Ω cm (higher than any Pb-MHPs), and an excellent thermal
(up to 550 �C) as well as moisture stability. The X-ray detectors comprised of
Au/Cs3Bi2I9/Au achieved a sensitivity value of 1652.3μC Gyair

�1 cm�2 and a
minimum detection dose of 130 nGyairs

�1. Another material that could open up an
opportunity for broadband detection is AgBi2I7, with an absorption coefficient for a
broad range of X-ray photons, from 0.001 MeV to 10 MeV [55]. The ability of a
0.5 mm thick AgBi2I7 crystal to stop 100 keV X-rays demonstrates its great
potential. The combination of robust operation and low dark current highlights the
advantage of these crystals in next-generation direct X-ray detectors. See also Fig. 3b
to compare the sensitivity and mobility-lifetime product of recent Pb-containing and
Pb-free MHP-based X-ray detectors.

4.4 Scintillators for X-Ray Detection

Most of the commercial large-area X-ray detectors rely on the use of scintillating
elements. The primary object of a scintillator is to convert ionizing radiation into
high-efficiency visible photons. As conventional inorganic scintillators’ fabrication
process involves high temperatures (up to 1850 �C), recent efforts have focused on
developing scintillators that can be fabricated at reduced temperatures, thus facili-
tating the technological requirements for large-area production. Even though
solution-processable MHPs have tremendous potential for direct radiation detection,
they displayed lower responsivities at photon energies above 10 keV. This issue can
be addressed to some extent by increasing the thickness of the sensing material and

136 M. Gedda et al.



by further engineering the perovskite structure and composition. Yet, there still exist
several technical challenges. This is the area where scintillators would play a
dominant role.

The high conversion efficiency of 49% and a decay time as short as 0.7 ns are the
best-reported characteristics of perovskite scintillators for X-rays superior to
established inorganic systems [56, 57]. Even so, with the versatile chemistry and
structural tunability of MHPs, further improvement is quite possible. A MAPbBr3-
based X-ray scintillator that works in the temperature range of 50–130 K with LY of
90,000 photons/MeV and 1 ns response time is one example [58]. Ultrasensitive
X-ray detectors and flexible, large-area X-ray imaging were further enabled by
introducing CsPbBr3 nanocrystals into scintillators [57] (Fig. 8a). Color tunability
is an additional advantage of this new class of scintillators (Fig. 8b), including low
toxicity, solution synthesis at near-room temperatures, a high emission quantum
yield, and fast scintillation response as some of their outstanding attributes. This was
followed by exploring CsPbBr3 perovskite nanocrystal-based X-ray detectors, which

Fig. 8 (a) Representation of X-ray-induced luminescence of energy hν (where h is the Planck
constant and ν is the frequency). (b) Tunable luminescence spectra of the perovskite QDs under
X-ray illumination with a dose rate of 278μGy s�1 at a voltage of 50 kV. (c) X-ray absorption and
X-ray absorption efficiency of CsPbBr3 and conventional GOS scintillators, (d) light output power
density and conversion efficiency of CsPbBr3 PNCs and conventional GOS scintillators. Figure 8a
and b is reprinted from [57] with the permission of Springer Nature and Fig. 8c and d is reprinted
from [59] with the permission of Wiley-VCH GmbH
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are cost effective and readily commercialize [59]. Key figures of merit for this study
include a high PLQY of 95% at 550 nm, a short PL decay time of about 2.87 ns, a
high spatial resolution (9.8 lp mm�1), and high conversion efficiencies (Fig. 8c and
d). Even though the origin of nanocrystal scintillation is still not clear, this approach
may hold substantial promise for progressing the X-ray sensing and imaging
industry.

For the health and safety concerns of the end user, reducing X-ray dose rates by
lowering the detector’s detection limit is vital. A solution-processed MAPbCl3
single-crystal scintillator was developed to achieve low detection limits [46]. A
detection limit of 114.7 nGys�1 at 50 keV X-rays, which was comparable to
commercial scintillators based on NaI and CsI [60], was attained.

An attractive route for ultrafast and highly efficient scintillation, also known as
“quantum scintillation,” is pursued by integrating low-dimensional perovskites into
scintillators, achieving fast light emission due to quantum confinement effects
[61]. Scintillators with 2D perovskites (n-C6H13NH3)2PbI4 that consist of multiple
natural quantum well structures demonstrated short decay times of 0.7 ns. Along
with the fast response, the visible light (558 nm) emission of 2D scintillators is an
additional benefit over other technologies that emit UV light. The large exciton
binding energies of 2D perovskites can suppress the detected optical signal losses
due to thermal quenching. For example, scintillators with the 2D material (EDBE)-
PbCl4 showed reduced thermal effects compared to 3D perovskites and an adequate
light yield of 9000 photons/MeV even at room temperature [56]. On the other hand,
an environmentally friendly 2D perovskite (C8H17NH3)2SnBr4 has proven to be
efficient, with an excellent absolute PLQY of up to 98% [62]. More importantly, the
attained sensitivity was in line with medical safety standards with the emission
threshold at 104.23μGys�1. From the discussions so far, it is confirmed that MHPs
are very promising scintillator materials in terms of low fabrication costs, nanosec-
ond fast response, low intrinsic trap density, and potentially high light yield.

5 Advance in the Development of Perovskite γ-Ray
Detectors

In 2016, the first report appeared on the application of MHPs for the direct detection
of γ-rays [63]. Upon exposure with γ-rays (0.96 MeV) from different radioactive
sources (11C and 137Cs), the 3D perovskite (MAPbI3, FAPbI3, and MAPbBr) single-
crystal devices revealed an overall current to charge efficiency of 19% (Fig. 9a and
b). Furthermore, the potential for single γ-photon counting, which is a highly
challenging task, was demonstrated. The requirement to develop MHP-based high-
resolution energy spectra γ-ray detectors is a high μh/e�τ�E product (E: applied
external electric field). However, increasing the electrical field enhances both the
dark current/noise ratio and ion migration within the perovskite. This issue was
addressed by raising the bulk resistivity of the single crystal (3.6 � 109 Ω-cm) by
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using large-size dopant-compensated CH3NH3PbBr2.94Cl0.06 crystals that success-
fully demonstrated a low operation field (1.8 V mm�1) [23]. The crystals showed
high hole and electron mobilities of 560 and 320 cm2V�1 s�1, respectively, resulting
in a significantly higher μh/e�τ product.

Apart from the performance matrix, the structural stability of MHP single crystals
is one of the major pitfalls, in which the phase transformation from cubic to the
hexagonal structure within 24 h after the crystal growth was observed [64]. To
address this issue, mixed halide perovskite single crystals, CsxFA1�xPbI3�yBry
(x ¼ 0–0.1, y ¼ 0–0.6), with various thicknesses ranging from 0.2 to 15 mm, were
fabricated to detect γ-ray within the energy range of 0.02–1MeV [65]. Evidently, the
resulting crystals unveiled good stability up to 20 days, which could be extended
further to 60 days by substituting Br in place of I. Despite the encouraging progress,
there exist uneven energy detection spectra for MHPs. For example, CsPbBr3 can
detect within the 32.3–662 keV energy range while MAPbBr3-xClx detects only

Fig. 9 (a) The attenuation coefficient and corresponding penetration depth of MAPbI3 and CdTe as
a function of photon energy, from soft X-rays to γ radiation. (b) The bias dependence of the
photocurrent generated by Cu Kα X-ray radiation (8 keV) in a SC of MAPbI3 perovskite; the red
line indicates a fit with the Hecht model showing a high μτ product of �10�2 cm2 V�1. Top inset:
Photograph of typical MAPbI3 perovskite SCs grown from a nonaqueous (retrograde solubility)
method, placed on a millimeter ruler. Bottom inset: Schematic of the three-dimensional intercon-
nection of PbI6-octahedra in a perovskite lattice (green, Pb; yellow, I; blue, MA). (c) p-i-n device
structure using MAPbBr3�xClx crystal. (d) Gamma-ray spectra exposed the device under various
radioactive sources collected by a multichannel analyzer (MCA) when the detector was operated at
�8 V at room temperature. Figure 9a and b is reprinted from [63] with the permission of Springer
Nature, and Fig. 9c and d is reprinted from [66] with the permission of Elsevier
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high-energy γ-photons (0.1–10 MeV) [23]. A unipolar p-i-p device architecture with
MAPbBr3-xClx γ-ray detector was proposed to resolve this issue (Fig. 9c) [66]. It was
found that the use of high-work-function contacts effectively blocks the dark noise
originating from thermally activated electron injection from the impurities. Thus,
efficient pulse collection could be prompted even at higher electrical fields. Conse-
quently, strong electrical pulses were observed when exposing the detector with
different energies of gamma-ray photons emitted from various radioactive sources
(Fig. 9d).

5.1 Scintillator Detectors for γ-Ray Detection

γ-Ray scintillator detectors are a workhorse for γ-ray spectroscopy that provide high
efficiency and, depending on the choice of the scintillator, good energy, and timing
resolution. Inorganic γ-ray scintillating materials such as GSO:Ce and LSO:Ge are
the most explored systems but often suffer from long decay times (�40 ns). Hybrid
perovskite materials that offer short decay times can be suitable alternatives [4, 66,
67]. However, these are generally unstable with a low material density (1 g/cm3).
Hence, the development of materials that address these difficulties is an immediate
requirement for further advancing the various imaging technologies. Hybrid 2D
perovskite compound ((C6H5C2H4NH3)2PbX4)-based scintillators with high LY
(14,000 photons/MeV), excellent linearity to γ-rays with different energies
(122–662 keV), and short decay time (�11 ns) are showcasing the potential of
MHPs as γ-ray scintillators [68], where the natural quantum wells of 2D perovskite
promote improved detection characteristics.

6 Summary and Future Perspective

The rise of MHPs as a promising family of materials for application in next-
generation X-ray and γ-ray detector technologies has been witnessed from recent
reports. Remarkably, the field has skyrocketed since 2017, as proven by the volume
of publications and related citations received to date. This global interest stems from
the fascinating physical properties that these synthetic perovskites have, which,
when combined with unconventional device engineering, can produce detectors
with performance features on par with or even better than those of incumbent
technologies.

MHPs have been utilized in two types of high-energy radiation detectors, namely
direct and scintillator detector technologies. In terms of manufacturability, the
simpler one is the direct detector. In contrast, detectors with scintillation systems
are bulkier and less portable. Yet, the use of scintillation detectors can address
specific difficulties that direct X-ray detectors encountered, so significant ongoing
research efforts aim to improve scintillation systems further. Consequently, MHP
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scintillators have demonstrated the potential to address numerous inadequacies,
including manufacturability, sensitivity, response time, and spatial resolution, to
the degree that multiple materials are quickly becoming competitive to commercial
technologies such as NaI and CsI.

MHPs have also unveiled tremendous potential for direct X-ray detection. The
excellent performance of numerous perovskite-based devices reported to date is
mainly attributed to the outstanding μh/e�τ product (1.1 � 10�2 cm2V�1), fast
response times, long carrier diffusion lengths (up to 175μm), high conversion
efficiencies, high sensitivity, emission in the visible region of the electromagnetic
spectrum, quantum confinement (low-dimensional perovskites), and characteristi-
cally low trap density of states (108 cm�3) even in solution-processed polycrystalline
systems. Despite the advantages demonstrated by the perovskite-based high-energy
radiation detectors so far, there are still many challenges to be considered before
translating this technology to commercialization. Primarily, in direct X-ray detec-
tors, the resistivity of the active layers (films, crystals, etc.) needs to be amplified
further in order to decrease the dark current. Larger bias voltages can be applied by
using thicker active layers that could improve the charge collection efficiency. But
this process induces adverse effects on electrical noise (dark current) and operational
stability due to the field-induced ion migration—this is particularly true for poly-
crystalline films. To overcome these bottlenecks, possible approaches include the
application of larger bandgap perovskites and/or the use of higher quality single
crystals.

The second challenge is to boost the perovskite X-ray detector’s chemical
stability towards ambient conditions. While simple device encapsulation could
provide a concrete solution for commercial applications, the use of all-inorganic
perovskites also shows promise to address this challenge. On the other hand, the
simultaneous improvement of LY through enhanced quantum confinement and
operational/environmental stability could be attained by developing innovative
low-dimension perovskites (e.g., 0D, 1D, 2D). It is clear from the recent reports
that the incorporation of such low-dimension perovskite crystals diminishes the ion
migration, hence allowing the application of higher bias across the crystals and
improving the operational stability of the devices. Increasing the μh/e�τ product via
engineering the perovskite layer/crystal is another challenging part. The use of
indirect bandgap perovskites that display extended carrier lifetimes could be
exploited as a potential solution. In sandwich-type direct X-ray detectors, incorpo-
rating conducting materials, such as graphene or other 2D materials, in the charge
transporting layer could improve the conductivity and increase the charge collection
efficiency. The next challenge that needs to be addressed is Pb’s toxicity in most of
the MHPs studied to date. To this end, the exchange of Pb with other high-Z
elements that are vital for obtaining high X-ray stopping power has already yielded
promising results but with plenty of room for further advancement.

Perovskite-based γ-ray detectors share similar challenges as X-ray detectors.
Improving the homogeneity and overall quality of the absorbing material will
resolve some of these outstanding issues. Despite other existing hurdles, however,
the future of perovskite-based X-ray and γ-ray detectors appears very bright. Only
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time will tell whether MHP-based high-energy radiation detectors will ultimately
make it to the commercial stage in fields ranging from medicine and homeland
security to portable radiological identification and energy-harvesting devices for
space applications.
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Thallium-Based Materials for Radiation
Detection

Ge Yang and Ibrahim Hany

Abstract A variety of medical imaging, homeland security, industrial monitoring,
environmental survey, and physical science applications can be largely enhanced by
employing high-performance room-temperature radiation detectors. To this end,
thallium (Tl)-based materials represent an interesting category of detector materials
thanks to their unique physical properties. In this regard, TlBr has been intensively
studied as a radiation detector material over the past few years. Recently several
other Tl-based compounds, e.g., TlPbI3, have also received strong interest in light of
their potential for room-temperature radiation detection. In this chapter, we review
the development of these Tl-based materials, used as either semiconductor radiation
detectors or scintillator radiation detectors, and discuss the performance-determining
factors including physical properties, growth processes, and defect control.

Room-temperature radiation detectors are crucial for a wide spectrum of applications
including fundamental physical science, medical imaging, homeland security,
nuclear safety inspection, environmental survey, nonproliferation, and space explo-
ration [1–3]. For these applications, the information about the type and intensity of
the radiation field, as well as the energy-resolving spectrum and the spatial distri-
bution, is commonly desired [4]. There are two major types of solid room-temper-
ature radiation detectors, i.e., semiconductor detectors and scintillator detectors.
Semiconductor radiation detectors utilize a “direct” detection mechanism; that is,
the electronic signal is directly formed through the bias voltage-driven drift of
electrons and holes, which are produced through the interaction of incident ionizing
radiation and detection medium. Scintillator radiation detectors involve “indirect”
detection processes; that is, the scintillation light will be first produced through the
interaction of incident radiation with the detection medium, followed by the conver-
sion of scintillation light signal to the electric signal using the photodetectors, e.g.,
photomultiplier tubes.
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As a unique category of radiation detector materials, Tl-based compounds exhibit
many desired physical properties and thus attract strong interest. Over the past few
years, Tl-based materials have been successfully developed as semiconductor detec-
tors as well as scintillator detectors. As such, the purpose of this chapter is to offer a
timely review of several major Tl-based radiation detector materials, which will help
the readers learn the development status and future trend of this promising
research area.

1 Tl-Based Semiconductor Detector Materials

1.1 TlBr

Among the Tl-based radiation detector materials, TlBr has a long development
history. Currently, high-quality TlBr detectors are able to achieve a relatively high
energy resolution which is approaching that of the leading room-temperature semi-
conductor CdZnTe radiation detectors. However, the polarization phenomenon, i.e.,
the long-term instability issue, is still seriously limiting the deployment of TlBr
toward large-scale practical radiation detection applications. To this end, a series of
research activities have been actively conducted to address the intrinsic polarization
issue of TlBr, aiming to maintain its initial high detection performance over a
realistically long period.

TlBr has a high density of 7.56 g/cm3 and high atomic numbers (Tl ¼ 81,
Br ¼ 35), which offer excellent stopping power to high-energy ionizing radiation.
Meanwhile, its high bandgap of 2.68 eV could enable high intrinsic resistivity for
reducing dark current and achieving low electronic noise detector operation. It
should be noted that TlBr also has suitable characteristics for melt growth, i.e., a
relatively low melting temperature at 480 �C and a lack of destructive phase
transition below the melting point, which enable high-quality growth of TlBr
crystals using melt-growth techniques [5]. As a result, TlBr crystals can be grown
at a relatively low temperature using melt-growth approaches, which is desired from
the points of defect reduction and cost saving.

The initial interest to use TlBr for radiation detection can be tracked back to
1947, when Hofstadter demonstrated the possibility of gamma-ray detection using a
prototype TlBr radiation counter [6]. With the employment of raw material purifi-
cation techniques, especially the zone-refining method, the significantly improved
performance of TlBr detectors has been proved to be feasible [5]. Following these
early-stage studies, various research groups have shown strong interest to further
explore TlBr materials with a focus on identifying optimized crystal purification
and growth conditions, achieving a deep understanding of material defects, and
adapting different advanced detector designs to enhance energy-resolving
capability.
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Different crystal growth techniques have been attempted to grow TlBr materials.
These efforts include the Bridgman–Stockbarger method, the traveling molten zone
(TMZ) method, and the hydrothermal growth method. Figure 1 shows two as-grown
TlBr ingots grown by the Bridgman–Stockbarger method and by the zone-melting
method, respectively. As one can see, both techniques can be used to grow large-size
TlBr crystals.

The purification plays a key role in determining the performance of TlBr radiation
detectors. In this regard, the existence of impurities directly affects the charge
transport behavior in as-grown TlBr crystals. As such, different purification strate-
gies, as well as intentional doping efforts, have been developed to address the
challenges of impurities. Over the past decades, a variety of purification techniques
were employed including the zone-refining method, the vacuum distillation method,
the vacuum sublimation method, and the hydrothermal recrystallization method
[9]. Among them, the zone-refining method is widely used due to its simple
configuration, easy execution, and high purification efficiency. Figures 2 and 3,
respectively, show the basic operation principle of zone refining and a representative
zone-refining setup in TlBr production. Hitomi et al. demonstrated that the multi-
pass zone-refining process can effectively improve the charge transport in TlBr
[5]. Their results show a strong correlation between the impurities and the
mobility-lifetime product of charge carriers of TlBr. A two-order increase in the
mobility-lifetime product was successfully achieved after conducting multi-pass
zone refining of TlBr raw materials.

On the other hand, the long-standing polarization phenomenon poses a serious
challenge toward the practical deployment of TlBr radiation detectors. In this

(b)

(a)

Fig. 1 (a) An as-grown TlBr ingot grown by the Bridgman–Stockbarger method [7]; (b) an
as-grown TlBr ingot grown by the zone-melting method [8]
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scenario, TlBr detectors suffer from a slow degradation over time even though their
initial performance is excellent. The so-called polarization represents a long-term
material instability issue under device operation conditions. Essentially the polari-
zation mechanism is related to the ion migration process under bias voltage across
the detector volume. As an ion-type conductor, TlBr can easily exhibit an ion
migration behavior once an external electric field is applied across the crystal. In
this situation, the positive ion (Tl+) and the negative ion (Br-) will diffuse through
vacancy-hopping processes. Recent polarization studies show that the faster Br-ion
electro-diffusion to the anode has a stronger influence on the stability of TlBr
radiation detectors, compared to the slower Tl-ion electro-diffusion toward the
cathode [10]. It has been found that Br ions aggressively react with most types of
electrode anode materials, thus leading to progressive deterioration of charge col-
lection efficiency and high detector noise [10]. Different approaches have been
explored to mitigate the deleterious effects of polarization in TlBr detectors. Oper-
ating TlBr detectors at low temperature (~�20 �C) has been effective to control
polarization to some extent since both the metal-bromine formation and the diffu-
sivity of ions can be suppressed at low temperature [11]. However, the need for
additional cooling apparatus largely increases the complexity of the overall radiation
detection system and as such compromises the major motivation to develop TlBr
detectors, i.e., utilizing their “room-temperature” detection capability. Several other

Fig. 2 Basic operation principle of zone-refining method [9]

Fig. 3 A zone-refining
setup used for the
production of TlBr [8]
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approaches, e.g., using selected metals as electrodes including Pt, Au, Pd, and Tl or
using TlBr1�xClx heterojunction at the metal-TlBr interface, have also been pro-
posed to eliminate the reaction of Bi ion with the electrode metal [10]. While a lot of
interesting progress has been made over the years, the corresponding extended
detector stability time is still much shorter than the expected detector lifetime for
practical operation scenarios. Furthermore, the reproducibility issues of these
approaches need to be further addressed to enable the scale-up production of TlBr
detectors. Recent exploration of metal oxide electrode materials, e.g., indium tin
dioxide, titanium dioxide, and tin dioxide, shows some promising results to mitigate
the deleterious reaction between Bi ion and electrode material to provide longer
stable detector performance [10]. More systematic experiments are desired to
strengthen this effort. The periodic switching of bias voltage was also demonstrated
to be effective to help address the polarization issue. A stable operational lifetime of
5 years at 8 h/day was obtained for planar and pixelated detectors [10]. However,
frequent change of bias voltage may increase the complexity of the detection system.
The long-term reliability of this approach needs to be further studied through a
systematic approach.

1.2 TlPbI3

1.2.1 TlPbI3 Physical Properties

TlPbI3 is an all-inorganic halide perovskite-like semiconductor that crystallizes in an
orthorhombic crystal symmetry that has lattice constant values of 4.625 Å (1),
14.885 Å (2), and 11.857 Å (3). Four molecules are contained in its single unit
cell (Z¼ 4). In this crystal structure, iodine ions form a 3D matrix that hosts thallium
and lead cations inside its trigonal prism and octahedral voids, respectively, as
shown in Fig. 4. The Pb-I and Th-I coordination bonds are shown in Fig. 5. The
two Pb-I bonds are slightly different unlike the four Tl-I bonds, which are largely
different. The spatial anisotropy, mainly caused by the coordination between thal-
lium and iodine ions, can lead to anisotropy in the optical and electrical properties
similar to the case of thallium iodide (TlI). Lin et al. reported the anisotropy of the
static dielectric constant and the electric conductivity [12], and Khyzhun et al.
showed experimental evidence of TlPbI3 birefringence using 1540 nm pump laser
and 1340 nm probe laser [13]. Moreover, the birefringence varied when changing the
pump laser intensity from 0.2 J/cm2 to 0.8 J/cm2.

TlPbI3 has a low melting point of 346 �C which facilitates its growth using
melting methods. The current experimental studies of TlPbI3 report its growth using
the vertical Bridgman–Stockbarger (VB) method with thallium iodide (TlI) and lead
iodide (PbI2) as starting material and demonstrate that it undergoes no temperature-
dependent structural phase transformation down to room temperature [13–18]. TlI
and PbI2 starting material can be obtained either as purified powders from commer-
cial vendors or as precipitates from the exchange reaction of saturated aqueous
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solutions of thallium nitrate and potassium iodide for TlI, or lead nitrate and
potassium iodide for PbI2 since both binary compounds have very low water
solubilities (0.006 g/l for TlI and 0.63 g/l for PbI2). Zone-melting purification can
be used to purify TlI and PbI2 precipitates to mitigate the influence of impurities in
the as-grown TlPbI3 crystals. For further purification, Khyzhun et al. grew

Fig. 4 Framework of (a) iodine atoms and the location of the atoms of (b) Pb and (c) Tl within the
framework in the TlPbI3 structure [13]

Fig. 5 Coordination surrounding and interatomic distances to iodine atoms in the TlPbI3 structure
[13]
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transparent yellow TlI single crystals using the vertical Bridgman method to be used
for the growth of TlPbI3 [13]. Zone-refining and evaporation techniques have been
implemented to purify TlI-PbI2 alloy and polycrystalline TlPbI3 prior to the vertical
Bridgman crystal growth as well [12, 15].

TlPbI3 crystals grown at a rate of 0.5 mm/h using the vertical Bridgman method
(1) do not have inclusions even in the transition volume connecting the seeding
pocket and the main growth chunk, (2) do not suffer from a high density of grain
boundaries or large grains, and (3) do not have nucleated grains near the quartz
growth ampoules. However, they contain limited elongated crystal grains as shown
in Fig. 6 [16].

The theoretical density of TlPbI3 is 6.44 g/cm
3, which can be calculated based on

the volume of its unit cell and the number of molecules within the unit cell.
Experimentally the density of TlPbI3 is also reported to be 6.60 gm/cm3

[18]. TlPbI3 has a high average atomic number of 64, which leads to a high
attenuation capability for X-rays and gamma rays. Figure 7 shows the photon linear
attenuation coefficient comparison of TlPbI3, TlBr, and CdTe. TlPbI3 has a wide

Fig. 6 Picture of TlPbI3 crystal [17]. Infrared transmission (IR) microscopy of TlPbI3, showing the
formation of large-volume single crystal even in the transition portion between the conical seeding
pocket and the normal growth chunk. Only several small elongated miscellaneous crystal grains are
present [16]

Fig. 7 Linear attenuation
coefficient for CdTe, TlBr,
and TlPbI3 as a function of
photon energy [15]
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bandgap of 2.17–2.3 eV as can be expected from its red color of the crystal ingot
shown in Fig. 3 [14, 15, 17]. It also has a high resistivity of ~1011Ω cm which shows
one order of magnitude increase upon cooling to ~10 �C [17]. The lowest conduction
bands of TlPbI3 are mainly composed of Pb 6p and Tl 6p states, while the valence
bands are composed mostly of the I 5p state [12, 19].

1.2.2 TlPbI3 Radiation Response and Charge Carrier Transport
Properties

TlPbI3 exhibits high X-ray-induced conductivity (XRIC) that makes it a potential
candidate for X-ray imaging detectors for several important applications, especially
medical imaging. Kocsis reported an X-ray-induced current/dark current ratio
(~SNR) of 276, and no response delay was observed compared to 500 Hz X-ray
shutter for 0.8-mm-thick sample with an X-ray generator operating at 45 mA and
45 kV [14]. The linearity of the XRIC response was also demonstrated in the same
work [14].

Hitomi et al. tested TlPbI3 detectors as alpha and gamma spectroscopic detectors
[15]. The 0.2-mm-thick detector showed the 5.5 MeV 241Am α-peak upon cathode
irradiation (electron signal), while the peak was absent upon anode irradiation (hole
signal), and the signal spectrum in both cases was higher than the noise spectrum.
However, the same detector did not show a peak for 137Cs gamma-ray spectrum.
Instead, it showed the increased counts over the noise spectrum as shown in
Fig. 8 [15].

The spectroscopic behavior of TlPbI3 can be explained in terms of its electron and
hole transport properties. As shown in Fig. 9, the μτ-factor of electrons
(~3.4 3 1025 cm2/V) is superior to that of the holes (~2.3 3 1026 cm2/V) by
around one order of magnitude [17]. Using these values to calculate the average drift

Fig. 8 241Am α-particle and 137Cs Υ-ray spectra obtained from a 0.2-mm-thick TlPbI3 detector
with electrodes of 1 mm in diameter at room temperature. The detector was operated at 100 V [15]
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length of electrons and holes for a 0.2-mm-thick sample under 100 V applied voltage
results in 1.75 mm and 0.10 mm drift lengths for electrons and holes, respectively
[17]. Since the electrons’ drift length is longer than the 0.2 mm detector thickness,
the cathode irradiation leads to the resolving capability of the 5.5 MeV alpha-peak.
On the other hand, the drift length of the holes, which is lower than the thickness of
the detector, would not allow resolving the same peak upon anode irradiation. The
lack of the 662 keV gamma-ray peak from TlPbI3 detectors can be understood in
terms of discrepancy between the drift length values of electrons and holes which
leads to the dependence of the collected pulse height on the location inside the
detector volume where the energy gets deposited.

1.2.3 TlPbI3 Scintillator

Singh performed an electronic structure calculation study on TlPbI3 to investigate its
electronic and optical properties based on the band structure, density of states, and
optical spectra [19]. Motivated by the soft lattice characteristics of an iodide, the use
of TlPbI3 as a scintillator was considered in that study and it was shown that TlPbI3
may be a promising low-bandgap scintillator if activated by Sn. If that is the case,
one of the spectroscopic advantages of TlPbI3 scintillator detectors would be its
2.17–2.3 eV bandgap which leads to low formation energy for e-h pairs (excitons)
relative to other inorganic scintillators [20], allowing to reach high energy resolu-
tion. Such a relatively low bandgap makes the utilization of compact solid-state
SiPMs (silicon photomultipliers) desirable since the energy of the emission photons
would be lower than the peak efficiency energies of conventional PMTs
(photomultiplier tubes). Moreover, TlPbI3’s relatively long charge carriers’ drift
length, which allows for resolving α-peak, may consequently be long enough to
enable the charge carriers to reach luminescent centers before recombination or
trapping at nonradiative defects.

Fig. 9 TlPbI3 electron and hole μτ-factors as estimated by Hecht equation fitting upon 405 nm laser
pulse irradiation of cathode and anode, respectively [17]
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TlPbI3’s luminescence is very weak when grown unintentionally doped. The
bandgap of SnPbI3 is smaller than that of TlPbI3; thus Sn

2+ has the potential to be
a successful activator for TlPbI3 [19].

2 Other Emerging Tl-Based Scintillators

Although Tl has been used, in very low concentrations, as an activator for alkali
metal halide scintillators for over half a century [21], it was not until the last decade
that Tl-based halide compounds, with Tl in the host crystal, attracted strong interest
for their applications as inorganic scintillation radiation detectors. One of the
motivations for this research effort is the expected high density of Tl-based com-
pounds rendering them suitable for X-ray and gamma-ray detection. The promising
scintillation properties (e.g., light yield, decay time, energy resolution) revealed from
the initial studies have motivated further research on Tl-based scintillators to cover a
large library of candidate compounds. Emerging Tl-based scintillators are classified,
based on their chemical structure, into the following four material classes:

• Class A: Tl2ALX6 elpasolites in their pure form and Ce3+ doped (activated)
• Class B: Tl2LX5, TlL2X7, and Tl3LX6 (thallium lanthanide halides) in their pure

form and Ce3+ doped
• Class C: TlM2X5 and TlMX3 (thallium alkaline-earth halides) in their pure form

and Eu2+ doped, in addition to TlCdCl3 and TlAlF4
• Class D: Tl2BX6 in their pure form

where A ¼ alkali metal (Li or Na); B ¼ transition metal (Hf or Zr); L ¼ rare earth
element (Sc, Y, La, Gd, or Lu); M ¼ alkaline-earth metal (Mg, Ca, or Sr); X ¼ hal-
ogen (F, Br, Cl, or I) [22, 23].

Until now these emerging Tl-based scintillators were grown using the vertical
Bridgman melt-growth techniques starting from high-purity materials (>4N). The
modified Bridgman techniques were also developed to address specific crystal
growth issues (such as impurity segregation and inhomogeneous mixing)
[24, 25]. The starting materials (beads or powder form) are commonly handled in
a dry environment and dried before the crystal growth process, as most starting
materials needed for the growth of this class of materials are highly hygroscopic.
Since most of these materials were grown for the first time, their thermodynamic
properties, especially their melting temperatures and temperature-dependent phase
change, are explored in many studies. Differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) on Tl-based scintillator materials confirm the
absence of secondary-phase changes and reveal moderate melting temperatures, in
the range of 400–800 �C, promoting the phase stability of Tl-based scintillators.
Moreover, such moderate melting temperatures allow the use of relatively economic
melt-growth techniques with no need for expensive high-temperature crucibles.
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2.1 Class A: Tl2ALX6 Elpasolites in Their Pure Form
and Ce3+ Doped

Ce-doped elpasolites, such as Cs2LiYCl6:Ce (CLYC), Cs2LiLaBr6:Ce (CLLB), and
Cs2LiLa(Br,Cl)6:Ce (CLLBC), have been established as inorganic scintillators that
have the capability of detecting and discriminating between neutrons/charged parti-
cles and gamma rays (dual-mode operation). However, one of their main drawbacks
is the relatively low densities [26–31]. Tl-based elpasolites could address this issue
by incorporating Tl ion instead of the Cs ion. This will help increase the density of
the elpasolites and improve the intrinsic material efficiency for detecting X-ray and
gamma ray.

Table 1 lists all the studied class A materials along with their reported properties.
One of the most promising dual-mode scintillator materials in this class is
Tl2LiYCl6:Ce (TLYC). Not only does it contain Li (6Li is an efficient thermal

Table 1 Physical and scintillation key parameters of class A Tl-based scintillators

Chemical
structure Doping

M.P.
[
�
C]

Density
[g cm23]

E.
R.

L.Y.
(103)

λem
[nm]

τ PSD
FOM Ref.[ns] %

Tl2LiYCl6 1% Ce 490 4.58 4.8 30.5 430 69
460
1400

3
74
23

- [38, 39]

5% Ce – 4.58 3.8 26
(Υ)
78
(n)

– – – 2.4
(n,Υ)

[32–34]

3% Ce 4.2 – 440 57
431
1055

3
64
33

–

Tl2LiLaBr6 1% Ce – 6 5.7 53 410 – [33]

Tl2LiGdCl6 10%
Ce

540 4.75 4.6 58 380 34
191
1200

81
10
9

– [36]

Tl2LiGdBr6 10%
Ce

450 5.3 17 17 422 29
197

92
8

– [40]

Tl2LiLuCl6 1% Ce 400 5.06 5.6 27 428 72
366
1500

8
30
62

– [41]

Tl2LiScCl6 No 550 4.43 8.3 26 385 1147 100 – [42]

Tl2NaYCl6 Ce – – 4.1 27.8 430 91
462
2100

34
52
15

– [37]

No – – 6.3 23 430 350
2500

80
20

– [43]

M.P.: melting point; E.R.: energy resolution reported as FWHM% at 137Cs 662 keV Υ-peak; L.Y.:
light yield reported as 103 ph/MeV; λem: radioluminescence emission peak; τ: decay time compo-
nents and their percentages obtained by fitting a single-, double-, or triple-exponential function to
X- or Υ-ray-induced scintillation; PSD FOM: pulse shape discrimination figure of merit
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neutron absorber), but it also does not contain La, which has intrinsic radioactivity.
The highest energy resolution reported for 5% Ce-doped TLYC is better than 4%.
The good pulse shape discrimination figure of merit (PSD FOM of 2.4) shows its
high potential for national security and space applications [32–34]. Recently, Watts
et al. studied the performance of TLYC in a temperature range from�20 �C to 50 �C
and demonstrated that the light yield of TLYC stays proportional over that temper-
ature range while the short decay times and the energy resolution degrade with
decreasing temperature [35].

Tl2LiGdCl6:Ce is another less studied candidate material of this class. It has a
relatively high light yield and short decay time, which could be promising for many
radiation detection applications when the timing characteristics and the intrinsic
detection efficiency are desired, e.g., time-of-flight positron-emission tomography
(TOF-PET) [36]. Very recently, Tl2NaYCl6:Ce was grown and studied, and its
reported scintillation results were very similar to those of TLYC. Tl2NaYCl6:Ce
has the potential to be used as a dual-mode detector for fast neutrons and gamma ray.
In this regard, the corresponding fast neutron detection performance based on 35Cl(n,
p)35S reaction is yet to be studied [37].

2.1.1 Class B: Tl2LX5, TlL2X7, and Tl3LX6 (Thallium Lanthanide
Halides) in Their Pure Form and Ce3+-Doped Form

Class B of Tl-based scintillators could be considered as a “new” generation of
lanthanide halides [44, 45]. Although LaBr3:Ce broke the energy resolution limit
of 3% FWHM at 662 keV, lanthanide halides’ densities are moderate (<5 g/cm3)
[45]. To this end, improvements in the stopping power, and thus the intrinsic detector
efficiencies of lanthanide halides, could be achieved by the addition of thallium in
the newly developed thallium lanthanide halide ternary compounds. A series of
related studies on this emerging class of materials and the comparison of their
properties are listed in Table 2.

Khan et al. developed a novel melt-rotation crystal growth technique based on the
Bridgman method for the growth of Tl2LaCl5:Ce (TLC) to overcome the starting
materials’ inhomogeneous mixing issue due to the incongruent melting [25]. They
achieved a high light yield of 82,000 ph/MeV and a high energy resolution of ~3.3%
FWHM for 662 keV gamma rays. TLC light yield is highly proportional; moreover,
TLC has a fast scintillation decay time of 30–45 ns, depending on the crystal quality
and Ce-doping level [25, 46–49]. Studies on Tl2LaBr5:Ce (TLB) also show very
high energy resolution below 3% FWHM at 662 keV, very high proportionality, and
exceptionally fast decay times below 30 ns [46, 48, 50]. These superior scintillation
characteristics, in addition to the improved intrinsic efficiency for X- and gamma
ray, make TLC and TLB very promising detector materials for applications where
high energy resolution, fast timing, and detector size are of high importance, such as
nonproliferation, safeguard, medical imaging, and high energy physics applications.
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It should be noted that all La-containing scintillators suffer from inherent radioac-
tivity that, although useful for energy calibration, can affect the statistics of energy
spectra [51].

van Loef et al. studied Tl3YCl6:Ce (TYC6), Tl3GdCl6:Ce (TGC6), TlY2Cl7:Ce
(TYC7), and TlGd2Cl7:Ce (TGC7) and concluded that they are not promising for
practical applications and industrial scaling up [52]. This is primarily due to the low
material quality of TYC6 and TGC6 crystals, and the relatively low densities, poor
crystal quality due to the layered crystalline structure, low proportionality, and
relatively low energy resolution of TYC7 and TGC7 crystals [52].

Table 2 Physical and scintillation key parameters of class B Tl-based scintillators

Chemical
structure Doping

M.P.
[
�
C]

Density
[g cm23]

E.
R.

L.Y.
(103)

λem
[nm]

τ
Ref.[ns] %

Tl2LaCl5 10%
Ce

550 5.16 3.2 68 378 44 98 [46, 48]

3% Ce – – 3.4 76 383 36
217 and
1500

89
11

[47]

3% Ce 520 5.17 3.3 82 370
384

31
@ 10%
Ce

84 [25, 49]

Tl2LaBr5 1% Ce 556 5.98 2.8 78 400 28
@ 3%
Ce

99 [46, 48]

5% Ce 548 5.9 6.3 43 375
415

25 100 [50]

Tl2GdCl5 5% Ce 490 5.1 5 53 388 32
271
1600

76
10
14

[53, 54]

TlGd2Cl7 5% Ce 560 4.3 6 50 405 89
358
1780

20
21
58

[55]

1% Ce 558 4.49 7 40 412 24
87
364

28
54
28

[52]

Tl3GdCl6 Ce Very weak emission (~390 nm) due to poor crystal quality [52]

Tl3YCl6 Ce Poor crystal quality/hazy polycrystals [52]

TlY2Cl7 5% Ce 550 3.77 9 38 395 95
422
1200

48
36
16

[52]

M.P.: melting point; E.R.: energy resolution reported as FWHM% at 137Cs 662 keV Υ-peak; L.Y.:
light yield reported as 103 ph/MeV; λem: radioluminescence emission peak; τ: decay time compo-
nents and their percentages obtained by fitting a single-, double-, or triple-exponential function to
X- or Υ-ray-induced scintillation
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2.1.2 Class C: TlM2X5 and TlMX3 (Thallium Alkaline-Earth Halides)
in Their Pure Form and Eu2+-Doped Form, in Addition
to TlCdCl3 and TlAlF4

The rediscovery [56–58] of SrI2:Eu (SI), enabled by the successful development of
economically viable high-quality and high-purity crystals, made it an attractive
radiation detector solution for gamma-ray spectroscopy because of its high light
yield (>80,000 ph/MeV) and high energy resolution (below 3% FWHM at 662 keV)
[59]. Recent research of TlSr2I5:Eu (TSI) reveals that its scintillation properties are
very close to those of SrI2:Eu, with improved density (~5.3 g/cm3) compared to that
of SrI2 (~4.5 g/cm3), and very high proportionality between its light yield and
gamma-ray-deposited energy [60]. Table 3 summarizes research efforts and scintil-
lation characterization results on class C of Tl-based scintillators.

Although TSI technology is not as mature as SI, its energy resolution and high
intrinsic detector efficiency present it as a very promising scintillator for gamma-ray
spectroscopy for national security, space exploration, and high energy physics
applications. As a result, it could be a very attractive solution for those scenarios
when relatively economic and compact-sized gamma-ray spectrometers are needed,
e.g., portable radioisotope identifiers. Although STI does not suffer from inherent

Table 3 Physical and scintillation key parameters of class C Tl-based scintillators

Chemical
structure Doping

M.P.
[
�
C]

Density
[g cm23]

E.
R.

L.Y.
(103)

λem
[nm]

τ
Ref.[ns] %

TlSr2I5 3% Eu 480 – 4.2 70 463 525
3300

73
27

[61]

5% Eu – 2.6 54 420 395
2000

89
11

[62]

1% Eu 485 5.32 2.8 72 460-
470

500 90 [60]

TlSr2Br5 No 560 5.03 4.6 37.6 441 390
1900

66
34

[63]

TlCaCl3 No 680 3.77 5 30.6 425 317
727

44
56

[64]

TlCdCl3 No – 5.31 – 2.2 450 2.6
45
170

8
47.8
45

[65]

TlMgCl3 No – 5.26 5 46 405 60
350

25
75

[66]

TlAlF4 No 586 6.1 14 11.8 390 194
992
3500

13.1
84.6
2.3

[67, 68]

M.P.: melting point; E.R.: energy resolution reported as FWHM% at 137Cs 662 keV Υ-peak; L.Y.:
light yield reported as 103 ph/MeV; λem: radioluminescence emission peak; τ: decay time compo-
nents and their percentages obtained by fitting a single-, double- or triple-exponential function to X-
or Υ-ray-induced scintillation
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radioactivity like LaBr3 high-energy-resolution scintillator, the recent studies of the
emission and excitation spectra of TSI reveal that there is an overlap between
excitation and emission bands, which possibly leads to self-absorption [61].

2.1.3 Class D: Tl2BX6 in Their Pure Form

Research and development efforts on class D of Tl-based scintillators are listed in
Table 4. This class of materials leverage the capabilities of Tl-based scintillators for
both fast detection of gamma rays, and dual-mode operation using PSD techniques,
without doping/activation. Tl2HfBr6 (THB) has a very fast scintillation decay of
22 ns (>99%) and an acceptable energy resolution of >5% FWHM at 662 keV
[48]. Given that it also possesses a relatively high effective atomic number (Zeff) of
68, it would be an attractive solution for TOF-PET and other fast gamma-ray
detection applications. Its dual-mode operation has not been reported yet. Both
Tl2HfCl6 (THC) and Tl2ZrCl6 (TZC) show good energy resolution of ~4%
FWHM at 662 keV and demonstrate good dual-mode operation capabilities. Thus
their applications in gamma/neutron or gamma/charged-particle discrimination are
promising for national security applications. Especially THC also combines the
advantage of high density [24, 69, 70].

Table 4 Physical and scintillation key parameters of class D Tl-based scintillators

Chemical
structure

M.P.
[
�
C]

Density
[g cm23]

E.
R.

L.Y.
(103)

λem
[nm]

τ PSD
FOM Ref.[ns] %

Tl2HfBr6 ~664
[a]

– >5 <20 550 22 +99 [48]

Tl2HfCl6 ~664
[a]

– 5 20 425 262 34 [48]

– 5.25 4 32 398 1000 2.6 (α,
Υ)

[24]

– – 17.7 24.2 465 288
6340

[71]

Tl2ZrCl6 <700 4.65 4.3 47 468 2700 3.5 (α,
Υ)

[69, 70]

– – 5.6 50.8 450-
470

696
2360

[71]

M.P.: melting point; E.R.: energy resolution reported as FWHM% at 137Cs 662 keV Υ-peak; L.Y.:
light yield reported as 103 ph/MeV; λem: radioluminescence emission peak; τ: decay time compo-
nents and their percentages obtained by fitting a single-, double-, or triple-exponential function to
X- or Υ-ray-induced scintillation; PSD FOM: pulse shape discrimination figure of merit; [a]:
assumed values
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3 Summary and Outlook

Tl-based materials represent a unique category of detector materials for ionizing
radiation detection. These Tl-based materials can be used either in the form of
semiconductor detectors or as scintillator detectors. In this chapter, we review the
development of classic Tl-based material TlBr and introduce the current status of
some emerging Tl-based compounds such as TlPbI3. We note that some Tl-based
materials have exhibited great potential as promising scintillators. As such we
summarize and compare the properties of these novel Tl-based scintillator materials
as well. With further development, these Tl-based compounds could serve as
enabling materials for a broader range of radiation detection applications.
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CdZnTeSe: A Promising Material
for Radiation Detector Applications

Utpal N. Roy and Ralph B. James

Abstract The quest for cost-effective, high-performing radiation detector materials
operable at ambient temperature has continued for more than three decades. One key
to lower the overall detector cost of production is a high degree of compositional
homogeneity. Spatial homogeneity of the charge-transport properties of the detector
material is also essential for increasing the yield and active volume of high-
performance detectors. Despite its commercial success as a room-temperature radi-
ation detection material, CdZnTe (or CZT) suffers from a lack of compositional
homogeneity on both micro- and macroscale and the presence of spatial inhomoge-
neity in the material’s charge-transport properties. The underlying reasons for the
spatial inhomogeneity in the charge-transport properties of CZT are the presence of
high concentrations of sub-grain boundary (dislocation walls) networks and second-
ary phases (Te-rich inclusions) on a microscale and the segregation of zinc during
growth on a macroscale. This book chapter focuses on the presence of performance-
limiting defects in CZT that hinder the yield and cost of high-quality detectors and
have restricted widespread deployment for a variety of potential applications, par-
ticularly for uses of large-volume detectors where the demands on material perfec-
tion are significantly greater. In the recent past, the addition of selenium in CZT
matrix was found to be very effective in a drastic reduction of Te-rich secondary
phases and dislocation networks, while demonstrating little or no Se segregation
during ingot growth. This chapter provides an overview of recent developments on
the quaternary CdZnTeSe material as a potential next-generation detector material
operable at room temperature.
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1 Introduction

The availability of radiation detection technology with energy-dispersive spectro-
scopic capability in the energy range of X- and gamma rays operating at room
temperature has opened a wide variety of applications in homeland security, non-
proliferation, medical imaging, astrophysics, and high energy physics [1–9]. The
enormous potential uses have motivated researchers to develop better materials and
processing technology to meet the growing demands worldwide. The properties of
candidate materials for radiation detector applications are very stringent and multi-
pronged. The basic requirement for the ideal radiation detector material is a high
average effective atomic number, hence a high electron density for increased
stopping power of the high-energy radiation. In addition, the constituent elements
should be nonradioactive. For room-temperature operation the foremost criterion is
sufficiently high bandgap energy to achieve an electrical resistivity on the order of
>1010 Ω-cm. Such high resistivity is required to decrease the dark current in order to
enhance the signal-to-noise ratio. Furthermore, as the radiation detector users
demand devices with larger thickness to enhance detection efficiency of high-energy
gamma rays, the material should have adequately high mobility-lifetime product (μτ)
to ensure complete charge collection. The operating thickness of the functional
detector can be increased with increased μτ value assuming that the internal electric
field can be maintained. From the standpoint of the crystal growth, the material
should be able to grow from congruent melt at a relatively low temperature and be
capable of scale-up to allow for growth of large-volume ingots to keep a lower cost
of production. The grown material should be compositionally homogeneous, possess
very less defects (intrinsic and extrinsic), and more importantly possess spatial
uniformity of the charge-transport characteristics. The chemical and physical stabil-
ity of the metal-to-semiconductor junction is also an important aspect for prolonged
lifetime of the detector. Over the last three decades, only a handful of semiconductor
materials have been discovered with the desired attributes, and CdTe, CdZnTe
(CZT), HgI2, and TlBr are the most prominent ones [10–14]. In the recent years,
perovskites have been evolving as a promising material for room-temperature
semiconductor detector (RTSD) applications for high-energy radiation [15]. John
et al. [16] listed a comprehensive list of possible radiation detector materials in a
review article. Each of these materials however do suffer from unique issues
associated with difficulty of crystal growth, high concentrations of defects, and
device stability.

Despite intense research for the ideal material globally for more than three
decades, CZT still remains the gold standard and dominates the commercial sector.
It is to be noted that CZT is a by-product of many years of R&D on CdTe. CdTe has
multiple uses and has long been known as a substrate material for IR and night-
vision applications, and since the 1970s it has been regarded as a potential material
for nuclear radiation detector applications [17]. In later years Zn was added to the
CdTe matrix for better lattice matching to HgCdTe for night-vision applications,
while Zn was added to CdTe to increase the bandgap of the material to achieve
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higher resistivity and prevent polarization effects associated with Cl-doped CdTe
radiation detectors. Most of the CZT material used today for radiation detector
applications contains ~10 atomic % of Zn in the CdTe matrix. CZT-based radiation
detector applications gained serious momentum from early 1990s after the onset of
commercialization. The initial commercial process started with high-pressure
Bridgman-grown detector-grade CZT material [18, 19]. Around the same time in
1990, Triboulet et al. [20] demonstrated the growth of CdTe and ZnTe by cold
traveling heater method (CTHM), and in 1994 the same group successfully grew
CZT by the CTHM technique. In the later years CTHM became commonly known as
the traveling heater method (THM). The THM technique uses the growth of the
material from a Te-rich solution, which allows the ingots to grow well below its
melting point. The THM technique offers several advantages as compared to melt-
grown techniques. Because of the lower temperature growth, the ingots possess less
defects and thermal stress. The investigators also confirmed that THM-grown ingots
show better axial and radial compositional homogeneity with a higher purity as
compared to melt-grown ingots [21]. Based on the THM growth technique, Redlen
Technologies was founded in 1999 for commercial production of detector-grade
CZT. As a consequence of the advantages and successes of the newly invented
technique, other companies began using THM to produce detector-grade CZT
materials. Over time the THM technique has proven to be the most viable technique
to grow CdTe and CZT commercially, and very-large-diameter ingots up to 10 cm
can be produced [22]. Despite the intense research for the last three decades, CZT
still possesses several shortcomings that severely limit the widespread deployment,
especially for large-volume detectors. Although these shortcomings have been very
difficult to fully resolve, the quality of CZT material has improved considerably
since its early years, and the production cost has steadily decreased. The presence of
high concentrations of sub-grain boundary networks and Te inclusions remains as a
long-standing issue associated with CZT material. These defects act as the charge
trapping and recombination centers and severely affect the uniformity of the charge-
transport characteristics of the material resulting in limitations on the thickness of
high-performing detectors. Incremental increases in performance have been demon-
strated as the size and concentration of Te inclusions have decreased through
modifications in the growth and post-processing conditions. In addition to these
extended structural defects, CZT suffers heavily from axial and radial compositional
inhomogeneity due to the non-unity segregation of Zn in the CdTe matrix [23]. The
compositional nonuniformity affects the overall yield of detector-grade material
from the grown ingot. In addition the compositional gradient is known to impose
considerable strain in the CZT ingot [6, 24]. This chapter discusses the sub-grain
boundary networks in CZT and their effect on device performance. One effective
way to mitigate such defects is by adding selenium into the CZT matrix, which can
increase the yield of high-quality detector-grade material from a grown ingot by
reducing the large-scale variations in the alloy composition.
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2 Sub-grain Boundaries and Their Networks in CZT

Unlike conventional elemental semiconductors such as Si and Ge, various structural
defects are present in CZT, which adversely affect the charge-transport characteris-
tics of the material and the performance of fabricated devices. Sub-grain boundaries
and their networks and Te inclusions are the most prominent extended defects in
CZT, and they are the main defects responsible for compromising the detector
performance and lowering the yield of high-quality detector-grade material from a
given ingot. The broadening of photo-peaks in detectors is often attributed to the
presence of sub-grain boundaries and their networks and Te inclusions, although
point defects and leakage current can be problematic as well. Sub-grain boundaries
are in principle dislocation walls, where the dislocations are arranged along the
boundary walls [25, 26]. In most cases, these sub-grain boundaries and dislocation
walls are arranged in cellular structures because of polygonalization [27] and are
highly decorated in CZT material. The configuration of dislocation walls is typically
called the sub-grain boundary network. These dislocations are visible after prefer-
ential etching of polished surfaces. The sub-grain boundary networks can also be
observed by X-ray topographic images, preferably in reflection mode. Figure 1a

Fig. 1 Sub-grain boundaries and prismatic dislocations, usually generated around Te inclusions
after post-growth annealing, are apparent on the surface of a 9 � 3 mm2 area of the crystal treated
with the Nakagawa etching technique (top) and with X-ray diffraction topography (bottom). The
circles denote the prismatic dislocation defects seen in both images (taken from A. Bolotnikov et al.,
Ref. [25])
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shows a preferentially etched CZT sample surface with dimensions of 9 � 3 mm2

and the corresponding X-ray topographic image (Fig. 1b). The dark lines (Fig. 1a), in
the cellular structure are arrangements of dislocations along the sub-grain boundary
in the CZT sample. The density of sub-grain boundaries is particularly high for this
sample. The dark spots in the ellipses denoted in Fig. 1a are commonly known as
punching defects, which form on sites of Te inclusions that have been removed by
post-growth annealing process. The X-ray topographic image of the same sample
also shows the presence of sub-grain boundaries and their network with the appear-
ance of dark and bright lines. The punching defects appear as white spots on the
X-ray topographic images as highlighted inside the ellipses. As depicted in Fig. 1,
the sub-grain boundary networks are often found to be randomly distributed in the
CZT matrix, and the sub-grain boundaries are also known to be decorated with Te
inclusions [25, 28]. The sub-grain boundaries are invisible through infrared
(IR) transmission microscopy. Since Te inclusions are opaque in the infrared
wavelength range, sub-grain boundaries and their networks can often be tracked
through the decoration of Te inclusions seen in IR transmission images [25, 28]. The
sub-grain boundary network was also observed by bright-field transmission electron
microscopy (TEM) by Zeng et al. [28]; they also confirmed the decoration of
sub-grain boundaries by Te precipitates as shown in Fig. 2. The sub-grain bound-
aries and their networks are possibly the most concerning defects in CZT material
among those affecting the detector performance. The sub-grain boundaries and their
networks were found to be present in CZT samples irrespective of growth tech-
niques. Bolotnikov et al. [25] reported the presence of sub-grain boundaries and their

Fig. 2 Sub-grain boundary networks and their Te precipitates. (a) Bright-field image of sub-grain
boundary networks and (b) agglomerated Te precipitates present along sub-grain boundary net-
works (taken from D. Zeng et al., Ref. [28])

CdZnTeSe: A Promising Material for Radiation Detector Applications 169



networks in CZT samples by X-ray topographic measurements produced from seven
different vendors across the globe. The dislocations and their networks are known to
introduce during growth/solidification and subsequent cooling process due to ther-
mal stress related to the inherent poor thermophysical properties of CdTe/CZT.
Moreover, the energy of creation of dislocations and stacking faults is inversely
proportional to the ionicity [6]. This makes the highly ionic II-VI crystal lattice very
sensitive to any strain and prone to introduction of stress-related defects. Thus, the
drastic improvement of CdTe/CZT material is limited due to its inherent poor
thermophysical properties. The sub-grain boundaries and their network cannot be
removed by post-growth annealing; however, eliminating the Te inclusions from the
CZT matrix by post-growth annealing is a common practice in CZT detector
manufacturing process. Unfortunately, the process is known to produce large starlike
defects (punching defects) at the locations of relatively large Te inclusions in post-
annealed samples. The starlike defects are invisible in an IR transmission measure-
ment, but they are detectable by charge collection mapping, preferential etching, and
X-ray topographic experiments. Depending on their concentration and size, these
starlike defects can severely hamper the charge-transport properties [29] and the
device performance [30]. Furthermore, Te inclusions are known to be surrounded by
a dense field of dislocations, and those remain even after removing the inclusions by
thermal annealing [27]. Because of the high concentrations of defects at the dislo-
cation walls, sub-grain boundaries are prone to accumulate impurities [25] in
addition to the Te inclusions. In addition to the dislocations itself, all these impurities
and the Te inclusions are responsible for creating charge-trapping centers at different
binding energies within the bandgap of the material. It has been observed that the
dislocations introduced by deformation of CZT produce a trap state at an energy of
~0.27 eV [31]. Te inclusions are reported to introduce a trap level at 1.1 eV above the
valence band [32]. Impurities are responsible for shallow and/or deep trap states
depending on their position in the energy gap and the Fermi level. For example, the
impurities from group III produce shallow levels and the transition elements are
accountable for deep states. Most of these defects act as electron-trapping centers
and can severely hamper the charge-transport characteristics of the material
depending on their concentration and electron capture cross sect [26, 27, 33]. Carini
et al. [33] demonstrated direct evidence of the charge loss due to the presence of Te
inclusions. The mobility-lifetime product for electrons [(μτ)e] in CZT can vary over
a larger range of (0.2–20) � 10�3 cm2/V for the regions with Te inclusions
compared to the clear regions that are relatively free from large inclusions
[33]. This indicates that the random distribution of these localized defects in CZT
matrix imposes severe spatial charge-transport inhomogeneity, which eventually
broadens the photo-peaks and degrades the detector performance.

The spatial variation of charge-transport characteristics was evaluated by high-
spatial-resolution X-ray response mapping with a spatial resolution of better than
10μm [33, 34]. The experiments were conducted using collimated synchrotron light
source of beam size ~10 � 10μm2. Planar CZT detectors were raster scanned across
the whole area with a step size of a few microns, and the detector response was
registered at each point of interaction for an incident low-energy X-ray beam with an
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energy of 7–40 keV. The pulse height (i.e., the channel numbers at each point) was
then mapped over the whole area of the sample. The schematic of the experimental
setup is shown in Fig. 3. The experimental setup and procedure are detailed
elsewhere [33, 34] as reported by Carini et al. [33] and Camarda et al. [34]. Charge
loss or incomplete charge collection due to the localized defects such as Te inclu-
sions and sub-grain boundaries and their networks were also reported to be depen-
dent on the applied bias, as was demonstrated by Camarda et al. [34]. Figure 4a
shows IR image of etched surface of a typical CZT sample revealing different defects
such as dislocation walls, sub-grain boundaries, and star-shaped defects. The
corresponding X-ray response map of the planar detector fabricated with the same
sample of dimensions 12 mm3 � 5 mm3 � 5 mm3 is shown in Fig. 4b under an
applied bias of 500 V using a 30 keV energy synchrotron beam. Nonuniform charge
collection was observed throughout the entire area. The bright area corresponds to
higher charge collection efficiency, while the grey or dark areas are associated with
reduced charge collection due to the presence of localized defects. The appearance of
dark lines in Fig. 4b shows the presence of sub-grain boundaries (dislocation walls)
as a result of incomplete charge collection at the boundary walls. Severe charge loss
is also evident for the star-shaped defects as shown in Fig. 4b. Fairly good correla-
tion between the regions of low charge collection and the locations of defects in the
crystal displayed in Fig. 4a and b was observed [35].
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Fig. 3 Block diagram of the X-ray response mapping system (taken from G. A. Carini et al., Ref.
[33])
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Different pulse heights are produced at different locations of the detector sample
due to the random distribution of extended defects, which smears the resulting
photo-peak of the detector after integrating detector responses over the entire active
volume. The performance degradation becomes more prominent with increased
thickness. Thus, the spatial homogeneity of charge-transport characteristics in detec-
tor material is critically important in achieving high-quality detectors and maximiz-
ing their yield. Apart from spatial charge-collection uniformity, high-quality detector
material also demands spatial homogeneity of radiation-induced charge generation,
and the presence of extended defects and other bandgap variations also adversely
affects such uniformity. The effect of sub-grain boundaries on the performance of
Frisch grid detectors was very prominent as compared to two different detector
samples of the same dimensions [25]. Both the detectors showed the presence of a
high density of sub-grain boundary networks, while the sample containing a greater
number of major sub-grain boundaries displayed larger broadening of the photo-
peaks and low-energy continuum [25]. The presence of sub-grain boundaries/dislo-
cation walls in CdTe family entails a serious issue for medical imaging applications
as well. Buis et al. [36] demonstrated that the image of a cowry shell taken with
CdTe-pixelated detector contained various lines corresponding to dislocation walls
and sub-grain boundaries. The defects had to be eliminated after the flat-field
correction. It is thus necessary to develop material free from large Te inclusions
and sub-grain boundary networks to avoid the need for charge-loss correction
schemes, which impact measurement time, power consumption, and cost-
effectiveness. Moreover, material free from the secondary phase and sub-grain

Fig. 4 (a) IR image of etched surface of a CZT sample and (b) raster-scanned image of X-ray
response map of the same CZT sample. Sample dimensions: 12 mm3 � 5 mm3 � 5 mm3 (taken
from A. Hossain et al., Ref. [35])
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boundary networks drastically enhances the yield of high-quality detectors which
can potentially lead to a substantial cost reduction.

3 Effects of Se Addition to the CdZnTe Matrix

Most II-VI compounds are prone to strain and extended defects in as-grown ingots
due to their high ionicity. Due to the high ionicity of CdTe at 0.55 [6], it is not
surprising that CdTe ingots show the presence of sub-grain boundaries and their
networks and residual strain. The ionicity is inversely proportional to the energy of
creation for dislocations and for stacking faults [6]. Higher ionicity and poor
thermophysical properties of CdTe limit the improvement of the material quality
and make it difficult to grow large-volume high-quality crystals with less defects. In
addition to the growth-related defects, CdTe also suffers from a lower bandgap,
which hinders achieving high-resistivity material on the order of >1010 Ω-cm. The
ternary material CZT came up as the consequence of the desire to improve the
properties of CdTe. Adding Zn in CdTe matrix offered several advantages for
different applications. For example, adding Zn in CdTe provides better lattice-
matching substrates to HgCdTe epilayers for IR or night-vision applications. For
detector applications, the bandgap is enhanced to help satisfy the required resistivity
of over 1010 Ω-cm for making low-noise nuclear detectors with improved perfor-
mance. The most beneficial reason for adding Zn in CdTe is the higher binding
energy of the Zn-Te bond and lower ionicity. Thus, the addition of Zn in CdTe was
reported to reduce the dislocation density and sub-grains and enhance the micro-
hardness due to the lattice-hardening effect of Zn [6, 37–39]. If we define CdTe as
the first-generation radiation detector material, then the ternary compound CZT is
the second-generation detector material. Although some lattice hardening was
observed after addition of Zn in the CdTe matrix, CZT still comprises a relatively
high density of sub-grain boundaries and their networks as discussed in the last
section, which affects the yield of high-quality detectors and limits the widespread
deployment of CZT especially for large-volume detectors.

Despite incremental improvements over the last three decades, it has been
extremely difficult to overcome the inherent poor thermophysical properties of
CdTe/CZT and grow large-volume crystals free from sub-grain boundaries and
their networks. To improve the crystallinity and increase the volume of defect-free
material, one approach has been to pursue isoelectronic doping as an effective means
for solid-solution hardening. The substrate community observed a profound reduc-
tion of sub-grain boundaries and their networks after doping CdTe by as low as 0.4%
(atomic) selenium, and they also showed that solid solution hardening with Se is
more effective than with Zn (see, for example, Refs. [7] and [40]). Later, the
advantage of Se doping was realized by adding it to the CZT matrix for substrate
applications [41]. At the early stage of CZT development in 1994, Fiederle et al. [42]
reported a better μτ product for electrons (4.2 � 10�4 cm2/V) and superior charge-
collection efficiency for Bridgman-grown CdTe0.9Se0.1 (CTS) crystals compared to
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CZT. In recent years the addition of selenium in the CdTe matrix was also shown to
greatly reduce the sub-grain boundaries and produce crystals free from sub-grain
boundary networks, plus a reduction in the concentration of Te-rich secondary
phases and an improvement in the compositional uniformity [43–45].

White beam X-ray diffraction topography (WBXDT), especially in the reflection
mode, is very sensitive in revealing the presence of sub-grain boundaries and their
networks. The technique is also sensitive to localized strain present in the crystal.
The localized strain results in lattice distortion, which consequently deforms the
topographic image. In general, X-ray topographic images in the reflection mode
reveal the presence of sub-grain boundaries as the appearance of white and dark lines
based on the tilt angle of adjacent sub-grains. The white and dark lines appear due to
the separated and overlapping diffracted images of adjacent sub-grains, respectively,
subject to the angle of the adjacent sub-grains.

The experimental procedure for WBXDT is rather simple. An intense X-ray beam
with an energy range of 6–40 keV from a synchrotron light source reaches the
sample’s surface, commonly at a grazing incident angle of 4–5 degrees. The
diffracted images are recorded on high-resolution X-ray films. The schematic of
the setup is shown in Fig. 5.

Significant improvements of the microstructural properties regarding sub-grain
boundaries and their networks were demonstrated by adding selenium to the CdTe
matrix [6, 40]. They confirmed the resulting CdTeSe to be free from sub-grain
boundary networks by using preferential etching to reveal dislocations. Recently,
we also confirmed the efficacy of Se addition in CdTe matrix using X-ray topo-
graphic studies [45]. Figure 6a shows the results for a lapped wafer along the length
of a THM-grown CdTe0.9Se0.1 ingot. The arrow indicates the growth direction. The
left end is ~1.5 cm from the tip, and the right end is ~1.5 cm from the top of the ingot.
The occurrence of a few twins in the material is evident from this figure. The wafer
contains two large grains indicated as (a) and (b), as shown in Fig. 6a. The X-ray
topographic investigation was carried out for these two large grains. The topographic
experiments were carried out on a mirror-finished polished surface followed by
etching in a bromine-methanol solution. X-ray topography, especially in the reflec-
tion mode, is very sensitive to the surface preparation. Care was taken to remove
surface damage from the polishing process by etching the polished samples prior to
the experiments. The X-ray diffraction topographic images of the grains “a” and “b”

Fig. 5 Schematic of the
X-ray diffraction
topographic experimental
setup in the reflection mode
(taken from U.N. Roy et al.,
Ref. [45])
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as indicated in Fig. 6a are shown in Fig. 6b and c, respectively. As shown in Fig. 6b,
the ingot surface touching the ampoule wall shows little or no deformation in the
topographic image indicating that the contact is relatively stress free. A slight
deformation on the ingot surface touching the ampoule wall is evident from
Fig. 6c depicting a small amount of stress-induced lattice deformation. Ampoule
walls very commonly introduce strain in melt-grown ingots, especially in CdTe-
based compounds [46]. Severe lattice distortions, as observed by the streaky nature
of the X-ray topographic images near the periphery of the wafers, were also observed
for contactless vapor-grown CdTe and CZT [47, 48]. The distortion near the
periphery for the contactless wafer was however reported to be due to possible
turbulence in the vapor flow around the periphery of the grown ingot [48]. Due to
their inherent structure, twins are very straight in nature. Thus, twins are a good
reference frame to observe the presence of any residual stress present in the crystal.
Any stress present in the crystal results in localized lattice distortion; hence the twins
in the topographic image would be deformed. As shown in Fig. 6b, the topographic
image shows the presence of twinning almost diagonally across the entire grain,
which is very straight. The appearance of the straight twins in the X-ray topographic
image indicates that the entire grain is practically strain free. A similar straight
appearance of straight twin lamellae is also evident on the left upper part of the
grain “b” as shown in Fig. 6c. No sub-grain boundary was detected in the X-ray
topographic image of the grain “b” as shown in Fig. 6b, while few sub-grain
boundaries are evident near the lower middle part of the grain “b.” These
sub-grain boundaries are shown in Fig. 6c as the appearance of white and dark
lines in the topographic image. However, no cellular structure, viz. sub-grain
boundary networks, was observed in any part of the ingot, which agrees well with
earlier results demonstrated back in the mid-1990s [6, 29]. The addition of selenium
in the CdTe matrix proved to be an effective solution-hardening element in produc-
ing ingots free from sub-grain boundary networks and with greatly reduced residual
thermal stress.

Despite profound improvement of the quality, the material does not qualify for
radiation detector applications, especially for uses demanding high detection effi-
ciency where lower leakage currents are required. Although the bandgap of CdSe is
higher than CdTe, the bandgap of the ternary decreases with Se concentration up to a

(a) (b) (c)

Fig. 6 (a) The wafer cut along the length from the central part of the THM-grown CdTe0.9Se0.1
ingot. The arrow shows the growth direction. (b) X-ray diffraction topographic image of the grains
“a” and (c) “b” of the CTS sample (taken from U.N. Roy et al., Ref. [45])
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concentration of ~40% [49]. The bowing of the bandgap with Se concentration was
ascribed to a compositional disorder effect [49]. Thus, the bandgap of the ternary
turns out to be lower than that for CdTe, which restricts the material from attaining
the requisite electrical resistivity for room-temperature operation. To achieve the
advantages of selenium and also obtain a larger bandgap than CTS, we pursued a
quaternary compound by adding selenium to Cd0.9Zn0.1Te. Different compositions
were evaluated with varying selenium concentrations from 1.5% to 7% (atomic)
while keeping the concentration of zinc constant at the value of 10% (atomic). For all
the tested concentrations, the resulting CZTS ingots were found to be free from a
sub-grain boundary network. Figure 7 shows an optical photograph of a grain (left)
from a 2-in. Cd0.9Zn0.1Te0.93Se0.07 wafer cut perpendicular to the growth axis for an
ingot grown by the THM, and the corresponding X-ray topographic image of the
same grain shown on the right side of the photograph [50]. In order to evaluate the
effectiveness of selenium as a solution-hardening agent, the ingot was naturally
cooled to room temperature after the completion of growth to force introduction of
thermal stress. It is to be noted that no lattice distortion was observed near the
periphery of the wafer touching the ampoule wall, as indicated by the blue arrow,
depicting the absence of any stress introduced from the ampoule wall. This obser-
vation agrees well with prior measurements for CTS ingots. However, slight lattice
distortion was indeed observed at the wall contact of the CTS ingots, while in case
of CZTS, we did not observe any lattice distortion in the X-ray topographic image of
the wafer touching the ampoule wall. This observation suggests that the presence of
Se and Zn is more effective in arresting the introduction of thermal stress than
compared to individually doped Se or Zn in CdTe ingots. Furthermore, the
undistorted twins in the X-ray topographic image, as indicated by the green arrows
in Fig. 7, provide evidence that the material is free from any thermal stress. The
undistorted grain boundaries of the X-ray topographic image also corroborate the
effectiveness of selenium as an effective solid solution-hardening element in CZT
matrix. The material was observed to be free from sub-grain boundary networks with
the presence of very few sub-grain boundaries as illustrated in Fig. 7, albeit the ingot
was cooled at a faster rate.

To counter the large thermal stress associated with the higher temperature growth
process, similar studies were also carried out with melt-grown CZTS ingots with the

Fig. 7 Optical photograph
of the grain (left) and the
corresponding X-ray
topographic image of the
grain (taken from U.N. Roy
et al., Ref. [50])
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same composition. Very large thermal stress is known to get introduced during the
growth and cooling processes of melt-grown ingots by the Bridgman method as
compared to the THM. We recently reported an X-ray topographic study of vertical
Bridgman-grown Cd0.9Zn0.1Te0.93Se0.07 ingot with a diameter of 4 cm [51]. Figure 8
shows the photograph of lapped wafers cut perpendicular to the ~11-cm-long
Cd0.9Zn0.1Te0.93Se0.07 ingot with a diameter of 4 cm grown by the vertical Bridgman
technique [51]. As is evident from Fig. 8, the ingot is composed of two monocrystals
with one very large grain except for the conical part of the ingot. A few twins are
visible near the conical part of the ingot, and most of the ingot is twin free. As
mentioned earlier, all the X-ray topographic diffraction experiments were carried out
on mirror-finished surfaces followed by bromine-methanol etching. X-ray topo-
graphic analyses were carried out for three different wafers taken from top, middle,
and bottom (~1.5 cm above the conical part) parts of the ingot. The very top of the
Bridgman-grown ingot undergoes the maximum thermal stress since this part of the
ingot remained at the highest temperature for the longest amount of time during
growth as well as during the subsequent cooling process.

The ingot was cooled to room temperature at the rate of ~4 �C/h after the
completion of the growth process. Figure 9 shows the wafer cut from the top of
the ingot and the associated X-ray topographic images. Figure 9a shows the top
surface of the ingot. The top of the ingot was barely lapped to a flat surface in order
to investigate the X-ray topographic characteristics of the topmost part of the ingot.
The X-ray topographic image of the region “a” denoted by the white rectangle in
Fig. 9a shows slight lattice distortion near the periphery of the wafer (i.e., the region
touching the ampoule wall). The streaky nature of the X-ray topographic image (for
grain “b”) for the region contacting the ampoule wall illustrates the presence of high
lattice distortion. Note that the shape of the grain “b” in the topographic image is
undistorted depicting the absence of overall thermal stress in the wafer. Figure 9b
shows the opposite face of the top wafer of thickness of ~6.3 mm; the X-ray
topographic image of the portion indicated as a rectangle “a” is also shown. One

Fig. 8 Optical photograph of the wafers cut perpendicular to the ingot axis (taken from U.N. Roy
et al., Ref. [51])
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outstanding feature of the X-ray topographic image is the absence of any lattice
distortion on the periphery of the wafer. Even for the portion near the top of the
ingot, very few sub-grain boundaries were evident from the topographic image, and
no sub-grain boundary network was seen. As expected, the X-ray topographic
analyses for the wafers from the middle and the lower parts of the ingot also showed
the absence of significant lattice distortion, hence lower thermal stress along the
periphery of the wafers for those regions in touch with the ampoule wall. The optical
photograph and their corresponding X-ray topographic images are shown in Figs. 10
and 11, respectively. The overall undistorted topographic image also exemplifies the
absence of thermal stress in the crystal. Very few sub-grain boundaries were
observed for all the wafers from different parts of the ingot. The straight nature of
the twin in the topographic image shown in Fig. 11 also indicates that the wafer is

(a) (b)

Sub-grain boundaries

a a

b
Scratches

Sub-grain boudnaries

Fig. 9 (a) Photograph of the 4-cm-diameter Cd0.9Zn0.1Te0.93Se0.07 lapped wafer cut from the very
top of the ingot, and the X-ray topographic images of the region denoted by the white rectangle and
the grain on the right side of the wafer. (b) Photograph of the bottom part of the wafer and the
corresponding X-ray topographic image of the region denoted by the white rectangle (the white
rectangles and the corresponding X-ray topographic images are not to scale). Thickness of the
wafer: 6.3 mm (taken from U.N. Roy et al., Ref. [51])

Fig. 10 Photograph of the 4-cm-diameter Cd0.9Zn0.1Te0.93Se0.07 lapped wafer cut near the middle
of the ingot and the X-ray topographic image of the region denoted by the white rectangle (the white
rectangle and the corresponding X-ray topographic images are not to scale) (taken from U.N. Roy
et al., Ref. [51])
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stress free. The defect indicated inside the blue ellipse in the topographic image
(Fig. 11) is possibly a sub-grain boundary in a closed loop.

The circular nature of the periphery of the wafers, undeformed grain boundaries,
and straight nature of the twins in the topographic images imply the absence of
overall thermal stress in the wafers as well as the ingots. The features were found to
be similar for both THM and Bridgman-grown CZTS ingots. The addition of
selenium in the CZT matrix thus proved to be an effective solution-hardening
element in arresting the formation of sub-grain boundaries and their networks. It is
thus evident that the addition of selenium in CdZnTe successfully resolves persistent
unsolved issues associated with difficulties encountered in the CZT crystal growth
and provides significant material improvements of importance for radiation-
detection applications.

In conclusion selenium was found to play a significant role in improving the
material quality of CZT. The microhardness of the new quaternary compound CZTS
was observed to be significantly higher [52] as compared to CdTe and CZT. The
compositional homogeneity was also greatly enhanced in CTS and CZTS as com-
pared to CZT [43, 50, 53]. The concentrations of the secondary phases, viz. Te
inclusions, were also observed to be greatly reduced after adding selenium to the
CdTe and the CZT matrix [44, 50, 53, 54]. The reduced performance-limiting
defects and enhanced compositional homogeneity ensure higher spatial charge-
transport homogeneity in CZTS material resulting in increased yield of high-quality
detectors. The achieved energy resolution of Frisch-grid detectors fabricated from
as-grown CZTS ingots at 662 keV was in the range of 1 � 0.1% [52, 53]. CZTS is
thus found to be a very promising material with tremendous potential to replace CZT
due to a better yield of high-quality detector material and a reduced cost of produc-
tion. Due to the multifaceted advantages, CZTS has attracted quick attention from
the commercial sector for medical imaging applications. Very recently Yakimov
et al. [55] reported superior detector quality as compared to conventional CZT for the
intensity of high-flux X-rays expected in many medical imaging applications. Thus,

Fig. 11 Photograph of the 4-cm-diameter Cd0.9Zn0.1Te0.93Se0.07 lapped wafer cut from the bottom
of the ingot and the X-ray topographic image of the region denoted by the white rectangle (the white
rectangle and the corresponding X-ray topographic images are not to scale) (taken from U.N. Roy
et al., Ref. [51])
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considering the overall superior material properties and homogeneity of CZTS, the
material shows the potential to supersede CZT in the future, particularly as the purity
of the Se is further increased.
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Radiation Detection Using n-Type 4H-SiC
Epitaxial Layer Surface Barrier Detectors

Sandeep K. Chaudhuri and Krishna C. Mandal

Abstract While CdZnTe (CZT) is one of the best materials for room-temperature
radiation detection, they are not quite suitable for high-temperature or harsh-
environment applications. This chapter discusses the fabrication and characterization
of high-resolution 4H-SiC epitaxial detectors, which are appropriate for use in harsh
environments like high temperature, chemically reactive and corrosive environ-
ments, and most importantly high-dose nuclear radiation environments. Schottky
barrier diodes on thin (�20 μm) 4H-SiC epitaxial layer detectors have been found to
be a very promising device for charged particle detection at room and elevated
temperatures. While such thin epitaxial layers are sufficient to stop energetic charged
particle like alpha particles, highly penetrating radiations such as X- and γ-rays need
thicker epitaxial layers to enable substantial photon absorption. This chapter dis-
cusses the fabrication of Schottky barrier radiation detectors in n-type 4H-SiC
epitaxial layers with different thicknesses (20, 50, and 150 μm); their characteriza-
tion in terms of alpha, X-rays, and γ-detection; and evaluation of the factors like
deep-level defects which regulate their performance as radiation detectors.

1 Introduction

While CZT-based detectors are still the best choice as far as room-temperature
detection of energetic gamma rays is concerned, their high-temperature operations
are limited. They are reported to operate satisfactorily up to temperatures of 70 �C
[1, 2]. CZT detectors also lack the potential to withstand other harsh conditions like
mechanical stresses, high radiation field, and chemically reactive and corrosive
environments. Silicon carbide (SiC) is a semiconducting material that is known for
its wide bandgap, hence high-temperature operability [3], mechanical hardness, and
chemical inertness [4–7]. Silicon carbide has an extremely high melting point, which
is unachievable under laboratory conditions and directly sublimes at around
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2700 �C. Among 250 other well-known polytypes of SiC, 4H-SiC is superior as a
detector material owing to its wide bandgap of 3.27 eV [5–7], smaller anisotropic
conductivity [8], and smaller electron effective mass, or higher mobility [9]. 4H-SiC
is known for its radiation hardness which is due to the very high average displace-
ment threshold energy of the constituent elements (19 eV for C sublattice and 42 eV
for Si sublattice) [10] in the 4H-SiC matrix and has been reported to withstand
radiation doses up to 22 MGy [11]. However, the performance of bulk 4H-SiC-based
sensors as radiation detectors is limited due to the presence of defects and impurities
in the as-grown crystals. Substantial carrier trapping in deep levels results in
polarization which degrades the detector performance and limits its applicability
over short period only. Further, recombination or generation of charge carriers
in/from the defect centers results in poor efficiency, energy, and timing
resolution [12].

The desired crystallinity for high-resolution detector fabrication can nevertheless
be obtained using epitaxially grown SiC layers [13–16]. Availability of high-quality
4H-SiC epitaxial layers has further enhanced the possibility of fabrication of nuclear
radiation detectors which are compact, operable at room or elevated temperature,
physically rugged, and radiation hard. In particular, Schottky barrier diodes (SBD)
fabricated on 4H-SiC detectors have demonstrated themselves as high-resolution
alpha-ray detectors [13–15]. 4H-SiC SBDs are thus operable at harsh environments
like NASA space missions, nuclear core reactors, and accelerator environments, and
in laser-generated plasma environments such as facilities for high-energy particle
generation [17–27]. SBDs with very high average surface barrier heights (SBH) and
diode ideality factors close to unity for large-area detectors can be readily fabricated
on n-type 4H-SiC epitaxial layers just by depositing a thin layer of metal like nickel
(Ni). Ni metal with a thickness of few nanometers serves as nearly transparent
window for charged particles like alpha. Due to low atomic numbers of Si and C,
thin 4H-SiC epitaxial layers are fairly transparent to gamma rays and hence are very
suitable for neutron detection when coupled with neutron-alpha conversion layers
[16, 28]. 4H-SiC has large hole diffusion lengths and due to high achievable built-in
potential (greater than 1.15 eV) [17], these SBDs can be used as self-biased detectors
[29], which is a sought-after quality for field deployment of standoff detection
systems for homeland security purposes.

Apart from charged particle detection, 4H-SiC has been reported to be highly
sensitive to soft X-rays of energy up to 50 eV and has achieved high energy
resolution of 2.1% for 59.6 keV gamma rays [13, 30, 31]. Bulk semi-insulating
4H-SiC could have been a better choice in terms of absorption of highly penetrating
gamma rays but, as has been mentioned previously, the presently available crystal
quality is inadequate for radiation detection. Epitaxial 4H-SiC layers, on the other
hand, can be grown as highly crystalline detector-grade semiconductor material.
Radiation detectors with thicker epitaxial layers are being reported offering better
x/γ-photon and neutron absorption [20, 24]. Mere production of SBDs on thicker
epitaxial layers will not suffice the purpose of efficient detection of highly penetrat-
ing radiation unless the SBDs are fully depleted with widths equaling the epilayer
thickness. Full depletion width requires high operating bias conditions where the
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leakage currents could be too high to maintain low noise conditions. Recently
Puglisi and Bertuccio have reported the fabrication of fully depleted position-
sensitive microstrip X-ray detectors on 124 μm thick epitaxial 4H-SiC [20]. In this
chapter we report alpha detectors fabricated on epitaxially grown 4H-SiC layers with
thickness up to 150 μm and electrode area as large as 0.11 cm2. The 8 � 8 cm2

detector wafers were cut from parent wafers of diameter 100 mm.
The performance of the epitaxial layer detectors, like most other semiconductor

detectors, is mostly controlled by the extent to which defect-free crystals are grown.
The devices that are discussed in this chapter are homoepitaxial devices, meaning
4H-SiC epilayers were grown on 4H-SiC substrates. The substrates, generally grown
by sublimation technique, usually contain structural defects in huge concentration.
Extrinsic point defects like substitutional nitrogen centers (N(c) and N(h)), substi-
tutional titanium centers (Ti(c) and Ti(h)), and chlorine impurities (Ci1) and intrinsic
defects like Z1/2, EH5, EH6, and EH7 are prevalent in nitrogen-doped n-type 4H-SiC
polytype. The intrinsic defects mentioned above are mostly related to carbon vacan-
cies or carbon clusters or antisites related to carbon and silicon. While the point
defects are practically unavoidable and are mostly responsible for the charge carrier
trapping, extended structural defects such as micropipes are detrimental to proper
functioning of the detector as well. Micropipes [32] are hollow-core threading screw
dislocations (TSDs) which are known to induce device failures and reliability issues
[33, 34]. TSDs are one of the three structural defects which preexist in the 4H-SiC
substrate and can propagate to the epitaxial layers. Micropipes can also dissociate at
the substrate-epilayer interface to multiple closed-core TSDs which are believed to
be responsible for the premature breakdown in 4H-SiC-based power devices
[35]. The other two defect categories which propagate from the substrate to the
epitaxial layer are threading edge dislocations (TEDs) and basal plane dislocations
(BPDs). TEDs are believed to be benign in comparison to TSDs and BPDs
[34]. BPDs normally transform into benign TEDs during epitaxial layer growth
but can also propagate through and can cause Vf drift in bipolar devices [36]. With
the substantial reduction in the micropipe density (less than 1 cm�2), the perfor-
mance of the 4H-SiC detectors reported in this work is expected to be mostly limited
by the presence of deep-level point defects which can act as potential trapping and
recombination centers [37–40].

To summarize this chapter, the primary factors, which have to be taken into
consideration for the fabrication of high-energy-resolution and high-efficiency
4H-SiC epitaxial radiation detectors, are discussed at length. The primary factors
include the following: (1) minimizing the scattering of the incident radiation at the
detector entrance window, (2) ensuring efficient stopping of the incident radiation
within the effective volume of the detector (depletion region in the case of Schottky
barrier detectors), (3) studying the presence and effect of macro- and microstructural
defects in the detector material that limits the charge carrier mobility and lifetime,
(4) minimizing the detector leakage current by achieving a high-quality Schottky
barrier, and finally (5) appropriate selection of the front-end and filter electronics for
minimizing the electronic noise. This chapter discusses how to address the
abovementioned aspects to achieve the goal of fabrication of high-resolution
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radiation detection. The fabrication and characterization of high-resolution n-type
4H-SiC epitaxial layer detectors and the nature of point defects that can affect the
performance of these devices have been discussed at length. Deep-level transient
spectroscopy (DLTS) in capacitance mode has been used to study the electron-
trapping centers by calculating their locations within the bandgap, their concentra-
tion, and capture cross sections. Results from 4H-SiC-based SBDs with three
different epitaxial layer thicknesses, viz. 20, 50, and 150 μm, have been presented.
While 20 μm and 50 μm 4H-SiC SBDs have exhibited high-resolution charged
particle detection when fully depleted, the 150 μm thick epilayers, which have the
potential of efficient and high X-ray and gamma-ray detection if fully depleted, were
found to achieve full-depletion width at very high operating bias conditions.

2 High-Resolution Radiation Detection Using 4H-SiC
Epitaxial Layer Detector

The idea to use 4H-SiC as radiation detectors was pioneered by Babcock and Chang
[41]. Further works which advanced the detector as high-resolution charge particle
detector are as follows. Ruddy et al. [42] reported a percentage energy resolution of
5.8% and 6.6% for a deposited energy of 294 keV and 260 keV alpha particles,
respectively. It can be noted that the authors used a collimated 238Pu source and
circular diode contacts of 200 and 400 μm. Later on, Ruddy et al. also reported [43]
an energy resolution of 5.7% for a deposited energy of 89.5 keV alpha particles from
a 100 μm collimated 148Gd source in similar detectors with comparatively larger
Schottky contact diameter of 2.5, 3.5, 4.5, 6.0, and 10 μm thick 4H-SiC epitaxial
layers. In another work [15], Ruddy et al. reported an energy resolution close to
46 keV (~0.8%) for alpha particles from a 238Pu source and 41.5 keV (~1.3%) for
alpha particles from a 148Gd source for devices with aluminum guard ring. Ivanov
et al. [29] reported an energy resolution of 20 keV (~0.4%) in the energy range of
5.4–5.5 MeV. In yet another work, Ruddy et al. [44] reported an energy resolution of
20.6 keV (~0.4%) for 238Pu alpha particles. Our group has reported an energy
resolution of 2.7% and 0.29% for 5486 keV alpha particles in 50 μm [45] and 20
μm [14] thick n-type Ni/4H-SiC detectors, respectively.

The prospect of 4H-SiC epitaxial layer as a gamma-ray detector was investigated
by Bertuccio et al. [30] where they detected well-resolved Np L series X-rays (13.9
and 17.8 keV) from a 241Am radioisotope. Bertuccio et al. [22, 30], in a separate
work, has also investigated the possibility of high-resolution X-ray spectroscopy in a
wide temperature range, from room temperature up to 100 �C without any cooling
system. Bertuccio et al. summarized the advancement in X-ray detection until the
end of the last decade using SiC in one of their review works [46]. The beginning of
this decade has seen renewed interest of X-ray and low-energy gamma-ray detection
with the development of technology of high-quality thicker detector-grade epitaxial
layers. Terry et al. [47] have investigated the use of commercial off-the-self (COTS)
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4H-SiC photodiodes meant for UV detection as soft X-ray detectors but concluded
that the COTS devices were not suitable for X-ray spectrometry purpose. In a follow-
up work Mandal et al. [48] showed that Schottky barrier detectors fabricated out of
high-quality epitaxially grown 4H-SiC provided much higher sensitivity to soft
X-rays compared to that offered by the COTS 4H-SiC UV diode. Mandal et al. in
a later work [13] reported the performance of even better detectors with significantly
higher X-ray responsivity and an energy resolution of 2.1% for 59.6 keV gamma
rays. Radiation detectors with thicker epitaxial layers are being reported which will
offer better x/γ-photon absorption. Recently Puglisi and Bertuccio have reported the
fabrication of position-sensitive microstrip X-ray detectors on 124 μm thick epitaxial
4H-SiC [20]. We will present in this chapter the recent results from the SBDs
fabricated on 150 μm thick epitaxial 4H-SiC.

2.1 Detector Fabrication

4H-SiC epitaxial layers were grown on the (0001) Si face of a 350 μm thick 4H-SiC
substrates with a diameter of 100 mm with a thickness of up to 150 μm. The
substrates were 80 off-cut towards the 1120

� �
direction to facilitate step-controlled

epitaxial growth which in turn helps to reduce the surface defects [49]. A schematic
of the crystal faces and the direction convention has been explained in Fig. 1a.
Figure 1b illustrates the construction of the epilayer detector with the physical
dimensions. The 8 mm2 � 8 mm2 wafers were diced out from the parent wafers

Fig. 1 (a) Schematic showing the crystal planes and crystallographic directions in 4H-SiC
polytype. The dotted hexagon shows the off-cut plane in the substrates. (b) Illustration of the
construction of Ni/n-4H-SiC 50μm epitaxial layer detectors
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and cleaned following RCA wafer cleaning procedure [50]. The native oxide layers
were removed using concentrated hydrofluoric acid prior to contact deposition. The
1 μm thick buffer layer helps to reduce the propagation of the TSDs, TEDs, and
BPDs. The epilayer on the top is the active device layer on which 10–20 nm thick
circular (dia ~3.8 mm) nickel contacts were deposited using a quorum Q150T sputter
coater. Thin nickel contacts are necessary to reduce energy loss through the incident
radiation [51]. Thin Ni contacts formed SBDs with the depletion region extending to
the epilayer. A reverse bias condition was obtained when this contact (anode) was at
negative potential with respect to the thicker bottom Ni contact. The bottom contacts
(cathode) were square-shaped (6 mm � 6 mm) sputter-coated 100 nm thick nickel.
For establishing electrical connections with the metal contacts, the detectors were
mounted on printed circuit boards (PCB) with metal pad forming the cathode
connection. For the anode connection 25 μm thin gold wires were wire bonded
using conducting silver epoxy. The other end of the gold wire was attached to
another pad on the PCB forming the anode connection. Figure 2 shows the photo-
graph of a detector and the electrical connections. This chapter discusses character-
ization of SBDs fabricated on n-type 4H-SiC epitaxial layer of three different
epilayer thicknesses, viz. 20, 50, and 150 μm. The detectors will be referred to as
D20, D50, and D150, respectively.

2.2 Basic Characterization of the Epilayer Schottky Barrier
Detectors (SBDs)

The preliminary characterization of the SBDs is current-voltage (I-V) measurement
which allows to determine crucial interfacial and bulk parameters like the leakage
current, Schottky barrier height (SBH), and capacitance-voltage (C-V) measurement

Fig. 2 (a) A 4H-SiC epitaxial detector mounted on a PCB and wire bonded. (b) The detector
mounted inside the test box
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which allows to determine the effective doping concentration of the epilayer and the
built-in potential of the junction. Figure 3 shows the I-V characteristic of D20 and
D50. The highly asymmetric characteristic confirms the rectifying behavior of all the
devices. The SBDs behaved as reverse biased with a negative polarity bias on the
anode (circular nickel contact). The obtained leakage currents are listed in Table 1. It
could be noticed from Fig. 3 that leakage currents <1 nA were observed with an
applied reverse bias at which the SBDs were fully depleted. A leakage current below
1 nA ensures that the SBDs can be operated as a radiation detector when fully
depleted. The device D150 too showed a very low leakage current up to bias voltages
as high as 500 V. However, to achieve the full depletion at the given doping
concentration of 1.1 cm�3 � 1014 cm�3 (from C-V plots) a reverse bias voltage of
2300 V is necessary.

The forward I-V characteristic offers a lot of useful information when assumed to
follow established theoretical models. Using thermionic emission models of SBD
[52, 53] the variation of forward diode current IF as a function of forward bias VF can
be theoretically modeled as given in Eq. (1) below:

IF ¼ A��AT2e�qϕb0=kTe�qβVF=kT eqVF=kT � 1
n o

ð1Þ

where A�� is the effective Richardson constant (146 A cm2 K2 for 4H-SiC), A is the
effective contact area participating in current flow, T is the absolute junction
temperature, q is the electronic charge, ϕb0 is the zero bias barrier height, k is the
Boltzmann’s constant, and β ¼ ∂ϕb

∂VF
gives the variation of the barrier height ϕb with

bias voltage. The barrier height could vary with the forward bias due to any change
in voltage drop across the interfacial layer or due to change in image force with
applied bias. The factor β is related to the diode ideality factor n as 1=n ¼ 1� β. For
values of VF > 3kT/q, Eq. 1 can be modified as

IF ¼ A��AT2e�qϕb=kTe�qVF=nkT : ð2Þ

Fig. 3 I-V characteristics of the detectors (a) D20 and (b) D50. The detector D150 has a similar I-V
behavior as that of D50; hence it has not been shown. Inset shows the fitting of the forward
characteristics to a thermionic emission model
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Figure 4a shows the variation of the depletion capacitance of the detector D50 as
a function of reverse bias. It could be seen that the depletion capacitance decreased
with applied reverse bias which is expected as the depletion width increases with
increase in reverse bias. The Mott-Schottky plots (Fig. 4b) were fitted with a straight
line following the model provided in Eq. 3 to obtain Neff and Vbi. The effective
doping concentrations and the built-in potentials for the three detectors are listed in
Table 1 and it could be seen that the effective doping concentrations were
�2.4 � 1014 cm�3. The barrier heights calculated from the Mott-Schottky plots
and Eq. 4 were found to be higher than those obtained from the I-V measurements.
Barrier height obtained from the forward I-V characteristics is dominated by current
flow through the low Schottky barrier height locations in a Schottky diode with
spatially inhomogeneous barrier height, which results in lower SBH. C- V charac-
teristics, on the other hand, give an average value of the barrier height for the whole
diode area [55, 56].

The experimentally obtained I-V characteristics in the fabricated Ni/n-4H-SiC
diode were fitted according to Eq. 2. A straight-line fit (insets of Fig. 3) of the ln IF –
VF plot returned the barrier heights and the ideality factors listed in Table 1.

The information from the C � Vmeasurements was obtained as described below.
Considering that the metal contact and the substrate layer constitute a parallel plate
capacitor with the depletion layer as a dielectric medium, the variation of depletion
capacitance C as a function of reverse bias voltage could be written as

1
C2 ¼

2
qA2ε0ε4H�SiCNeff

V þ Vbið Þ: ð3Þ

Here, ε0 is the permittivity of free space, ε4H � SiC is the dielectric constant of
4H-SiC, Neff is the effective doping concentration in the depletion region, and Vbi is
the built-in potential. The SBH ϕb(C � V ) is calculated using the results obtained from
the Mott-Schottky ( 1

C2 vs V ) plots and the equation

Fig. 4 (a) Variation of junction capacitance as a function of reverse bias voltage (C-V) of D50
4H-SiC SBD. (b) Mott-Schottky plot corresponding to the C-V plot. The open circles are the
experimental data points and the solid line is the linear regression according to Eq. 3 where Nc is the
effective density of states in the conduction band of 4H-SiC and is taken equal to
1.6 � 1019 cm�3 [54]
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ϕb C�Vð Þ ¼ Vbi þ Vn, ð4Þ

where Vn is the potential difference between the Fermi-level energy and the con-
duction band edge in the neutral region of the semiconductor, given by

Vn ¼ kT ln
Nc

Neff
, ð5Þ

2.3 Crystalline Quality Evaluation of the Epitaxial Layer

The performance of a device obviously depends on the single crystallinity of the
epitaxial layer. XRD rocking curve measurement gives very accurate information on
the orientation of crystallographic planes. Preferential or defect-delineating etching
helps in exposing the sites around defects like dislocations, stacking faults, pre-
cipitates, and point defects. The width (FWHM) of the XRD rocking curve peak is a
measure of the crystalline quality. The lower the FWHM, the higher the crystalline
quality [57]. Molten KOH is well known for its preferential etching on the SiC
surface at defect sites [58]. Quality of the 4H-SiC epitaxial layers, used for detector
fabrication in this work, has been assessed using defect-delineating chemical etching
in molten KOH followed by XRD rocking curve measurements at the exposed defect
sites. For the reflection geometry used in our studies, FWHM of the rocking curve
can be calculated [58, 59] using the following equation:

FWHM ¼ 2reλ
2

πV sin 2θB
1ffiffiffi
γ

p Cj j ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
FhklF�h �k �l

p ð6Þ

where re is the classical electron radius; λ is the X-ray wavelength; V is the volume of
the unit cell; θB is the Bragg angle; γ ¼ cos (ψh)/ cos (ψ0) is the asymmetric ratio,
where ψh and ψ0 are the angles between the normal to the crystal surface directed
inside the crystal and the reflected and incident directions of X-ray waves, respec-
tively; C is the polarization factor (C ¼ 1 for σ polarization and C ¼ cos 2θB for π
polarization); and Fhkl is the structure factor with the modulus for (000l ) reflection in
4H-SiC (back-reflection geometry) given by the equation below [59]:

F000lj j ¼ 4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2Si þ f 2C þ 2 f Si f C cos 3πl=8ð Þ

q
ð7Þ

where fC and fSi are the atomic scattering factors of C and Si atoms, respectively. The
scattering factors were calculated using the nine-parameter equation given below
[59–61]:
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f ¼ cþ
X4
i¼1

ai exp �bi sin
2 θ=λð Þ� � ð8Þ

where ai, bi, and c are the atom-specific Cromer-Mann coefficients, which can be
found in [60–62]. The FWHM of the (0008) plane reflection was calculated using
Eqs. (6–8) and was found to be less than 2.7 arc s. Figure 5 shows the experimentally
obtained rocking curve for (0008) reflection on a 50 μm thick 4H-SiC epitaxial layer
[13]. The FWHM of the rocking curve peak was found to be ~3.6 arc s, revealing
high quality of our epitaxial layer.

2.4 Electron-Hole Pair Creation Energy and Minority
Carrier Diffusion Length in 4H-SiC Epitaxial Layers

The experimental studies in the rest of the chapter rely mostly on radiation detection
measurements. These measurements were carried out using a standard benchtop
radiation detection setup comprising nuclear instrumentation modules. The spec-
trometer was connected to an EMI-shielded test box equipped with coaxial connec-
tors. The test box was continuously evacuated using a vacuum pump during the
alpha particle measurements. The spectrometer comprised of an Amptek CoolFET
A250CF charge-sensitive preamplifier which integrates the detector current to pro-
duce a voltage output directly proportional to the amount of charge induced in the
detector due to the incident ionizing radiation. The preamplifier output was filtered
using an ORTEC 572 spectroscopy amplifier. The semi-Gaussian-shaped pulses
were digitized using a Canberra Multiport II multichannel analyzer (MCA) which
also produced histograms or pulse-height spectra (PHS). A 0.9μCi 241Am radioiso-
tope emitting primarily 5486, 5443, and 5388 keV alpha particles was used to obtain
the PHS. The interactions of the alpha particles manifest as peaks in the PHS. To

Fig. 5 Rocking curve
(0008) reflection of the
50μm 4H-SiC epitaxial layer
used for detector fabrication
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determine the energy resolution of the detection system, the peaks were fitted with
Gaussian functions to obtain the width of the peaks (FWHM). The FWHM of the
alpha peak expressed as percentage of the actual energy of the detected peak was
defined as the percentage energy resolution of the detector at that radiation source
energy.

Electron-hole pair (ehp) creation energyε determines the energy resolution of a
radiation detector as the energy resolution is directly linked to the number of ehps
created for a single incoming radiation event. The higher the number of ehp, the
higher the resolution. A method of iterative determination of ε value which involves
an absolute calibration using a precision pulser to match the alpha peak energy
(5486 keV) observed using a high-resolution 4H-SiC n-type epitaxial Schottky
detector has been reported in our earlier publication [51]. The alpha particle spec-
trometer was calibrated electronically by injecting a pulser signal of known pulse
height, Vpulser (mV), from a precision pulser through a calibrated feed-through
capacitor Ctest, to the preamplifier input. The peak position of the shaped pulses
was recorded in a multichannel analyzer (MCA) for a set of known pulse-height
inputs. The SiC equivalent of the MCA peak positions, Epulser in keV, was calculated
using Eq. 9 given below:

Epulser ¼ Vpulser � ε� Ctest

q
ð9Þ

where q is the electronic charge. A linear regression of the SiC equivalent peak
position as a function of MCA channel number was used to calculate the calibration
parameters. The detector D20 was used for this study. The ε value we obtained using
the given procedure was 7.28 eV. The value thus calculated differs from the widely
accepted value of 7.7 eV as reported earlier [63]. Rogalla et al. calculated an ε value
of 8.4 eV for alpha particles in semi-insulating 4H-SiC [64]. An ε value of 8.6 eV for
alpha particles in epitaxial n-type 4H-SiC has been reported by Lebedev et al.
[65]. Ivanov et al. [29] have reported ε ¼ 7.71 eV for alpha particles in epitaxial
n-type 4H-SiC. An ε value of 7.8 eV has been reported by Bertuccio and Casiraghi
for 59.5 keV gamma rays [17].

2.5 Minority Carrier Diffusion Length Measurements

Minority carrier diffusion length is the average distance a minority carrier traverses
before it recombines. Higher minority carrier diffusion length enhances the detection
properties by reducing the effect of ballistic deficit [66]. The minority carrier
diffusion length can be indirectly calculated by observing the variation of charge
collection efficiency of detectors for ionizing radiations (like alpha particles) with
reverse bias voltage. Charge collection efficiency (CCE) is defined as the ratio of
charge collected by the collecting electrode at a particular bias to the maximum
collected charge, assuming that all the charge carriers have been received by the
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collecting electrode. The collected charge is generally calculated by integrating the
current signal received at the input of a charge-sensitive preamplifier. Alternatively,
the CCE can also be calculated from alpha spectroscopic measurements. The MCA
peak position Ep due to a monoenergetic alpha source can be predicted in a properly
calibrated alpha spectrometer, assuming that all the charge carriers created by that
particular energy have been received by the collecting electrode. The CCE can then
be determined for any MCA peak at Eα by calculating the ratio Ep/Eα. Figure 6
shows the variation of observed charge collection efficiency (CCEobs) of a n-type Ni/
4H-SiC SBD (D20) as a function of reverse operating bias voltage [14, 67]. By
noting that the movement of the charge carriers in rectifying junctions can be due to
diffusion as well as drifting, the contribution of each mechanism to CCE can be
calculated using a proper model. The contribution of the drift CCEdepletion- and
diffusion CCEdiffusion-related charge collection to the CCEobs has been calculated
using a drift-diffusion model [68] summarized below in Eq. 10:

CCEtheory ¼ 1
Ep

Z d

0

dE
dx

� �
dxþ 1

Ep

Z xr

d

dE
dx

� �
� exp � x� dð Þ

Ld

	 
� �
dx

¼ CCEdepletion þ CCEdiffusion ð10Þ

where d is the depletion width at a particular bias, dEdx is the electronic stopping power
of the alpha particles calculated using SRIM [69], and xr is the projected range of the
alpha particles with energy Ep. We have fitted the CCEtheory values to the CCEobs

values considering Ld, the minority carrier diffusion length, as a free parameter. The
Ld value corresponding to the best fit was returned as the average minority carrier
diffusion length. For the present SBD, the average value of Ld was found to be ~18.6
μm. From Fig. 6 it was also observed that the CCEdiffusion values dominate consid-
erably over those of CCEdepletion up to a reverse bias of �30 V. At even higher bias
voltages, the depletion width becomes equal or more than the projected range of
alpha particles (~18 μm in SiC for 5486 keV alpha particle) and hence charge

Fig. 6 Variation of CCEobs

and CCEtheory as a function
of reverse bias voltage for
SBD D20. The contributions
to the total CCE from charge
drifts in depletion region
(CCEdepletion) and from hole
diffusion in neutral region
(CCEdiffusion) are also
shown. The variation of
depletion width with bias
voltage is also shown
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collection was mainly due to the drifting of charge carriers within the depletion
width. Hence, above a bias voltage of �70 V, the CCEdepletion matched the CCEobs

values.

2.6 Noise Characterization of Detection Electronics
for 4H-SiC Radiation Spectrometer

The energy resolution of nuclear spectrometers is dependent on the noise of the
detector and associated electronic modules in the spectrometer, the preamplifier in
particular. Noise is defined as any statistical fluctuation in currents measured in the
detector or associated electronics which constitutes a signal. The most appropriate
way to monitor the noise is to capture the pulses from a standard pulser along with
the pulses produced by a detector due to the incoming radiation. The pulse-height
spectrum then reveals a peak due to the pulser with the actual radiation peaks. The
width (FWHM) of the pulser peak then gives the idea of the overall noise of the
spectrometer (FWHMtotal).

Figure 7 shows the results of a typical noise-monitoring measurement for D20
[14, 67]. The energy resolution of the detector could be seen to improve with
increase in bias voltage up to 100 V reverse bias because of the increase in depletion
width (active volume of the detector) and lowering in capacitance. The energy
resolution beyond 100 V was seen to deteriorate with increase in bias. The increase
in leakage current as a reason behind the deterioration of the resolution was ruled out
as it could be seen from the figure that the pulser width barely changed. A possible
reason behind the deterioration of the resolution could be the incorporation of the
threading dislocation as the depletion width approaches towards the epilayer-
substrate interface with the increase in reverse bias. The epilayer-substrate interfacial

Fig. 7 Variation of detector
resolution (in keV and
percentage) as a function of
reverse bias for D20. The
variation of the pulser peak
width is also shown
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region is prone to have larger threading-type dislocation concentration, which
propagates from the substrate to the epilayer.

For the detector D20, the FWHMtotal was found to be 19.8 keV for 5486 keV
alpha particles. The contribution from the noise from the front-end electronics
(FWHMelec), and the detector leakage current (FWHMleakage), can be found from
the width of the MCA pulser peak recorded with the detector plugged in and biased.
The collective broadening due to FWHMelec and FWHMleakage for this detector was
found to be 15.9 keV. The other contributions to the FWHMtotal are from the
statistical fluctuation in the number of ehps produced by an ionizing radiation
FWHMstat, and broadening due to variation of energy due to the entrance window,
angle of incidence, self-absorption in the source, etc. (FWHMother). All these factors
along with the intrinsic detector resolution FWHMdet are related to the ultimate peak
broadening through the relation given in Eq. 11. FWHMstat and FWHMother were
calculated in this detector and found to be 5.3 keV and 0.44 keV, respectively
[51]. The intrinsic detector resolution was calculated from Eq. 11 and found to be
10.5 keV:

FWHMtotal
2 ¼ FWHMdet

2 þ FWHMleakage
2 þ FWHMstat

2 þ FWHMelec
2

þ FWHMother
2 ð11Þ

The electronic noise has various sources such as detector leakage current and
capacitance, and input FET (preamplifier) noise. The contribution of the different
sources to the signal-to-noise ratio is dependent on the filtering or shaping operation
and in particular the shaping time (except the FET noise). A clear understanding of
the electronic noise is thus very essential to the proper tuning of the spectrometer. A
pioneering work in this area has been conducted by Bertuccio and Pullia
[70]. According to their formalism the electronic noise is expressed in terms of
equivalent noise charge (ENC) and plotted as a function of the shaping time τ of the
shaping amplifier. The plots were then fitted to Eq. 12 below using a least square
estimation method:

ENC2 ¼ aC2
totA1

 �
1=τ þ 2πa f C

2
tot þ b f=2π

 �
A2

� �þ bA3ð Þτ: ð12Þ

Here Ctot is the total input capacitance; A1, A2, and A3 are constants depending on
the shaping network response; a is the coefficient of white series noise contribution
due to the thermal noise of the FET channel; af is the coefficient of the FET 1/f noise;
bf is the dielectric noise coefficient; and b is the coefficient related to the sum of the
white parallel noise due to the shot noise and the detector leakage current.

Figure 8a, b shows the variation of ENC with shaping time without and with the
detector D20 connected [67]. The contributions from the three different terms were
plotted separately. The minimum noise without the detector was observed to corre-
spond to a shaping time value between 1 and 2 μs. The same shifted to higher range
of shaping time (between 3 and 6 μs) when the detector was plugged in. As a result,
the best energy resolution for 5486 keV alpha particle was found to be at 3 μs from
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the shaping-time dependence study of detector performance as shown in Fig. 9a. It
can also be seen that the white parallel noise increased almost by a factor of 5 after
connecting the detector and the pink noise marginally increased for any given τ after
connecting the detector. In contrast, the white series noise increased by an order of
magnitude when the detector was connected. The increase in white parallel noise can
be attributed to the increase in the leakage current (from the detector). The increase
in white series and parallel noise is supposedly due to the increase in input capac-
itance when the detector is plugged in. In order to study the effect of detector

Fig. 8 Variation of equivalent noise charge as a function of shaping time without detector
connected (a), and with the detector D20 connected (b). The separate contributions from white
series noise, white parallel noise, and pink noise are also shown

Fig. 9 (a) Variation of D20 resolution as a function of amplifier shaping time measured for
5486 keV alpha particles. The detector was reverse biased at �90 V. (b) Variation of ENC, white
series noise, pink noise, and white parallel noise, measured using 3μs shaping time, as a function of
different bias voltages/detector capacitances
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capacitance and leakage current on the electronic noise, a bias-dependent study of
the electronic noise of the detection system was carried out. The ENCs have been
measured at six different reverse bias voltages, viz. �10, �30, �50, �70, �90, and
�120 V. Figure 9b shows the variation of the ENC and the separate contributions to
the electronic noise as a function of applied reverse bias for a shaping time of 3 μs.
The increase in reverse bias reduces the detector junction capacitance and simulta-
neously increases the leakage current too. From Fig. 9b it can be noticed that the
contribution of the white series noise dominates towards the overall noise and
decreases with the increasing reverse bias or decreasing capacitance which is
consistent with Eq. 12. The pink noise follows a similar trend which again is in
agreement with Eq. 12. The white parallel noise, which incorporates the detector
leakage current, was seen to contribute the least at lower biases and increase steadily
with reverse bias due to the increase in leakage current. It can also be noticed that
beyond a reverse bias of�50 V, the contribution of the white parallel noise exceeded
that of the pink noise.

2.7 Defect Characterization

The epilayers were characterized for defects using capacitance-mode deep-level
transient spectroscopy (DLTS) [71]. The DLTS measurements were carried out
using a SULA DDS-12 modular DLTS system. The DLTS system comprised of a
pulse generator module for applying repetitive bias pulses, a 1 MHz oscillator for
capacitance measurements, a sensitive capacitance meter involving self-balancing
bridge circuit, and a correlator/preamplifier module which automatically removes
DC background from capacitance meter and amplifies the resultant signal change.
The correlators were based on a modified double-boxcar signal averaging system.
The sample was mounted in a Janis VPF 800 LN2 cryostat for temperature variation,
which was controlled by a Lakeshore LS335 temperature controller. The DDS-12
system allows the user to collect four DLTS spectra simultaneously corresponding to
four different rate windows in a single temperature scan. The signals were digitized
using a National Instruments (NI) digitizer card integrated with the DLTS system for
online processing using a personal computer (PC). The entire system including the
modules and the temperature controller is controlled using a dedicated LabVIEW
interface, which also allows the user to analyze the recorded data.

A steady-state reverse bias voltage of �2 V was used, and the samples were
pulsed to 0 V with a pulse width of 1 ms followed by the capacitance transient
measurements. A temperature scan in the range of 80–800 K was used to obtain the
DLTS spectra. We have used at least four rate windows for the calculation of the
activation energies.
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The emission rates are given by

C tð Þ ¼ C0 þ ΔC exp �tenð Þ, ð16Þ

where C0 is the steady-state capacitance value, ΔC is the difference in capacitance
values between the beginning and the end of the filling pulse, and en is the electron
emission rate. The emission rates corresponding to the maximum of a trap peak in
the DLTS spectra obtained with various rate windows were used along with the
temperatures (T ) corresponding to the peak maxima to obtain a semilog plot of T2/
en vs. 1000/T Arrhenius plots. The slope of the linear fit to the Arrhenius plots gives
the activation energy of the particular trap. The capture cross section σnwas calcu-
lated from the relation

en ¼ σn vthh iNc=g1ð Þ exp �ΔE=kTð Þ, ð17Þ

where hvthi is the mean electron thermal velocity, Nc is the effective density of states
in the conduction band, g1 is the degeneracy of the trap level which is assumed to be
unity, and ΔE is the energy separation between the trap level and the conduction
band or the activation energy. The trap concentration Nt was calculated using the
following expression:

Nt ¼ 2
ΔC
C0

� �
Neffð Þ: ð18Þ

Figure 10 shows the DLTS spectra obtained for the D20, D50, and D150 and the
corresponding Arrhenius plots. As can be seen from the plots, fully or partially
resolved DLTS peaks were found at various temperatures indicating the presence of
multiple types of defects. The negative peaks suggest that the associated defects are
majority carrier traps (electron traps in this particular case). Table 2 enlists all the
defect parameters extracted from the DLTS spectra for the three detectors.

All the detectors exhibited three DLTS peaks in the entire temperature scan range.
The detectors D50 and D150 exhibited similar features where peaks #1, #2, and #3
correspond to Ti(c), Z1/2, and EH6/7 defect centers, respectively. Trap center Ti
(c) has been identified as titanium-related impurity-type defect which has been
assigned to ionized titanium acceptor Ti3+ residing at cubic Si lattice sites [72–
75]. The defect center Z1/2 can be related to defect complexes involving equal
number of carbon and silicon sites such as silicon and carbon vacancy complexes
(VSi + VC) and antisite complex (SiC + CSi) pairs [74]. Z1/2 center has also been
established as a carrier lifetime-deteriorating defect [37, 73, 76, 77], which is known
to play a crucial role in defining the energy resolution of the detectors. Defect center
EH6/7, situated at around 1.59 eV below the conduction band, is usually identified as
carbon vacancies or carbon-silicon di-vacancies [78]. The detector D20 showed the
Z1/2 and EH6/7 defect centers as well. It did not show the presence of Ti(c) center;
however, it showed the presence of a peak (peak #2) situated 1.45 eV below the
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conduction band edge which was not present in the detector D50 or D150. It could be
seen from Table 2 that the capture cross section and the concentration of the Z1/2

defect center in the detector D20 were way lower than those in the detector D50 or
D150. In the next section it has been shown that the energy resolution of the detector
D20 was the best among all the detectors presented in this chapter.

Fig. 10 Capacitance-mode DLTS spectra (one correlator is shown for clarity) for detectors (a)
D20, (b) D50, and (c) D150. The corresponding Arrhenius plots obtained using at least four
correlator delay settings for (d) D20, (e) D50, and (f) D150
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2.8 Radiation Detection Using 4H-SiC Epitaxial Detectors

Figure 11 shows the alpha pulse-height spectraobtained by exposing the detectors to
a 241Am alpha particle source. The energy resolution of the detectors at 5486 keV
alpha particles is listed in Table 1. It could be seen that the best detector performance
resolution-wise was obtained from the detector D20 most probably because of the
lowest defect concentration corresponding to the Z1/2 defects.

The epilayers were also tested for X-ray and gamma-ray responses. Absolute
measurement of photo-responsivity and probing of physical construction of photonic
sensors can be very effectively done using synchrotron light sources. The detector
D50 was studied at NSLS at BNL for detection of low-energy X-rays. The results
were compared to a commercial off-the-shelf (COTS) SiC UV photodiode by IFW,
model JEC4, which was known to be the best commercially available for such
applications [13]. X-ray spectrometer for such a low-energy spectral range is not
available commercially. Figure 12a shows the responsivity of one of our detectors
and a IFW JEC4 SiC UV photodiode to soft X-ray energy ranges biased at 250 V and
120 V, respectively [13]. The following results were derived using a statistical
analysis of these data based on energy-dependent X-ray attenuation lengths [79].

Responsivity measurements were carried out using the U3C [80] and X8A [47]
lines by recording successive measures of photocurrent in response to a high-flux,
monoenergetic beam of photons in a well-calibrated silicon sensor (with known
responsivity) and in the sensor of interest (Fig. 12a). Dead layers and a limited active
volume thickness led to responsivity that varies greatly with photon energy. Further,
edges were also apparent in the responsivity curve, arising from discrete atomic
transitions. Edges associated with silicon and carbon are clearly observed in the data,
providing a quantitative measure of the composition and dimension of the active and
dead layers [79]. The general feature of a steep decrease starting at 2–3 keV provides
information on active layer thicknesses, which is deduced to be 21 μm in our detector
compared to roughly 6 μm for the JEC4 diode [47]. Because of the higher active

Fig. 11 Pulse-height spectra obtained for the detectors: D20 (a) and D150 (b). A pulser spectrum
was also acquired along with the alpha spectrum to monitor the electronic noise as shown in part (a).
The detector D50 exhibited a PHS similar to that of D150
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layer thickness D50 showed significant improvement of responsivity in the few keV
range compared to COTS SiC UV photodiode. Our detector has shown much higher
response in the low-energy part of the spectra as well, which could be attributed to a
much thinner dead/blocking layer, deduced from the responsivity curve to result
solely from the 10 nm thick nickel layer (which leads to the pronounced edge at
70 eV). In comparison, the JEC4 diode has been found to include a significant
oxidation and inactive SiC layer on the order of 100 nm each, which limits
responsivity at low photon energies [47]. It should be noted that the JEC4 diode is
intended for UV detection, for which it is well suited. The significant dead layers are
likely due to passivation, which may be preferred over reducing the thickness of
dead layers on the active face of the sensor.

Our detectors have also exhibited very good spatial uniformity in measured
responsivity. Figure 12b shows responsivity at two different locations and line
scan profiles for two different X-ray energies. Note that the decrease of the detector’s
current at about 0 mm (Fig. 12b) is due to the crossing of the location of wire
bonding and not due to detector’s imperfection. The SiC detectors were connected to
low-noise front-end electronics developed in-house for pulse-height spectroscopy.
Pulse-height spectra measurements showed high resolution of our 4H-SiC detectors
in detecting 59.6 keV gamma rays from 241Am. Figure 13 shows a pulse-height
spectrum recorded using an 241Am radiation source with the detector biased at
250 V, with an FWHM of 1.2 keV (2.1%) at 59.5 keV, which is comparable to the
resolution achieved using high-quality CdZnTe detectors [81–84].

Fig. 12 (a) X-ray responsivity measured on a 50μm 4H-SiC epilayer biased at 250 V and an IFW
JEC4 photodiode biased at 120 V. (b) Responsivity of the detectors on same 4H-SiC n-type
epitaxial layer at two different locations and (c) surface scan profiles along line L obtained to assess
detector’s uniformity
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Room-Temperature Radiation Detectors
Based on Large-Volume CdZnTe Single
Crystals

Sandeep K. Chaudhuri and Krishna C. Mandal

Abstract Owing to their highly penetrating nature, detection of gamma rays has
always remained a challenge. In spite of availability of high-resolution semiconduc-
tor detectors like silicon and germanium, their applicability in the field of medical
diagnosis or homeland security is difficult because of the requirement of bulky
cryogenic attachments. The requirement of energy resolution of 0.5% or less for
662 keV gamma rays at room temperature set by the US Department of Energy has
urged the development of a variety of alternative materials, which are compact and
operable at room temperature. Among all such materials, CdZnTe (CZT) has stood
out as the most promising as it is a wide-bandgap semiconductor that can be operated
at room temperature as high-resolution detector. Large-volume high-Z detectors are
essential for efficient gamma-ray absorption and detection. Fabrication of large-
volume radiation detectors operable at room temperature is a challenging task due to
insufficient yield of detector-grade crystals from crystal growth operation. This
chapter discusses the aspects of crystal growth to obtain large-volume Cd0.9Zn0.1Te
(CZT) single crystals and fabrication and characterization of large-volume detectors
with small pixel, Frisch collar, and coplanar grid contact geometries.

1 Introduction

Radioactivity is one of those natural events known to human beings, which in spite
of being present abundantly in nature is impossible to perceive with our natural
senses. The presence of radioactivity was discovered accidentally by the famous
works of Roentgen along with the first documented X-ray detectors in the form of
fluorescence plates [1]. X-rays and their higher energy-relative γ-rays, identified as
similar type of electromagnetic radiation with different mechanisms of emission, are
probably the most invisible types of radiation owing to the fact that photons are
electrically neutral, and their rest mass is zero. Fortunately, X-rays and γ-rays fall in
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the class of radiation known as ionizing radiation which enabled discovery of
techniques to fabricate appropriate detectors. As the name suggests, ionizing radia-
tion produces ions or charged particles when they interact with matter. These charge
carriers can be made to move efficiently in materials like single-crystalline semi-
conductors, to generate electronic signals.

Semiconductor detectors offer high resolution, operate at relatively lower volt-
ages compared to scintillator detectors, and are compact enough to design handheld
or portable devices. High-purity germanium (HPGe) and lithium-drifted silicon Si
(Li) detectors offer unparallel energy resolution even for very-high-energy gamma
rays but these detectors cannot be used at room temperature due to their narrow
bandgaps. They are generally attached with bulky cryogenics, like liquid nitrogen
dewars, for their successful operation. Detectors with high-atomic-number (high-Z )
constituents and wide bandgap such as CdZnTe (CZT), HgI2, TlBr, and PbI2 are
promising alternatives for room-temperature detection with a substantially low form
factor.

This chapter addresses the applicability of large-volume CZT detectors with the
stoichiometric formula Cd0.9Zn0.1Te. The chapter particularly focuses on the growth
of large-volume detector-grade CZT crystals and fabrication of X/γ-ray detectors in
single-polarity configuration which essentially bypasses the effect of poor hole
transport. Digital correction techniques to further improve the quality of the spectral
response have also been discussed.

2 Compact Room-Temperature X/γ-Ray Detector

2.1 Requirement for Room-Temperature X/γ-Ray Detectors

The requirement of energy resolution of 0.5% or less for 662 keV gamma rays as set
by the US Department of Energy (DOE) and other practical requirements of field
deployability have urged the development of a large number of alternative materials
which are compact and operable at room temperature. The intrinsic energy resolution
of a semiconductor detector primarily depends on three factors, viz. the Fano noise,
electronic noise, and noise due to incomplete charge collection. The Fano noise is
related to the number of electron-hole pairs (ehp) created due to the interaction of the
incident radiation and the detector material. The more the ehp, the lesser the Fano
noise and the higher the intrinsic energy resolution [2]. The ehp primarily depends
on the bandgap of the crystal structure of the semiconductor. Semiconductors with
narrow bandgap will result in the creation of more ehp. But that does not ensure a
higher energy resolution as narrow bandgap leads to higher leakage currents as well.
Wide bandgap ensures lower leakage currents at room temperature and hence
enables fabrication of detectors, which can be operated at room temperatures and
above. Hence, one prerequisite for well-resolved detection is a detector composed of
semiconductor material with wide bandgap.
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The detector material must have a high material density as it helps attenuate
X-rays and gamma rays more efficiently. Apart from high material density, the
elements comprising the semiconductor should also have high atomic numbers
(high Z ). X-rays and gamma rays interact with material in three primary ways
depending on their energy: (1) photoelectric absorption (up to ~200 keV), (2) Comp-
ton scattering (up to few MeV), and (3) pair production (above ~6 MeV). Photo-
electric absorption leads to full energy deposition of the photons but Compton
interaction (inelastic scattering) does not. So, one would try to maximize the events
of photoelectric interaction. The absorption cross section through photoelectric
effect is proportional to NZ5 and that of Compton scattering is only NZ where N is
the number of atoms per unit volume [2]. Hence, from the above discussion it is clear
that another prerequisite for well-resolved detection is a semiconductor material
composed of high-Z elements.

The next thing of utmost concern is the efficient collection of charge carriers.
Noise due to the incomplete charge collection in thick detectors is one of the highest
contributing factors to detector noise [2]. The charge pairs created by the incident
radiation need to be collected fast and efficiently. The created charge pairs drift in the
opposite direction from the location of their creation across the detector, under the
influence of the applied electric field or bias, and reach the electrodes with favorable
polarity. In the course of drifting, charge is induced at the electrodes, which is a
function of the instantaneous position of the charge carriers. Upon reaching the
collecting electrodes, the charge carriers deposit their full charges. However, in real
detectors, due to the presence of structural and intrinsic point defects, many charge
carriers get trapped and may recombine or get detrapped. On recombination, which
is usually the case for deep traps, the charge carriers are lost and deposit partial
charges on the collecting electrode. Trapping followed by recombination results in
deterioration of carrier lifetime. Detrapping, on the other hand, usually occurs for
shallow-lying (close to valence or conduction band edge) defects and the detrapped
charges continue their journey to the electrodes. Multiple trappings and detrappings
slow down the drift motion of the charges which result in poor carrier mobility.
The carrier lifetime (τ) and drift mobility (μ) define the charge transport properties of
the material. A more useful parameter which defines the charge transport property is
the mobility-lifetime (μτ) product.

2.2 Cadmium Zinc Telluride as Detector Material

All the prerequisites for detector material selection that has been mentioned above
are present in the ternary compound CdZnTe [3–5]. The constituent elements have
high atomic numbers: ZCd ¼ 48, ZZn ¼ 30, and ZTe ¼ 52. The material density of
CZT is 5.78 g/cm3. Specific stoichiometry such as Cd0.9Zn0.1Te exhibits a bandgap
of ~1.6 eV which can result in bulk electrical conductivity as high as
1011 Ω-cm. CZT stands out in the class of compact, room-temperature, high-Z
semiconductor X/γ-ray detector in almost all aspects compared to other detectors
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in the same class such as CdTe, TlBr, PbI2, and HgI2. In spite of all the success story,
the performance of the CZT detectors is limited which is primarily due to three
reasons: (1) poor hole transport properties due to the presence of hole-trapping
defects, (2) poor crystal growth yield impeding fabrication of large-volume detec-
tors, and (3) operation at elevated temperatures. Different macroscopic defects such
as twin/grain boundaries and cracks, and microstructural defects such as mosaic
structures, tilt boundaries, dislocations, point defects, impurities, and tellurium
inclusions/precipitates, act as hole-trapping centers [3–9]. Tellurium
(Te) inclusions are the major trapping centers for holes, and crystal faults like
sub-grain boundaries and their networks are primary hosts to Te inclusions.
Although the Te inclusions can be subdued using post-growth annealing under Cd
vapor, the process may lead to formation of starlike defects which in turn can trap
electrons [10–13]. The sub-grain boundary networks are generally distributed ran-
domly in the CZT matrix causing severe spatial compositional inhomogeneity
throughout the crystal volume adding to the cause of poor spectral quality. In
addition, CZT crystals grown using methods like high/low-pressure Bridgman
technique produce inhomogeneity in zinc (Zn) concentration along the ingot length
due to Zn segregation coefficient of 1.35 [14]. Inclusion of 10% Zn in CdTe can
increase the bandgap by 2%. The nonuniformity in the Zn concentration thus leads to
very poor crystal growth yield [15, 16]. Only about 30% of the total length of a
grown CZT ingot produces detector-grade crystalline quality which naturally
increases the production cost of these detectors [17].

2.3 Single-Polarity Charge-Sensing Detection

Apart from the attempt of growing high-quality defect-free crystals [7, 18], detectors
can be fabricated with single-polarity charge-sensing geometry, e.g., virtual Frisch
grid configuration [19–21], coplanar grid structure [22, 23], and small-pixel geom-
etry [24, 25]. These kind of detector geometries eliminate the effect of poor hole
transport properties to a great extent by modifying the electric field gradient due to
the applied bias in a fashion so as to resemble that of actual Frisch grids in gas
detectors and hence are often referred to as virtual Frisch grid configuration [26–
28]. Figure 1 shows the schematics of the variation of weighting potential as a
function of detector depth in virtual Frisch grid configuration. Weighting potential
indicates the amount of induced charge on the collecting electrode. It can be seen
from the figure that the collecting electrode hardly sees any charge induced on them
unless the charge carriers cross the neutral region and enter into the active region.
Hence, the collecting electrode will “see” the electrons only, and that too when they
are in the active region. In an ideal situation the detectors in these configurations will
not sense the hole transits as long as they are created in the neutral region.
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3 Growth of Large-Volume Cd0.9Zn0.1Te Single Crystals

There are basically two crystal growth methods prevalent for the growth of detector-
grade large-volume CdZnTe single crystals: travelling heater method (THM) [29–
31] and Bridgman growth method (BGM) [8, 32–38]. The basic idea of any melt-
growth process is to melt the constituent elements and control the solidification rate
in such a manner so as to facilitate crystallization. Care should be taken so that the
solid-state reaction (synthesis) takes place properly to achieve the targeted stoichi-
ometry in a homogeneous manner and the growth is unidirectional to achieve a high
degree of single crystallinity, and most importantly check the formation of defects
which affect the charge transport properties adversely. A relatively new crystal
growth method known as high-pressure electrodynamic gradient technique (EGT)
[39], which is again a variant of the directional solidification technique, is reported to
facilitate detector-grade crystal growth with reduced defects and crystal imperfec-
tions. EGT addresses the most important issue encountered during melt-growth
process like BGM, which is the uncontrolled heat transport (radiative) in the solid-
liquid interface. Travelling heater method (THM) is a combination of zone-melting
and growth-from-solution techniques wherein a CZT solvent zone is migrated
through the solid source material using a thermal gradient. THM enables growth
of high-quality large-volume single crystals; however, the rate of crystal growth is
very slow, typically 1–2 mm/day. Bridgman technique and its modified versions on
the other hand rely on the growth of single crystals from a melt by progressively
freezing the melt from one end to the other. The crystal growth rate is typically an
order of magnitude higher (1–4 mm/h) than the THM. The BGM suffers from the
typical issues of melt growth, the most common being low crystal growth yield,
extended defects, and low electron mobility-lifetime (μτ) product. The following
section discusses the large-volume single crystals grown using a modified vertical
Bridgman technique.

Fig. 1 Variation of the
weighting potential as a
function of depth of
interaction in the detector
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We have used a variation of vertical Bridgman technique. The method is a
low-temperature growth using tellurium (Te) as a solvent while maintaining crystal
homogeneity and advantages of other modern CZT growth techniques. The melting
temperatures of Cd, Zn, and Te at a pressure of 1 atm are 321.1 �C, 419.6 �C, and
449.5 �C, respectively. In order to form the compounds CdTe and CdZnTe, the
crystal growth temperature must be above the melting points of the compounds.
CdTe has a melting point of 1096 �C for a 1:1 atomic ratio of Cd and Te. From the
phase diagram consideration, it can be noticed that as the atomic ratio of Te is
increased (excess Te), the growth temperature will decrease.

3.1 Details of the Crystal Growth Arrangement

The purity of the precursor materials used for CZT crystal growth has been shown to
impact the resulting CZT ingot quality [40]. Zone refining is a process through which
ultrapure precursor materials could be obtained for crystal growth. The principle of
zone refining is basically melting a small zone of a material while the remaining
portion is maintained in solid phase and moving the molten zone across the material
[41]. If the segregation coefficient of the impurity, defined as the ratio of impurity
concentration in solid phase (Cs) to the impurity concentration in liquid phase (Cl),
k ¼ Cs/Cl, is less than 1, impurities dissolve in the liquid phase and move to the end
of the tube containing the material, leaving rest of the material highly pure. The cycle
is repeated from one end of the tube to the other several times to obtain the desired
purity. For the crystal growth mentioned in this chapter, commercially available 5 N
(99.999%) purity Cd, Zn, and Te precursor materials were purified by an in-house
two-ring zone refiner to achieve ~7 N purity. For the zone-refining process, the
furnace temperature was increased slightly above the melting point of each precursor
material. The furnace was horizontally moved along the ampoule length using a
track actuator controlled by a programmed Arduino microcontroller. The ring
heaters slowly shifted from one end to the other at a speed of ~25 mm/h. A total
of 40 passes were carried out which left the remainder of the material highly pure
(~7 N). After the zone-refining process, the material was removed from the ampoule
under argon-controlled environment and the impure end of the ingot was separated.
The removed “pure” precursor materials were stored in argon-filled polyethylene
bottles for further steps. Glow discharge mass spectroscopy (GDMS) analysis was
performed on the zone-refined (ZR) precursor materials (Cd, Zn, and Te). It was
found that the precursor materials have common impurities on the order of parts per
billion (ppb) or less [42].

After zone refining, the polycrystalline materials were loaded in a carbon-coated
conically tipped quartz ampoule under a vacuum of 10�6 Torr. Conically tipped
ampoules facilitate nucleation at a well-defined point and prevent multiple spurious
nucleation point [43] and thus eliminate the need of seed crystal. The quartz ampoule
was carbon coated by passing n-hexane (HPLC grade, 95+%) vapors at about 750 �C
within a furnace under argon flow in order to protect the precursor Cd material from
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reacting with the quartz surface. The ampoule was inserted into a three-zone tube
furnace. To reduce the off-stoichiometry of CZT polycrystalline charges, the mate-
rials were heated and synthesized slowly at three different temperatures. Heat
treatments were performed at 750, 850, and 950 �C for 3 h at each stage to synthesize
the charges from the precursors. During synthesis, the ampoule was constantly
rotated at a speed of 15 rpm to get the compositional homogeneity. Axial temper-
ature gradient of 3 �C/cm was achieved inside the furnace which is our optimized
setting for minimizing stress at the solid-liquid interface resulting from thermal
expansion coefficients. The grown crystal directionally solidified by moving the
ampoule downward at a constant velocity of ~1 mm/h. All the axial and rotational
movements of the ampoule were achieved using stepper motors automated using
microprocessor (Arduino) controlled drivers coupled with PC-based user interface.
Figure 2 shows a large-volume ingot cut into a cylindrical shape, from which
detector blocks are cut out in desired shapes and sizes.

3.2 Fabrication of Small-Pixel, Multipixel, Frisch Collar,
and Coplanar Grid Detector

From the grown ingot, several single-crystal blocks were cut out which were
grounded, lapped (down to 1500 grit SiC paper), polished (down to 0.05μm alumina

Fig. 2 (a) A portion of Cd0.9Zn0.1Te crystal cut from the grown ingot. (b) A
19.0 mm � 19.0 mm � 5.0 mm crystal cut out for large-area pixelated detector (Crystal A). (c)
A 11.1 cm � 11.1 cm � 10.0 cm block cut out from the ingot for the fabrication of virtual Frisch
grid detectors (Crystal B)
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powder), and chemo-mechanically polished using 2% Br2-MeOH (bromine-
methanol) solution. The polished crystals were thoroughly cleaned following stan-
dard semiconductor cleaning procedures. Detectors in various geometries were
fabricatedusing thepolishedCZTcrystals.A large-area19.0mm�19.0mm�5.0mm
sized crystal (Crystal A) was used to fabricate a 10 � 10 pixelated detectors, while
cubic crystals with physical dimensions ~11.1 mm � 11.1 mm � 10.0 mm (Crystal
B) were used to fabricate detectors in small pixel, Frisch collar, and coplanar
geometry.

Figure 3a shows a detector in single small-pixel configuration accomplished by
depositing circular gold contact and a guard-ring structure on the Te-rich face
(parallel to (111) crystallographic planes), and a full planar contact on the opposite
face (not shown in the picture). The coplanar grid structure was an interdigitated
two-grid gold pattern as shown in Fig. 3b. The coplanar geometry was equipped with
a guard ring as well. Frisch collar configuration was achieved with a copper sheath
tightly wrapped around the crystal. The height of the copper sheath was ~9 mm and
was flush with the cathode. The sheath was electrically insulated from the CZT
material by lining the crystal side surfaces with insulating Teflon or Kapton tape.
The insulation reduces the surface leakage current and prohibits leakage current from
the sheath. The copper sheath contained a projected tab which was used to connect it
to the cathode. Figure 3c shows the photograph of the Frisch collar detector
fabricated and used in this work. A 10 � 10 pixelated structure (anode) was
fabricated on the Te-rich face (parallel to (111) crystallographic planes) of the
thoroughly cleaned 19.0 mm � 19.0 mm � 5.0 mm sized crystal using photolithog-
raphy as shown in Fig. 3d. Gold was evaporated to form ~80 nm thick metallic
electrical contacts. The dimension of each pixel is 1.3 mm � 1.3 mm pitched at
1.8 mm. A square back contact (cathode) using gold was made on the opposite

Fig. 3 Detectors in various
geometries: (a) Single small
pixel with a guard ring; (b)
coplanar grid; (c) Frisch
collar; and (d) multipixel
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surface. To minimize the inter-pixel and inter-electrode leakage current, a 0.05 mm
wide grounding grid was also fabricated on the anode side.

4 Experimental Setup for Alpha Particle and Gamma-Ray
Detection

4.1 Pulse Height Spectroscopy (PHS)

The most common way to evaluate the performance of radiation detectors is to
obtain pulse height spectrum (PHS), a histogram of the distribution of the pulse
heights, by exposing the detectors to radioactive sources. A standard benchtop
radiation spectrometer which comprises a charge-sensitive preamplifier coupled to
a shaping amplifier has been used to obtain the PHS. A charge-sensitive preamplifier
connects to the detector, receives the charge produced by the detector, and produces
an output voltage proportional to the amount of charge received at its input. The
preamplifier also allows to apply bias to the detector necessary to collect the charges.
Although the amplitude of the preamplifier pulse is proportional to the amount of
charge produced by the detector, the precise pulse height determination requires
filtering out the electronic noise. Shaping amplifiers do the filtering of the pream-
plifier signals through filtering circuits. The most common filtering circuit involves
one stage of differentiation (high pass) using a CR circuit followed by four stages of
integration (low pass) using RC circuits, and is commonly known as CR-RC4

filtering. The filtering process changes the steplike preamplifier pulse shape to
semi-Gaussian shape. The shaping amplifier produces a voltage at its output pro-
portional to the amplitude of the shaped pulse. The actual amplitude of output pulse
depends on the gain setting of the amplifier. The shaping amplifier also allows to
change the shaping time constant of the filter. It often happens that the detector
produces long-duration pulses, and to obtain the complete information, the pulse
needs to be processed with higher shaping times. The shaping time of the amplifier
also determines the electronic noise of the detection system. The shaping time needs
to be optimized for each detector by considering both the average pulse durations
and the electronic noise of the system. The output of the shaping amplifier is fed to a
multichannel analyzer unit (MCA) which generally consists of an analog-to-digital
converter (ADC also known as digitizer) and comparator circuits. The digitizer
digitizes the shaped amplifier signals and the comparator circuit determines the
amplitude voltage (pulse height) of the digitized pulse. The higher the ADC resolu-
tion is, the higher is the energy resolution of the spectrometer. At this stage, the
measured pulse height is directly proportional to the incident energy. The pulse
heights thus determined are binned to form a histogram known as the pulse height
spectrum. The centroid of the histogram gives the mean energy of the incident
radiation [44].
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It often happens that the obtained PHS using an analog spectrometer is affected
by the poor charge transport properties so much so that the basic spectral features
such as the photopeak, Compton edge, and escape peaks are obscured. It might
happen as well that the peaks are so broad that two closely separated peaks could not
be identified. Also, sometimes the risetime of the detector pulses is so long that the
limited choice of shaping times provided with the analog shaping amplifier is not
sufficient. In such cases, digital spectrometer provides a powerful alternative
wherein it is possible to acquire unusually long-duration pulses. In addition, there
is practically no limitation on the choice of shaping times. Moreover, digital
correction techniques could be applied to regenerate PHS where most of the spectral
features could be recovered with remarkable improvement in the resolution, peak-to-
valley ratio, peak-to-background ratio, etc. The digital spectrometer used in the
following studies consists of the detector-preamplifier assembly connected to a
digitizer card (National Instrument PCI-5122). The digitizer card is driven by a
graphical user interface (GUI) which allows the user to control the data acquisition
process using a PC. A separate program was coded to generate the PHS and apply
the correction algorithm. Special rearrangements were made in the abovementioned
configuration for detectors with special geometry and will be discussed in the
relevant sections.

4.2 Calibration of the Spectrometer

In order to calculate the energy corresponding to the detected peaks in a PHS, the
spectrometer needs to be calibrated appropriately. For the present study, a calibration
technique using a precision electronic pulse generator has been adopted [45]. The
calibration was accomplished by injecting pulses of various known amplitudes
(Vpulser) from a precision pulser through a calibrated feed-through capacitor with
capacitance C to the preamplifier input. The corresponding peak positions of the
shaped pulses in the MCA were noted in channel number units (PC) for each pulser
amplitude. The material-equivalent pulse height of the pulse amplitudes, Epulser, is
given by the equation below:

Epulser ¼ Vpulser � ε� C
q

ð1Þ

Here q is the electronic charge and ε the electron-hole pair creation energy of the
detector material. Equation (1) means Epulser would be the energy of the peak in a
PHS had the detector material with electron-hole pair creation energy ε produced
Vpulser � C amount of charge. The MCA peak positions PC are then plotted as a
function of Epulser. Assuming a linear behavior of the spectrometer, a linear regres-
sion of the data points gives the calibration parameters.
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4.3 Definition of Spectral Quality

The spectral quality of a pulse height spectrum is evaluated in terms of several
factors. The primary factor is the full width at half maximum (FWHM) of the
photopeak(s). The energy resolution of the spectrometer is a function of the incident
radiation energy and is defined qualitatively as the ability of the spectrometer to
distinguish between closely spaced peaks. Quantitatively, the energy resolution is
quoted as either the FWHM value in energy units for a particular photopeak energy
or the percentage energy resolution expressed as the ratio of the FWHM of the
photopeak to the energy of the photopeak times 100. The photopeak, in the case of
detectors with poor charge transport properties, often tails at the lower energy side
(will be discussed in detail) leading to poor energy resolution. The peak-to-valley
ratio (P/V) is calculated as the ratio of full-energy peak height to the average height
at a distance of 3σ from the peak centroid (σ being the standard deviation of the
Gaussian fit of the peak). Valley describes the region between the end of the
Compton edge and the beginning of the photopeak. The P/V value depicts the extent
to which the photopeak tailing has occurred. The higher the P/V ratio is, the higher is
the extent of tailing and the lower will be the energy resolution. Further, when the
photon scatters at the defect centers through inelastic scattering, it leads to the
increase in the peak-to-background (Compton) ratio (P/B) which is calculated as
the ratio of full-energy peak height to the Compton height measured approximately
100 keV below the Compton edge. A higher P/B value indicates that higher fraction
of the incident photons is interacting via elastic photoelectric absorption, which
results in lower Fano noise and higher energy resolution.

5 Characterization of Physical Properties of the Crystal

Prior to the detector fabrication and characterization, it is essential to evaluate the
physical properties of the crystal itself. The routine investigations include resistivity
measurements, Te inclusion/precipitation size, uniformity in the internal electric
field due to the applied bias, and charge transport properties. All the above mea-
surements help to ensure whether the grown crystal is of detector-grade quality or
not. These properties are directly or indirectly governed by the presence of electri-
cally active defects.

5.1 Resistivity Measurements

The electrical bulk resistivity of the crystals is determined in planar geometry. In this
study a Keithley 237 source-measure unit has been used to measure the current flow
(I ) through the thickness of the detector as a function of DC bias voltage (V ) (I � V
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characteristics). The measurements were carried out at room temperature under dark
condition. The detector was housed in a lighttight metal box capable of shielding out
any electromagnetic interference. Figure 4 shows the I � V measurements in the
Crystal A and Crystal B. It could be noted that the I � V curves are not symmetric
with respect to the bias polarity. This is mostly due to the different surface condi-
tions. To determine the electrical bulk resistivity, linear I � V characteristics are
obtained with low range of bias sweep (inset of Fig. 4b). A straight-line fit of the
linear I � V curves gives the resistance R of the crystal.

Assuming the planar detector to be a uniform ohmic conductor, the resistivity ρ is
given by R ¼ ρd/A, with d being the thickness of the detector and A the area of the
planar contacts. Both the crystals show a bulk resistivity on the order of 1010 Ω-cm
which is favorably high enough for detector fabrication. The resistivity values of the
crystals are given in Table 1 along with other crystal properties.

5.2 Tellurium Inclusion

As has been mentioned before, Te inclusions act as major hole-trapping centers, and
crystal faults like sub-grain boundaries and their networks are primary hosts to Te
inclusions. While CZT is largely transparent to infrared (IR) rays, Te-rich volumes
inside the CZT crystals are almost opaque to IR rays and hence can be visualized

Fig. 4 Variation of leakage current as a function of bias voltage in planar configuration for Crystal
A (a) and Crystal B (b); insets in (a) show the arrangement of I-Vmeasurements and in (b) show the
low-range I-V used for resistivity calculations

Table 1 Physical properties of the Crystal A and Crystal B used for detector fabrication

Detector Sizes (mm3) Resistivity (Ω-cm) Drift mobility cm2/V.s μeτe cm
2/V

Crystal A 19.0 � 19.0 � 5.0 5 � 1010 918 � 2 6.2 � 10�3

Crystal B 11.1 � 11.1 � 10.0 8.5 � 1010 838 � 8 2.7 � 10�3
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using IR transmission microscopy [46]. Te inclusions with diameters greater than
10μm can act as potential charge-trapping centers and significantly degrade the
performance of the detectors [47, 48]. Due to the narrow bandgap of Te (~0.3 eV),
tellurium-rich zones exhibit higher electrical conductivity which may distort the
internal electric field distribution and hence the carrier transport properties. Figure 5
shows the IR transmission images of the Crystals A and B. The images revealed an
average tellurium inclusion/precipitate size of ~8μm or less.

5.3 Charge Transport Measurements

The charge transport properties for the electron transit, viz. the mobility-lifetime
product and the drift mobilities, were calculated using radiation detection-based
techniques. The μτ product was calculated using the analog spectrometer calibrated
following the aforementioned technique for Cd0.9Zn0.1Te by choosing the permit-
tivity value (ε) equal to 10 [2]. A radioisotope source emitting alpha particles of
energy 5486 keV was used to irradiate the detectors fabricated in planar configura-
tion. Alpha particles have very little penetration depth inside most detector materials,
which is negligible compared to the thickness of the detectors. Being a
monoenergetic source, a single peak corresponding to the alpha particles is regis-
tered in the PHS. The ratio of the location of the peak (Ealpha) on the MCA and the
actual energy emitted by the source gives the charge collection efficiency (CCE).
The variation of CCE as a function of the applied bias could be modelled according
to the formalism developed by Hecht [49]. Equation 2 below shows the Hecht
equation modified for a single-polarity charge transit:

CCE ¼ μτV

d2
1� exp

�d2

μτV

� �� �
ð2Þ

Fig. 5 IR transmission image showing the Te inclusions in Crystal A (a) and Crystal B (b)
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The regression of the variation of CCE vs. V plot with Eq. 2 returns the μτ
product. Figure 6a, b shows the Hecht plot of the Crystals A and B, respectively. A
single-polarity charge transit scenario could be easily arranged as alpha particles
have very low penetration depth. Hence, the charge carriers can be considered to be
generated just beneath the detector surface facing the source. An application of a bias
with proper polarity makes either the electrons or the holes to transit across the
detector thickness.

The drift mobility was calculated using the digital spectrometer and applying a
time-of-flight technique [50]. The detector in planar configuration is exposed to a
241Am alpha-emitting source. Preamplifier charge pulses were digitized and
recorded in large numbers and the risetime of each pulse was calculated as the
time taken to reach 90% from 10% of the maximum pulse height. The distribution of
the risetime resembles a Gaussian shape whose centroid gives the mean risetime.
The mean risetime is linearly extrapolated to 100% to obtain the transit time by
assuming that the time evolution of the charge pulse depicts the transit of the charge
carriers from the point of creation to the collecting electrode. The assumption
generally holds good when the risetime response of the preamplifier and the digitizer
card is faster than the transit time of the charge carriers. The drift velocity vd is
calculated by dividing the detector thickness by the transit time. In this case it is
assumed that the charge carriers transverse the entire thickness in straight lines with

Fig. 6 Hecht plots for the Crystal A (a) and Crystal B (b) for electron transit. Drift velocity of
electrons plotted as a function of applied electric for the Crystal A (c) and Crystal B (d). The solid
dots show the experimental data and the solid lines are the regression plots
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constant velocity under the action of the applied electric field (E). It should be noted
that the application of an electric field does not accelerate the charge particles as the
charge carriers undergo successive scattering, trapping, and detrapping from the
impurity and trap sites. The drift velocities are calculated with the detector biased at
different applied voltages (electric field). The variation of the drift velocities is
generally directly proportional to the applied electric field and follows a linear
relation as shown in Eq. 3 below:

vd ¼ μE ð3Þ

where μ is the proportionality constant and is defined as the drift mobility. The drift
mobility is thus calculated from the slope of a linear regression of the plot of drift
velocity as a function of the electric field. The electric field is calculated as the ratio
of applied bias to the detector thickness. Figure 6c, d shows the drift mobility plot of
the Crystals A and B, respectively. The experimentally determined drift mobility
values have been listed in Table 1.

6 Gamma-Ray Spectroscopy Using Large-Volume/Area
CdZnTe Detectors

Unlike charged particle interaction with matter, where the charged particles interact
with many absorber atoms continuously and lose their energies gradually, gamma
rays abruptly lose their energies and disappear entirely or scatter through large
angles. The point of interaction in a given thickness of the detector is also random
for a gamma photon even with the same incident energy [44]. In detectors with large
thickness, i.e., λe/h � L, where λe/h is the drift length of the carrier and L is the
detector thickness, the uncertainty in the pulse height measurements due to the
incomplete charge collection is dominant [2]. While large thickness ensures high
efficiency of gamma photon absorption and detection, the noise contribution due to
incomplete charge collection worsens the energy resolution of the detector. Hence,
large-volume detectors need special arrangements to minimize or compensate for the
broadening due to the incomplete charge collection. As has been discussed in the
Sect. 2.3, single-polarity charge-sensing electrode geometries help to minimize the
effect of the poor hole transport properties. Large-volume detectors in small pixel,
coplanar grid, and Frisch collar geometries were fabricated and evaluated. Except for
the Frisch collar, all the detectors had guard rings. Detectors with guard ring require
the guard ring to be connected to the ground. The guard ring prevents any electrical
connection between the cathode side and the anode side through the surface of the
detector [51–53]. Had there been any current flow due to the surface leakage current,
the charges will flow to the ground through the guard ring. As the guard rings in the
small pixel, coplanar, and pixelated detectors are close to the anode structure, the
high-voltage bias was applied on the opposite face (planar side). In the case of the
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Frisch collar detector the bias was applied to the top surface and the bottom contact
was grounded along with the Frisch collar. For the coplanar detector two Cremat
CR-110 preamplifiers were used to collect the signals from the collecting grid (CG)
and the non-collecting grid (NCG). The charge pulses were digitally acquired using a
high-speed NI PCI-5122 digitizer card and processed by a custom-made program
built in LabVIEW platform to obtain pulse height spectrum (PHS) in real time. For
the case of multipixel detector, the guard ring was connected to the ground using a
25μm (dia) gold wire bonded using conductive epoxy. A movable arm was used to
connect the pixels to the preamplifier in turn for collecting spectra from each pixel.
The cathode was placed on a metallic pad on a PCB which was connected to filter
circuit for biasing. The radiation source was placed under the detector facing the
cathode. The detection system is a hybrid system to record analog as well as digital
data simultaneously. Both the systems share a charge-sensitive CR110 (Cremat)
preamplifier. The analog system uses an Ortec 671 shaping amplifier to filter the
preamplifier pulses and obtain pulse heights, which are then binned using a Canberra
Multiport II multichannel analyzer driven by Genie 2000 user interface to obtain a
pulse height spectrum. The digital spectrometer on the other hand uses the PCI 5122
digitizer card to digitize and store the raw preamplifier charge pulses.

For the coplanar grid detector, the CG and NCG signals were subtracted digitally
to obtain the difference signal which is free from the effects of hole transit. The
difference signal, which is effectively the electron signal, was filtered using a digital
CR-RC4 shaping algorithm [54, 55]. The pulse heights of the shaped difference
pulses were digitally measured and plotted in a histogram to obtain the pulse height
spectra. Figure 7a shows a 137Cs PHS obtained using the small guarded pixel on
Te-rich face and solid cathode on Cd-rich face biased at �3500 V. The guard ring
was connected to ground. The 662 keV gamma peak was well resolved along with
the rest of the spectral features like the backscattered peak and the Compton edge.
The energy resolution for the 662 keV gamma rays was found to be ~3.7% with a P/
V and P/B values of 17 and 1.3, respectively. Figure 7b shows the 137Cs spectrum
obtained in the coplanar grid geometry with the cathode and the collecting grid
biased at �3000 V and +200 V, respectively, with the guard ring connected to the
ground as usual. The detector was irradiated from the cathode side. The best energy
resolution that could be obtained for the 662 keV gamma rays was ~8%. The
detector in a virtual Frisch grid geometry provided a much better energy resolution
of ~4.3% for the 662 keV gamma rays. Figure 7c shows the 137Cs spectrum obtained
using the detector in virtual Frisch grid configuration. Figure 7d shows a pulse height
spectrum obtained using a 137Cs (662 keV) gamma source from a random pixel from
the 10� 10 array. A bias of�1500 V (3000 V/cm) was applied to the planar contact
and the guard ring was connected to ground during measurements. The photopeak
corresponding to the 662 keV gamma ray was found to be well resolved from the
Compton background. The Compton edge was well defined, and the backscattered
peak was also identified in the PHS. The energy resolution was calculated from the
FWHM of the photopeak and was found to be ~1.6% for 662 keV gamma rays which
can be categorized as very high resolution for CZT-based detectors. The P/B and the
P/V ratios were calculated to be ~2 and ~10, respectively. The photopeak, although
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well resolved, appears to be slightly asymmetric as a tailing at the lower energy side
was observed. Figure 7 also shows the pulser peaks recorded along with the 137Cs
PHS. The FWHM of the pulser peak, which shows the overall electronic noise of the
spectrometer, was calculated to be 3.6 keV for the abovementioned pixel. The
overall electronic noise was seen to vary from pixel to pixel with the values ranging
from 3.34 to 4.34 keV.

Ideally, a gamma photon pulse height spectrum should present a peak-to-valley
ratio equal to the number of counts at the photopeak position after proper back-
ground subtraction. An actual PHS obtained from CZT detectors however always
shows a lower P/V ratio because of the tailing at the lower energy side of the
photopeak. Such tailing of photopeaks is generally attributed to ballistic deficit
due to trapping of holes in defect centers [3]. It should be noted that in the present
situation, the detector being a single-polarity (electron) sensing device is not sup-
posed to be affected by the hole movement. With a pixel dimension of ε � ε, a
transiting electron is not supposed to induce any charge on the collecting pixel until
it is within a distance of z � ε, which in this case is 1.3 mm. The degree to which a
small pixel effectively works depends on the pixel dimension-to-detector width ratio
(ε/L ), with L being the detector thickness. The smaller the ε/L ratio is, the higher is
the effectiveness of single-pixel effect [24]. For the present detector the ε/L ratio is

Fig. 7 Pulse height spectra obtained from small pixel (a); coplanar grid (b); Frisch collar (c); and
multipixel (d); detector configuration
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0.26. According to the calculations given in Ref. [24], it can be estimated that with a
ε/L ratio of 0.26, the charge induced by an electron created as close as 1 mm from the
anode pixel is 90% of the total charge induced, with the rest 10% being due to the
holes. Thus, a fraction of the signal induced at the anode, even though small, is due
to hole transit also, which accounts for the tailing at the lower energy side of the
662 keV photopeak given in Fig. 7d.

Not all the pixels however produced equal quality of gamma-ray spectra for 137Cs
source. In fact, nonuniformity in CZT crystals is a common problem and is known to
cause nonuniform charge collection efficiency [56], especially in large-area crystals
[57]. The pixelated detector showed a spatial variation of energy resolution as
observed from pixel-by-pixel gamma spectroscopic studies. The average value of
the energy resolution was found to be 3.8% at 662 keV. The plot of the spatial
variation of the detector parameters could be found elsewhere [58].

7 Digital Spectrum Recovery Methods

The general notion of interaction of gamma rays with matter is that gamma rays can
penetrate deep inside the bulk crystal and have the probability to interact at any point
and generate charge pairs; even the photons have the same energy. As a result, in the
case of gamma rays, the radiation-induced charge pairs of each polarity traverse
different distances depending on the location of interaction. For interactions near the
cathode, the electrons traverse the detector thickness, and for interactions near the
anode the holes do. Problems arise, owing to their poor transport properties, when
the holes have to traverse a longer distance. It might happen that the holes get
trapped in defects and recombine resulting in pulses with lower heights as the
collecting electrodes do not register full charge leading to what is known as ballistic
deficit. Moreover, the output pulse height varies depending on where the interaction
has taken place. For interactions closer to the cathode the holes have a better chance
to reach the cathode before recombining compared to the case of intearction closer to
the cathode. This leads to variation of output pulse heights even with monoenergetic
gamma rays interacting through photoelectric interactions.

Biparametric (BP) plots are a convenient way to correlate the pulse heights to the
risetimes of each pulse obtained from detectors [55, 59]. In a BP plot the interaction
events are mapped onto a 3D plot where the x-axis and the y-axis depict the pulse
height (energy) and risetime (depth of interaction), respectively, and the z-matrix
shows the intensity of correlation. Thus, each point in the plot shows how many
interactions occur with a given pulse height and risetime. The plots normally show
the events with similar incident energy bunched up in one region of the BP plot. In an
ideal case, where none of the charges are lost, the events from the interactions of
monoenergetic gamma photons appear as a vertical bunch of points in the BP plot
with a spread coherent with the uncertainty in the measurements. In the case of
recombination of generated charge pairs, the bunch of events shows an inclination
(deviation from the vertical trend) implying that the detector registers different pulse
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heights for different depths of interaction even for monoenergetic gamma photons
interacting through photoelectric effect. Digital corrections can be used to move the
points showing deviation from ideal behavior to locations where they should have
been, had there been no charge loss. This is referred to as the corrected BP plot. A
pulse height spectrum can then be regenerated from the corrected BP plot where the
effect of charge loss has been mostly eliminated or compensated for [60, 61].

The correction technique works fine for detectors in planar configuration. In the
present situation, however, the BP plot is obtained in a detector with a single-polarity
charge sensing configuration. But as has been argued in the previous section, the
resultant signal still has some charge transition in the neutral region as shown in
Fig. 1, a phenomenon commonly referred to as grid inefficiency in Frisch grid
detectors [62]. A more relevant plot of weighting potential as a function of normal-
ized interaction depth in pixelated detector showing the grid inefficiency could be
found in Ref. [3]. The higher the grid inefficiency, the higher the effect of the transit
of charge carriers in the neutral region. Hence, the following discussion will be under
the premise that the movement of electrons (and holes) affects the signals from this
particular pixel throughout the detector thickness because of finite grid inefficiency.
Figure 8a shows the biparametric plot obtained from a pixel in the abovementioned
10� 10 pixelated detector, which has exhibited a poor energy resolution. The events
from the 662 keV gamma photon interactions could be easily identified as the curved
bunch of events visible at the right side of the plot. These events are well distin-
guished from the rest of the points which are due to the Compton interaction within
the detector volume. The 662 keV events show that a substantial portion of the
collected pulse has lower risetimes as well as pulse heights indicating permanent
hole trapping. These events, in the bent portion of the correlated events, are
responsible for the lower energy tailing. In BP plots obtained from CZT detectors,
it is generally seen that for the 662 keV events, the pulses with higher risetimes

Fig. 8 (a) Biparametric plot
obtained from the multipixel
detector, fabricated from
Crystal A, exposed to a
137Cs from a pixel with
lower resolution. (b) Depth-
dependent binning of 137Cs
pulse height spectra
obtained from the same
pixel
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exhibit relatively lower pulse heights. The higher risetime is indicative of the low
hole mobility and the corresponding lower pulse heights indicate ballistic deficit. In
the present case, the 662 keV events however showed a rather different behavior.
The pulses with lower risetimes had lower pulse heights for the 662 keV events.
Such pulses could result from interactions in the active region and very close to the
anode. In those cases, the charge pulses primarily consist of hole movements, that
too in the active region only, resulting in pulses with very low pulse heights and
naturally short risetimes. The interactions of 662 keV gamma rays in the active
region are only natural as it could be estimated that a substantial fraction of these
gamma photons could pass the entire 5 mm thickness of the detector without being
completely stopped.

More insights into the trapping of charge carriers can be obtained from depth-
wise binning of pulse height spectra obtained from the BP plot. Figure 8b shows
such a plot obtained for the present pixel. The BP plot was sliced into ten slices each
for a certain interval of risetimes. Slice #10 represents the interval with the highest
risetimes and slice # 1 represents the interval with the lowest ones. It could be seen
from Fig. 8b that the slices #1 and #4 showed very broad photopeaks with very low
P/B ratios. The broadening of the photopeak in these slices could be attributed to the
uncertainty in pulse height measurement due to lower signal-to-noise ratio for pulses
with lower pulse heights. In addition, the average photopeak positions of these slices
are also centered at lower channel number compared to slices #5–10, which can be
attributed to the effect of ballistic deficit. The slices #2 and #3 on the other hand
showed only noise and Compton background but hardly any trace of the photopeak.
All these factors led to the lower energy tailing of the photopeak. A percentage
resolution of 2% at 662 keV and P/V and P/B ratio of ~14 and ~2, respectively, were
found from the pulse height plot of the slice #9, which is an indicative of the quality
of 137Cs spectra had there been no hole trapping.
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Phase Diagram, Melt Growth,
and Characterization of Cd0.8Zn0.2Te
Crystals for X-Ray Detector

Ching-Hua Su and Sandor L. Lehoczky

Abstract In this study, the solidus curve of the Cd0.8Zn0.2Te homogeneity range
was constructed from the partial pressure measurements by optical absorption
measurements which provided the information of the melt-growth parameters to
achieve crystals with the required electrical resistivity. The melt growth of
Cd0.8Zn0.2Te crystals was then processed by directional solidification under con-
trolled Cd overpressure. During the growth experiments, several procedures have
been developed to improve the crystalline quality: (1) reducing the structural defects
from wetting by HF etching of fused silica ampoule, (2) minimizing the contamina-
tion of impurities during homogenization, (3) promoting single-crystal growth by
mechanical pulsed disturbance, and (4) maximizing electrical resistivity and mini-
mizing Te precipitates by controlling Cd overpressure during growth and post-
growth cooling. Additionally, the thermal conductivity, electrical conductivity, and
Seebeck coefficient of a vapor-grown CdTe and two melt-grown Cd0.8Zn0.2Te
crystals were measured between 190 �C and 780 �C to provide an in-depth under-
standing of the thermal and electrical conduction mechanisms of the crystals as well
as the prospect of its thermoelectric applications.

1 Introduction

In the application of room-temperature high-energy radiation detector, there are two
critical requirements for the detecting semiconductor such as CdZnTe [1–4]. The
first one is high electrical resistivity, greater than 109 Ω-cm, to reduce the bulk
leakage current. This requirement can only be met with materials of low carrier
concentrations which are controlled by the concentrations of intrinsic defects, i.e.,
native point defects such as Cd vacancy, and extrinsic point defects, including
intentional and unintentional dopants. The information on the solidus curve and
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the equilibrium vapor pressures over this narrow homogeneity range compound is
therefore an important database in the control of the concentration of native point
defects. The other critical requirement is the reduction of structural defects which act
as trapping and recombination centers. Various defects that have been shown to
adversely affect charge transport in CdZnTe [5, 6] are grain boundaries, twins, Te
inclusions, dislocations, and subgrain boundaries [7]. Due to the strong trapping at
grain boundaries, high-performance radiation detectors are almost exclusively fab-
ricated from CdZnTe single crystals. Even so, defects within the single crystals such
as Te precipitates/inclusions [8], subgrain boundaries, slip planes, and dislocation
can also cause charge transport problems. In this case, the knowledge of homoge-
neity range is also important in that the solid solubility limit determines the boundary
of the formation of Te-rich precipitates in the grown crystals.

The solidus curve delineates the solubility of group II or VI elements in the II-VI
compound and the existence of homogeneity range is the material’s nature to reduce
the Gibbs energy of formation by increasing its entropy term [9]. Therefore, the
solubility, i.e., the maximum amount of solute that can be incorporated into a solid
compound, is zero both at the temperature of absolute zero and at the maximum
melting temperature (due to the phase transition). Along the temperatures in
between, the solubility goes through a maximum as a function of temperature,
known as retrograde solubility. The maximum non-stoichiometry was estimated
for the Cd1 � xZnxTe solid solutions, for x � 0.15, based on the projection of the
pressure-temperature diagram [10–12] and it was found that the Cd1 � xZnxTe
solidus gradually shifts toward Te-rich side with increasing ZnTe content, x. With
most of the studies focusing on the processing of CdTe and Cd0.9Zn0.1Te crystals by
melt-growth techniques, such as vertical gradient freeze (VGF) [13], high-pressure
Bridgman (HPB) [6, 7], and traveling heater method (THM) [14] for the application
of X-ray detectors [15], it is worthwhile to investigate other composition of the
pseudo-binary, such as Cd0.8Zn0.2Te which has been grown by traditional vertical
Bridgman but needed improvements in several areas as compared to Cd0.85Zn0.15Te
[16]. Additionally, the higher energy bandgap of Cd0.8Zn0.2Te increases the maxi-
mum achievable electrical resistivity than that of Cd0.9Zn0.1Te. The extra Zn also
promotes solution hardening which helps to reduce the dislocation density. In this
study, the solidus curve of Cd0.8Zn0.2Te was determined from the partial pressure
measurements by optical absorption technique which provided the information for
the melt-growth parameters to process crystals with the required electrical resistivity.

During the practice of melt-growth experiments, several procedures have been
developed to improve the crystalline quality by minimizing the contamination of
impurities as well as improving the structural defects within the grown crystals to
enhance charge transport properties. These procedures are listed briefly below and
will be given in detail later.

• A procedure was developed to homogenize pure elements through localized
eutectic reaction using traveling zone process.

• The Cu and other elemental contaminations were minimized by homogenizing
the CdZnTe ampoule under external vacuum condition.
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• The internal surface of the empty growth ampoule was etched by HF before the
loading of starting material to reduce the interaction between sample and fused
silica ampoule during growth.

• By controlling the Cd overpressure during growth, high-resistivity CdZnTe
crystals have been consistently grown with the In dopant concentration of
4–6 ppm, atomic.

• A mechanical pulsed perturbation was applied to growth ampoule during the
nucleation stage of crystal to promote the yield of single crystal.

• An optimal temperature for Cd reservoir was established to minimize the density
of Te inclusions.

• A cooling schedule of Cd reservoir temperature during and after the growth
process was developed to improve the radial uniformity of electrical properties
in the grown crystal.

2 Phase Diagram of Cd0.80Zn0.20Te Solid Solution

The data on the composition–temperature–partial pressures (xTe–T–PTe2),
corresponding to the Te-saturated CdTe solid, have been established by the partial
pressure measurements using the optical absorption method [17]. Recently, the same
method has been conducted for the pseudo-binary of Cd0.80Zn0.20Te [18]. Four
samples with known masses of Cd, Zn, and Te were reacted in fused silica optical
cells of known volume profile. The partial pressures of Te2 and Cd, in equilibrium
with the samples between 485 and 1160 �C, were determined by measuring the
optical density of the vapor phase from the ultraviolet to the visible range. The
composition of the condensed phase or phases was then calculated from the original
masses and the amount of material in the vapor phase to establish the corresponding
xTe–T–PTe2 data, including five Te-rich solidus points.

The detailed description of the experimental setup and procedures has been
presented in Ref. [18]. A brief summary is given here. The T-shaped optical cells
were made of fused silica. The top of the T-shaped cell consisted of an 18 mm OD
and 15 mm ID cylindrical tube with flat, parallel quartz windows at both ends. The
optical path length is either 10 or 5 cm. The bottom of the T-cell was a sidearm made
by attaching a 6 cm long, 12 mm OD, and 8 mm ID tube to the midpoint of the cell
proper, referred to as stem, which was joined coaxially by a 10 cm long 18 mm OD
and 15 mm ID tube referred to as reservoir. The volumes of the empty cells were
measured as a function along the length of the cell by adding distilled water. The
cells were cleaned and then baked at 1180 �C for 18 h under vacuum.

The starting elemental materials were 99.9999% purity Cd rod, Te bar, and Zn
teardrops. The elements were weighed by a Mettler AT-201 balance, with a resolu-
tion of 10μg, except for CZT-1, which was weighed by a Chyo Jupiter M1-20
microbalance with a resolution of 1μg. Four CdZnTe cells, CZT-1 to -4 and a
calibration cell each for the Cd and Te element, as listed in Table 1, were prepared.
The weighed elements were loaded directly into the baked-out optical cells, which
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were sealed off at a vacuum level less than 2 � 10�8 atm. The sealed cells were
placed inside a five-zone T-shaped furnace. The furnace with the optical cell inside
was then placed in a double-beam reversed-optics spectrophotometer (OLIS Inc.,
model 14H) with the optical cell proper in the path of the sample beam, and the
reference beam passed under the furnace. The optical density, defined as
D ¼ log10(Ireference/Isample), where I is the intensity (of reference or sample beam),
was measured between the wavelengths of 200 and 700 nm. The light source was a
deuterium lamp for wavelengths below 275 nm and a xenon lamp for wavelengths
above 275 nm. The typical instrument band pass was 0.2, 1.2, and 2.7 nm, respec-
tively, at the wavelengths of 600, 290, and 200 nm. The temperature of the optical
cell proper, TO.C., was kept at 1050, 1100, or 1150 � 2 �C while the temperatures of
the stem and the reservoir sections decreased monotonically to TR, i.e., the temper-
ature of the reservoir for the sample. A baseline spectrum was measured first for each
TO.C. with the reservoir temperature below 400 �C.

The typical spectra of optical density vs. wavelength on a CZT sample for a series
of runs with increasing sample temperatures are presented in Fig. 1, which shows the
absorption peak of Cd atom at 228.7 nm and a series of vibronic absorption peaks
from diatomic Te molecule, Te2, between 350 and 550 nm. The partial pressures of
Te2, P2, and Cd, PCd, were derived as the following. First, the partial pressure of Te2
was determined from the measured optical density using the calibration constants
from a pure Te cell between 400 and 600 nm. Usually, the pressure was taken as the
average of the values measured at 4–6 wavelengths where the optical density was
between 0.1 and 2.5 with the upper limit being 3.0 for the detector. To calculate the
partial pressure of Cd, the measured optical density in the UV region was assumed to
be the result of a linear superposition of Cd and Te2 absorption. The contribution of
Te2 to the optical density in the UV region was calculated from the measured Te2
partial pressure and the calibration constants of pure Te. This contribution was
subtracted from the measured optical density and the partial pressure of Cd, PCd,
was calculated from the remaining optical density using the calibration results from
an optical cell of pure Cd.

The measured values of P2 for all of the four CZT runs, together with the pressure
over pure Te, P2

o, are plotted against 1000/T (T is TR in K) in Fig. 2a. The measured
P2 shows that, for CZT-1, -2, and -3, the samples started out as Te saturated at low
temperature. As the temperature increased, sample CZT-1 and -3 moved into the

Table 1 The sample name, optical path length, total mass, and atomic fractions of Zn, xZn, and Te,
xTe, of each optical cell

Sample Optical path (cm) Total mass (g) xZn xTe
CZT-1 9.83 20.539284 0.099954 0.500206

CZT-2 9.90 20.84812 0.099917 0.500494

CZT-3 9.90 20.50930 0.099995 0.500015

CZT-4 5.00 20.47089 0.100016 0.499990

Cd 9.90 2.1345 0 0

Te 9.90 3.316 0 1.0
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homogeneity range as the measured P2 started to flatten out and, eventually, joined
the Te-saturated loop at a higher temperature. For CZT-2, the sample composition
remained Te saturated as the measured P2 followed the so-called three-phase loop
throughout most of the measuring temperatures. For CZT-4, only high-temperature
measurements were performed and the data show that the sample composition was
inside the homogeneity range at the low end of the measured temperatures and
moved onto the Te-saturated loop at a higher temperature. The compositions of
CZT-1, -2, and -3 were initially inside the two-phase field of Te-rich Cd0.80Zn0.20Te
(s) + Te-rich melt, and this condition remained for CZT-2 throughout the runs. As
the temperature and the equilibrium P2 increased, samples CZT-1 and -3 were losing
Te to the vapor phase faster than the other two components. Therefore, their
compositions became progressively less Te rich and moved inside the homogeneity
range of Cd0.80Zn0.20Te solid. As the temperature kept increasing, the measure P2

flattened inside the homogeneity range as the partial pressure of the group II
components kept on increasing. The sample composition eventually started to
move back toward the Te-rich direction and finally crossed the Te-rich homogeneity
range and became a mixture of Te-rich Cd0.80Zn0.20Te (s) + Te-rich melt again.
Sample CZT-4 started inside the homogeneity range and crossed the solidus tem-
perature into the Te-rich mixture as the temperature increased. As the temperature
further increased, the measured P2 for all samples decreased rapidly following the

Fig. 1 Five spectra of optical density vs. wavelength for a CZT sample from a series of runs with
different sample temperatures show the absorption of Cd atom at 228.7 nm and a series of vibronic
absorption peaks from diatomic Te molecule, Te2, between 350 and 550 nm
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(a)

(b)

Fig. 2 Measured partial pressures of Te2 (a) and Cd (b) for four samples of (Cd1-xZnx)1-yTey. The
upper dashed curve in (b) is the approximated PCd for the Cd-saturated condition (taken from Fig. 3
in Ref. [18])
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three-phase loop. At even higher temperature, all four samples broke away from the
three-phase loop, and the measured P2 flattened as the temperature increased.
Supposedly, the break point temperature should be close to the liquidus temperature
of the nonstoichiometric Cd0.80Zn0.20Te samples with the Te content higher than
0.50.

The measured PCd for all four samples is shown in Fig. 2b together with PCd over
pure Cd element, Po

Cd. The data are consistent with the P2 shown in Fig. 2a in that all
samples went through the homogeneity range except CZT-2, which was Te saturated
throughout the runs. As shown in Fig. 2b, the small variation in the sample
compositions did not affect the measured PCd in the melt as much as the large
differences in the measured PCd over the homogeneity range of the solid. For the
growth condition of directional solidification, to be described in detail later, the melt
was maintained at a temperature of 1145 � 5 �C and the measured PCd in equilib-
rium with the melt at this temperature, 1.8 atm, can be provided by a pure Cd
reservoir at 820 �C with the Cd pressure over pure Cd, Po

Cd, expressing as a function
of temperature by [19]

log10 Po
CdðatmÞ ¼ �5317=TðKÞ þ 5:119 ð1Þ

Assuming that the vapor phase is ideal, the Gibbs energy of formation of CdTe in
Cd0.80Zn0.20Te(s) from Cd(g) and Te2(g) at 1 atm was calculated from the measured
PCd and P2 for the data points inside the homogeneity range as well as on the three-
phase loop and they can be fitted well using the equation [18]

ΔGf,CdTeðx ¼ 0:20Þ ¼ RTlnðPCdP
1=2
2 Þ ¼ �68642þ 44:4956Tðcal=moleÞ ð2Þ

where R is the gas constant and T is in K. Using Eq. (2), the Cd partial pressure for
the Te-saturated section of Cd0.80Zn0.20Te(s) was calculated from the corresponding
measured P2 and is plotted in Fig. 2b as the lower dotted line which is consistent with
the measured PCd.

The partial pressure of Zn was then derived from the Gibbs energy of formation of
ZnTe in Cd0.80Zn0.20Te(s) which was approximated from the best-fit quasi-regular
interaction parameters determined in Ref. [19] for the CdTe-ZnTe solid solution. As
the temperature increased the composition of the condensed phase, or phases, in
equilibrium with the partial pressures changed because of the incongruent sublima-
tion of the sample. Assuming that the gas phase is ideal, the masses of Cd, Zn, and
Te in the vapor phase can be calculated from their partial pressures and the measured
volume and temperature profiles for each data point [18]. By subtracting the mass of
each element in the vapor phase from the original masses, the composition of the
solid sample at each data point can be calculated and is shown in Fig. 3. The solidus
curve on the Te-rich side of the homogeneity range gives the estimated maximum
limit to be xTe ¼ 0.50012 at 977 �C.
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3 Procedures to Improve Quality of Melt-Grown CdZnTe
Crystals

3.1 Melt Growth Under Controlled Cd Overpressure

The conditions for the growth of inclusion-free CdZnTe single crystals have been
previously investigated. In the vertical gradient freeze growth of Cd1-xZnxTe
(x ¼ 0.04) as the lattice-matched substrate for the epitaxial growth of HgCdTe IR
detectors, the Cd pressure at the congruent melting point was estimated and the
corresponding amounts of Cd were added to the ampoules to reach 1–1.3 atm of Cd
[20]. Asahi et al. [21] and Koyama et al. [22] have grown Cd1–xZnxTe
(x¼ 0.03–0.04) by VGF under a Cd overpressure to minimize the size of precipitates
in the grown crystals. Szeles et al. [23, 24] have grown semi-insulating Cd0.9Zn0.1Te
crystals for the room-temperature X- and gamma-ray radiation detectors using an
electrodynamic gradient technique with a controlled Cd overpressure.

Under the crystal growth environments, to be presented later, the partial pressures
of Te2 and Cd over the melt at 1145 �C differ by three orders of magnitude. During

Fig. 3 The sample composition, xTe, calculated from each partial pressure data point and the five
solidus points, shown as solid black squares, determined from these data. The maximum limit is
estimated to be xTe¼ 0.50012 at 977 �C. The dotted curve on the Cd-rich region is arbitrarily drawn
(taken from Fig. 7 in Ref. [18])
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the crystal growth of CdZnTe by directional solidification, a starting material of
stoichiometric composition, i.e., xTe ¼ 0.5000, will lose more Cd to the vapor phase
than Te, and the composition of the condensed phase will shift toward the Te-richer
direction. The amount of this shift depends on the total sample mass, temperature,
and volume profiles. There are two consequences the shift creates: (1) Cd vacancy
and (2) Te-rich second phase. Based on a defect chemistry analysis to interpret the
xTe–T–PTe2 data for Cd0.8Zn0.2Te, the best-fit parameters [25] showed that the native
defects associated with a Te-rich crystal are believed to be mainly doubly ionized
Cd-vacancy acceptor with essentially no ionized Te anti-site donor [26]. Secondly, if
the composition of Te becomes high than 0.50012, i.e., the maximum of homoge-
neity range, the solidified crystal will consist of a mixture of CdZnTe solid and a
Te-rich second phase, which was usually stated as Te inclusion/precipitate. Even if
the shift in Te composition is not larger than 0.50012, with the usually slow cooling
rate after the growth, the solidified crystal might still have the Te-rich precipitates
embedded inside because of the retrograded nature of the solidus curve. Therefore, it
is recommended to provide the equilibrium partial pressures over the melt during
crystal growth to maintain the condensed phase as close as possible toward stoi-
chiometric composition. Strictly speaking, one needs to investigate the thermody-
namics of the Cd-Zn-Te system to determine the composition and temperature of a
ternary Cd, Zn, and Te reservoir that can provide exactly the respective partial
pressures of Cd, Zn, and Te2 [27]. However, since the partial pressure of Cd is
two orders of magnitude higher than the others, it is usually sufficient to provide a
constant Cd overpressure using a pure Cd reservoir. The precise Cd reservoir
temperature will be determined by the temperature of the Cd0.8Zn0.2Te melt during
the crystal growth and the post-growth cooling. The measured Cd overpressure, over
the melts at different temperatures as shown in Fig. 2b, can be fit with the equation

log10 PCdðatmÞ ¼ �10560=TðKÞ þ 7:702 ð3Þ

For the melt growths employing different thermal profiles, e.g., for the melt
surface at temperatures of 1132, 1150, and 1170 �C, the Cd overpressure can be
derived from Eq. (3) to be, respectively, 1.53, 1.91, and 2.42 atm, which correspond
to a pure Cd reservoir of 805, 826, and 850 �C, respectively, from Eq. (1).

3.2 Reduction of Interaction Between Samples and Fused
Silica Ampoules by HF Etching

During the processing of electronic/optic compound semiconductors at elevated
temperature, the sample has the tendency to interact with the fused silica container
and form chemical bonding, the so-called wetting, which makes the sample attaching
to the ampoule wall. During the cooldown of the sample after the processing, as
the bulk of the sample goes through larger thermal contraction than fused silica, the
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wetting area remains attached to the fused silica wall and, consequently, causes the
sample to separate apart which causes cracks and other structural defects. These
defects are detrimental to the electronic/optic performance of materials, especially on
the applications of high-quality compound semiconductors.

The severity of the chemical interaction between the sample and fused silica inner
wall depends on several factors: (1) the chemical activity of the sample and the fused
silica, (2) the processing temperature, (3) the duration at the temperature, and (4) the
contact area of the interaction. For example, the heating schedule in the homogeni-
zation of HgCdTe was designed to reduce the chemical activity of Cd by annealing
the sample first at lower temperature to eliminate the wetting [28]. A dewetted
growth of CdTe was practiced on earth, provided by a gas pressure in the crucible
which equalized the hydrostatic pressure in the melt [29]. But the contactless growth
was stable only for the first 25 mm of the growth because of the changing of the
solid-liquid interface shape. In general, the first three of these factors are case
dependent; that is, they are different for various material systems as well as different
processing conditions. To find a general solution for each different case, it is desired
to focus on the fourth factor, i.e., to reduce the contact area between the sample and
the container. The total area of the grown crystal contacting the container depends on
the surface features of the inner wall. A very flat and smooth surface provides a large
contact area whereas a rough surface, with peaks and valleys, limits the contact area
to the peaks due to the surface tension of the melt/crystal. With this concept, a simple
method to modify the surface morphology of the fused silica inner wall was
developed by etching it with HF acid before any crystal growth activity. Typically,
the HF rinse of 30 s to 2 min has been widely adopted in the cleaning of the surface
of fused silica inner tubing before any processing activities. However, a long-time
HF etching of 30 min can modify the surface features of fused silica and affect the
interaction between the sample and its container. The effects of the HF etching have
been demonstrated [30] in the crystal growth by physical vapor transport of ZnSe
and Fe-doped ZnSe as well as melt growth of PbTe compound semiconductors. The
method is applicable to all processes involving interaction between materials and
fused silica container at elevated temperatures.

3.3 Homogenization of Starting Materials Under External
Vacuum Environment

The starting materials were prepared from 99.99999% purity Cd and Zn and
99.9999% purity Te. The weighed elements were loaded inside fused silica
ampoules, which have been previously cleaned, HF etched, and baked out under
vacuum. The loaded ampoules were evacuated and sealed under vacuum condition.
Because of the large mass of the sample, more than 300 g, the ampoules are
sometimes explored inside the rocking furnace during heating up. It was concluded
that the exothermic Te eutectic reaction between metals and Te released a large
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amount of energy, which rapidly raised the sample temperature and caused the
instantaneous jump of vapor pressure inside the ampoule. To mitigate this problem,
the loaded homogenization ampoule was first gone through a localized eutectic
reaction by a traveling zone process. The procedure was similar to a zone-melting
process except that the zone temperature was set to be just high enough, about
510 �C, to induce localized Te eutectic reaction (about 450 �C). The zone traveled at
15–20 cm/h and a spongelike sample was formed after the zone process.

For the first few runs, the homogenization ampoules were loaded inside a
resistance heated tubular furnace for the melting and mixing of the charge. The
spongy-looking material was heated up to 1070 �C, soaked for 36 h, then raised to
1160 �C, and rocked for 3–5 h before casting by turning off the furnace power
vertically. However, the electrical properties and the impurity analysis of the grown
crystals, as shown in the later section of characterization, implied the contamination
of Cu, C, and O impurity. During the later runs, the contamination was successfully
minimized by loading the homogenization ampoules inside another closed tubing of
fused silica with a larger diameter, which was pumped to provide an exterior vacuum
of 10�3 Torr during the homogenization process. Even with the modified homoge-
nization process and the controlled Cd overpressure, the electrical property of
undoped grown crystals was not consistent, with the electrical resistivity, ρ, varying
from 103 to 108 Ω-cm, presumably caused by the residual impurities. By adding the
intentional indium dopant, 4–6 ppm (atomic), to the pure elements during homog-
enization, the electrical resistivity of the grown samples was consistently above
108 Ω-cm when the Cd reservoir was maintained between 785 and 825 �C, with
details given in later sections.

3.4 Mechanical Pulsed Disturbance to Promote
Single-Crystal Growth

For certain semiconductors with important applications, the existing unseeded bulk
growth of directional solidification from the melt usually results in poor-quality
multi-crystalline section in the first-grown section which causes the low yield of the
commercial growth process. The multi-grained crystal growth was partially caused
by the large supercool of the melt, which not only results in a large section of ingot
solidifying uncontrollably under spontaneous nucleation [31] but also prohibits the
ideal growth condition for single-crystal nuclei forming at the very tip of the
ampoule and growing into large single grains. The DTA measurements on a CdTe
sample [32] started with heating the sample up rapidly to above its melting point of
1092 �C and, after soaking for 9 h, a furnace cooling rate of about 10 �C/min is
commenced. During the cooling of the furnace, the sample temperature stayed at
1092 �C and eventually started to decrease when the furnace reached 1040 �C, i.e., a
supercooling of 50 �C. The degree of supercooling was also reported [33] to be
correlated to the Cd partial pressure over the CdTe melt where the supercooling was
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studied by measuring the electrical conductivity during solid-liquid transition. It was
found that the degree of supercooling decreases from 23 �C to 13 �C and to 8 �C
when the Cd overpressure was raised from 1.3 atm to 1.4 atm and to 1.6 atm,
respectively.

To prevent the undesired formation of a large multi-grained spontaneous nucle-
ation, i.e., to promote nucleation under the condition of small supercooling, a short-
time mechanical perturbation was applied to the growth ampoule at a critical time
during growth when the melt at the ampoule tip just reached below the liquidus
temperature. The technique was implemented to the directional solidification process
of Cd0.80Zn0.20Te crystals [32] by adding a solenoid AC vibrator, which was bound
to the extension of the growth ampoule, with a frequency of 60 Hz and an adjustable
magnitude. The high-frequency shaking of the ampoule for 10–30 s causes local
inhomogeneity in the supercooled melt, which promotes the nucleation in the melt
and, consequently, a small section of solid, usually single or double grain, was
formed at the growth tip which grew continuously throughout most of the ingot
length. The effects of acoustic wave from the vibrations have also been studied
analytically through the classical nucleation theory [34]. It was found that the
proximate effect of acoustic pressure is to reduce both the size of the critical nucleus
and the work required to form it from monomers. As the work serves to be the
activation energy, the ultimate effect of acoustic pressure is to increase the rate of
nucleation. However, if the atomic structure of the nucleus is the same as that of an
ordinary solid, the compressibility is too small for acoustic vibration effects to be
noticeable. If on the other hand, the structure is similar to that of a loosely bound
colloidal particle, then the effects of acoustic vibration become potentially
observable.

3.5 Crystal Growth and Post-growth Cooling

The growth ampoule was made of fused silica with a diameter ID � OD from
20 mm � 25 mm to 40 mm � 45 mm and a tapered length of 2.5 cm at the growth
tip. The ampoules were cleaned, HF etched, and baked at 1180 �C under vacuum
condition for 16 h. The homogenization ampoules were opened and the starting
materials were ground into particles with dimension less than 5 mm. After the
starting material has been loaded inside the growth ampoule, a basket holding
about 2 g of pure Cd was inserted on the top of the ampoule as the Cd reservoir,
which was fixed beneath the seal-off cup. The ampoules were then sealed under a
vacuum lower than 10�5 Torr.

The Bridgman growth furnace was set up vertically with four independently
controlled electrical resistance heating zones. A typical thermal profile and the initial
ampoule position are shown schematically in Fig. 4. The thermal profile was
provided by the heating zones of, from top to bottom, the Cd reservoir zone
(which was equipped with a heat pipe—the isothermal furnace liner), the hot zone,
the booster zone, and the cold zone. The liquidus temperature of Cd0.8Zn0.2Te was
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determined to be between 1115 and 1132 �C [19, 35, 36]. Figure 4 shows that the
starting melt was about 7 cm long and a total length of 32 cm is required for the
growth ampoule so as to maintain the starting melt above 1130 �C with a positive
thermal gradient (to prevent bubbling in the melt) and an independently controlled
Cd reservoir on the top of the ampoule. The melt was soaking for at least 48 h at
1145 �C in order to completely dissolve any local clusters of Te-rich chains as
reported in Ref. [37–39] that clusters, in the forms of branched chains of CdnTe3n + 1

or Te atoms, were observed in Cd1 � xZnxTe (0 � x � 0.1) during the dynamic
viscosity measurements. The Cd reservoir temperature from 750 to 935 �C was
employed with the range of 785–820 �C used for most of the runs. The furnace
translation rates ranged from 0.75 to 2 mm/h (as mostly used).

After the growths were completed, with a furnace translation time of 100–125 h,
the solidified sample and the Cd reservoir were cooled down to room temperature
with constant rates over a period of 96–144 h. However, after slicing the ingots
perpendicularly, the measured electrical resistivity of the sliced disc was not uniform
across the radial section [40]. For instance, on the wafer cut at 2.5 cm from the tip of
the ingot CZT-26, with a Cd reservoir of 785 �C, the center of the ingot showed
electrical resistivity of 2 � 109 Ω-cm, whereas the resistivity at the edge was
40 Ω-cm. An adjustment of cooling schedule was adopted for the CZT-29 run.
The environments of the CZT-26 and -29 ingots at the end of crystal growth and
during the 2 days’ cooling are shown in Fig. 5 as red and black boules, respectively,
relative to the three-phase diagram of Cd given in Fig. 2b. As shown in the top-left
corner of the figure, at the end of the growth, when the top of the ingots was at the

Fig. 4 The thermal profile and the initial ampoule position for a typical crystal growth
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solidus temperature, 1115 �C, the tip of the 8 cm long crystals was at 995 �C, as
deduced from the thermal profile of the growth furnace. During the late stage of
growth and long duration of cooling, the Cd overpressure of CZT-26 was too high,
especially for the earlier grown section, which caused the Cd vapor to diffuse into the
ingot and shifted the stoichiometry of the surface region. To optimize the environ-
ment of Cd overpressure, the Cd reservoir temperature was programmed to cool
down for 50–80 �C in the last 55–75 h of furnace translation. Figure 5 shows that, for
the growth of CZT-29, the Cd reservoir temperature cooled down from 785 to
735 �C in the last 70 h of growth. So at the end of the furnace translation, while
the whole CZT-26 sample was in equilibrium with a Cd pressure of 1.7 atm the Cd
overpressure over CZT-29 was 0.69 atm. The electrical property measurements
confirmed the radial uniformity of the CZT-29 crystal. The black solid line in
Fig. 5 for CZT-29 corresponds to the optimal temperatures for the crystals and the
Cd reservoir during the post-growth cooling. In an effort to grow inclusion-free
single crystal of CdTe, Franc et al. [20] have reported the stoichiometric line of Cd
overpressure, defined by xCd ¼ xTe ¼ 0.5, during the growth of CdTe as PS

(atm) ¼ 8 � 105 exp.(�1.76 � 104/T). A comparison between their PS and our
optimal PCd for CZT-29 shows that the two lines are in the same pressure range with
the slope of their line a little steeper than ours. For instance, at the temperatures of

Fig. 5 The Cd three-phase loop for Cd0.80Zn0.20Te and the stoichiometric positions for CZT-26
and CZT-29 during post-growth cooling (taken from Fig. 3 in Ref. [40])
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995, 743, and 510 �C, respectively, the values for PS are 0.75, 0.024, and 1.4� 10�4

atm and our optimal pressures are 0.46, 0.032, and 5.2 � 10�4 atm. However, the
differences between these two lines should be pointed out. Firstly, the PCd line for
CZT-29 is the optimal line to maintain a constant stoichiometry of the grown crystal
during the cooling process, whereas the PS from Ref. [20] was the stoichiometric line
for xCd ¼ xTe ¼ 0.5. Secondly, the compositions of the crystals are different, i.e.,
Cd0.8Zn0.2Te in our case and CdTe in their study.

4 Characterizations

The crystalline quality and morphology of the grown crystal were first examined by
visual observation on the as-grown ampoule. Then the cylindrical crystal was sliced
perpendicularly by a wire saw at specific locations from the first freeze tip and a
2 mm thick wafer was obtained. A 2 mm � 2 mm � 20 mm prism was sliced from
the wafer for the chemical analysis of glow discharge mass spectroscopy (GDMS)
provided by Shiva Technologies. Other samples were sliced, lapped, and mechanical
polished for the subsequent Hall measurements. Slices from crystals grown under
different Cd reservoir temperatures were prepared by lapping and polishing for the
examinations under IR microscope to study the structure defects, especially for the
size and density of Te inclusions.

4.1 Crystalline Quality and Morphology by Visual
Observations

4.1.1 Effects of the HF Etching Pretreatment

The effects of HF etching on the reduction of interaction between samples and fused
silica ampoules were visually examined on the as-grown ampoules and the results
are shown in the pictures below. Figure 6a shows the grown crystal without the
pretreatment of HF etching. Although the grown ingot was a single crystal, it broke
into three long axial pieces as shown in the inset at lower left corner. Presumably, at
least three wetting areas caused the sample surface to attach to the inner wall of the
ampoule and separate the ingot axially into three pieces during cooling. Usually, the
HF-treated samples detached from the wall intact and slid freely inside the ampoules
after applying gentle horizontal movements as shown in Fig. 6b.

4.1.2 Effects of Mechanical Disturbance

The growth environments and procedures for two 20 mm diameter ingots of CZT-37
and CZT-38 were implemented as similar as possible except that the mechanical
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tapping was introduced to the latter but not the former. They were both grown with
furnace translation of 1.25 mm/h, growth time of 125 h, and cooling time of 96 h
except the values for total mass and Cd reservoir temperature (95.2 g, 820 �C and
91.9 g, 805 �C) for CZT-37 and -38, respectively. Figure 7a shows that the cross
section of CZT-37 at 1.5 cm from the tip has at least five grains and some twinnings
and the cross sections at 1.8 cm and 2.5 cm, given in Fig. 7b, also exhibit multiple
grains. Figure 7c shows the slices cut at 1.5 cm and 1.8 cm from the ingot CZT-38
which exhibit a monocrystalline structure. The cross section at 1.5 cm has some
twinnings which disappeared at the cross section of 1.8 cm. The longitudinal cut of
the remaining CZT-38 ingot shown in Fig. 7d extends the monocrystalline structure
through the ingot till the last 1.0 cm section which resulted in the coverage of single
grain, more than 70% of the ingot. The single crystallinity has been confirmed from
the X-ray diffraction spectra.

Several 40 mm diameter ingots have also been processed with and without
mechanical disturbance. Without the mechanical perturbation, as shown in Fig. 8a,
the as-grown ingot of CZT-16 shows multiple crystalline grains with twins. Another
grown ingot without mechanical tapping, CZT-20, as shown in Fig. 8b, also exhibits
multiple grains. On the other hand, the ingot of CZT-36, grown with the mechanical
perturbation, which slid inside the growth ampoule as shown in Fig. 6b, was sliced
axially from the tip to 2.5 cm. The first-grown section shows two grains in the
tapered shoulder area as given in Fig. 8c. Twinnings occurred in one of the grains but
they were limited to the first 1.5 cm section. The ingot developed into one major and
one minor crystalline grain, as shown in the cross-section area at 2.5 cm given in
Fig. 8d, with the major grain covering more than 70% of the sample.

(a) (b)

Fig. 6 The pictures of two as-grown CdZnTe ampoules. (a) CZT-39 ampoule: without HF
treatment resulted in the sample separating axially into three pieces as shown by the inset; (b)
CZT-36 ampoule: with HF treatment, as-grown sample detached and slid inside the ampoule
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4.2 Chemical Analysis

The effect of homogenization under external vacuum condition was evaluated by
chemical analysis. The impurity concentrations of samples cut from the crystals were
analyzed by GDMS and the results from two undoped ingots are described here. The
growth conditions for the two runs were similar: the furnace translation rate was
1 mm/h for both runs and the Cd reservoir temperatures were 770 �C and 805 �C for
CZT-2 and CZT-9, respectively. The major difference was that CZT-2 was homog-
enized in an atmospheric environment, whereas CZT-9 was homogenized in an
external pressure of less than 10�3 Torr vacuum condition. Table 2 presents the
analyses of two samples cut at 2.5 cm from their first-to-freeze tips. The results show
that homogenization in the vacuum environment significantly reduces the impurity
concentrations in the grown crystals, especially in the concentrations of the major
impurities Cu, C, O, and Fe. The electrical conductivity measurements were
performed on the remains of these two wafers. The results were consistent with
the GDMS analysis in terms of the measured p-type electrical resistivity of
8 � 104 Ω-cm and 3 � 109 Ω-cm, respectively, for the CZT-2 and CZT-9 2.5 cm
samples.

(a)

(c)

(b)

(d)

Fig. 7 CZT-37, grown without the mechanical perturbation: (a) shows the cross section at 1.5 cm
from the tip and (b) shows cross sections at 1.8 cm and 2.5 cm. CZT-38, grown under the same
conditions as CZT-37 except that the mechanical perturbation was applied: (c) shows the slices cut
at 1.5 cm and 1.8 cm from the ingot and (d) shows the longitudinal cut of the remaining ingot
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4.3 Electrical Properties’ Measurements

Lake Shore, Model 7500 Hall Effect Measurement Systems with a magnetic field
strength up to 10 kg were used for the measurements of the electrical properties. The
cut wafers were chemical-mechanical polished to about 1 mm in thickness and
electrical contacts were made by depositing Au film, using RF sputtering. The
Hall data measurements confirmed that the contacts were ohmic. The measured

(a)

(c)

(b)

(d)

Fig. 8 Two 40 mm diameter ingots grown without the mechanical perturbation: (a) multiple
crystalline grains with twins in the grown ingot of CZT-16 and (b) multiple grains in the grown
ingot of CZT-20. The 40 mm diameter ingot, CZT-36, grown with the mechanical perturbation: (c)
the axially sliced section of the first 2.5 cm sample showing two grains with twins in the tapered
shoulder area and (d) the cross-section area at 2.5 cm from the grown tip with the major grain
covering more than 70% of the sample
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resistivities of the In-doped samples grown with Cd reservoir between 785 and
825 �C were consistently higher than 108 Ω-cm and up to 2 � 1011 Ω-cm. Two
quantities, electrical resistivity and Hall coefficient, were measured which are
determined by four material parameters, namely, electron concentration, n; hole
concentration, p; electron mobility, μn; and hole mobility, μp. The governing equa-
tion for resistivity, ρ, is given by

ρ ¼ 1= neμn þ peμp
� �

, ð4Þ

and the equation for Hall coefficient, RH, under the condition μn >>μp (as is the case
in CdZnTe) can be expressed as

n ¼ 1
ρeμn

μp
μn

� RH

ρμn

� �
: ð5Þ

To obtain the electron and hole concentrations, the values of 1000 and 100 cm2/
Vs for the electron and hole mobilities, respectively, measured on Cd0.8Zn0.2Te
samples at room temperature [41], were used. Table 3 lists the measured Hall

Table 2 The impurity con-
centrations (in ppb, atomic)
measured by GDMS on sam-
ples cut from the grown crys-
tals of CZT-2 and -9

Sample CZT-2; 2.5 cm CZT-9; 2.5 cm

Element Concentration Concentration

C 980 20

N 45 15

O 980 35

Na 12 54

Mg 170 27

Al 26 7

Si 11 8

S 230 280

Cl 56 49

Cr 28 67

Mn <10 60

Fe 480 93

Ni 23 46

Cu 3300 110

Se 160 210

Table 3 The measured Hall coefficients and resistivity, ρ, at room temperature, and the derived
electron and hole concentrations, n and p, from two grown ingots, CZT-26 and CZT-29

Sample Hall coeff. [cm3/C] ρ [Ω cm] n [cm�3] p [cm�3]

CZT-26; 2.5 cm 8.9 � 109 2.1 � 109 3 � 105 2.8 � 106

CZT-29a; 2.5 cm �1.84 � 1013 8.4 � 109 ~1.7 � 106 <106

CZT-29b; 4.0 cm �1.2 � 1011 1.2 � 109 1 � 106 4 � 107

Taken from Table 1 of Ref. [40]
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coefficients and resistivities at room temperature, and the calculated electron and
hole concentrations for two ingots, CZT-26 and CZT-29; both were doped with In
(4.2 ppm, atomic) and grown with a Cd reservoir at 785 �C. Since the CZT-26 wafer
showed radial nonuniformity in electrical properties, the values given here are for the
center section of a wafer cut at 2.5 cm from its tip. The CZT-29a and -29b samples
were sliced at 2.5 cm and 4.0 cm, respectively, from the tip of CZT-29.

4.4 Infrared (IR) Transmission Microscopy

The IR transmission images were taken on sliced and polished wafers, about 2 mm
thick, by an IR camera and IR microscope to study the structural defects, such as
cracks, grain boundary, twins, as well as Te precipitates. The IR transmission image
of a typical 20 mm diameter single-crystal wafer, presented in Fig. 9a, shows no
evidence of crack, grain boundary, and twin. Some foggy line segments might have
been the images of polishing lines on the surfaces. Figure 9b shows the image from
IR microscope taken on a wafer sliced from a crystal grown under a Cd reservoir of
717 �C. With the scale of 1 mm, the size of the small dots, presumably Te pre-
cipitates, ranges from 10 to 20μm. The identity of the three larger particles, with the
size of the lower right corner at 65μm, is not clear. They might have been the Te
inclusions from the engulfment of Te-rich liquid droplet due to the fluctuation of the
growth interface. Figure 9c–f show the IR micrographs from crystals grown under
Cd overpressure with increasing Cd reservoir temperature (given at the bottom of
each image). From the trend of the Te precipitate density, it was concluded that a Cd
reservoir temperature of 820 � 10 �C resulted in the lowest precipitate density.

From the above results on the optimal Cd reservoir temperature for the directional
solidification of a Cd0.8Zn0.2Te melt maintaining at 1145 �C, it is summarized that
the temperature range of 785–825 �C will fulfill the requirement of a high level of
resistivity (section “Electrical Properties’ Measurements”) and 820 � 10 �C will
minimize the structural defects (section “Infrared (IR) Transmission Microscope”).
Therefore, it is claimed that the employment of a Cd reservoir temperature of
820 � 5 �C during the growth process will provide the optimal Cd pressure over
the melt to maximize the electrical resistivity as well as minimize the structural
defects, including Te precipitates/inclusions of the grown Cd0.8Zn0.2Te crystals.
Since the solids of different compositions, x in the Cd1-xZnxTe system, have different
liquidus/solidus temperatures as well as different homogeneity ranges, the procedure
presented here for the Cd0.8Zn0.2Te solid may not be applicable to other composi-
tions. As a comparison, inclusion-free CdTe crystal was reported to have been grown
by vertical Bridgman technique using a Cd reservoir of 850 �C with a melt temper-
ature of 1118 �C [42].
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(a) CZT-34

(b) 717 °C

(c) 747 °C

(d) 800 °C

(e) 825 °C

(f) 843 °C

Fig. 9 (a) An IR transmission image of a typical 20 mm diameter single-crystal wafer; (b–f)
transmission images of IR microscope taken from wafers sliced from crystals processed under
different Cd reservoir temperatures
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4.5 Thermoelectric Properties of CdZnTe

The thermal conductivity is one of the thermophysical properties needed for any
meaningful simulation of the growth process. The extreme high level of electrical
resistivity at room and cryogenic temperatures makes it difficult for the measure-
ments and interpretation of the results. The measurements of a lower electrical
resistivity in the elevated temperature together with Seebeck coefficients can provide
an in-depth understanding of the electrical conduction mechanisms in the crystals.
Therefore, the thermal conductivity, electrical conductivity, and Seebeck coefficient
of a vapor-grown CdTe and two melt-grown Cd0.8Zn0.2Te crystals, including
In-doped CZT-30 and un-doped CZT-34 samples, were measured between 190 �C
and 780 �C to study the thermoelectric properties of CdZnTe. Additionally, from the
three sets of measurements it would be interesting to investigate the thermoelectric
properties of CdZnTe since there have been very few evaluations [43] on the
potential thermoelectric applications of this wide-bandgap semiconductor system.

4.5.1 Crystal Growth by Physical Vapor Transport (PVT)

The CdTe crystals have been grown by a horizontal seeded PVT process
[44, 45]. The present measurements were performed on the crystal of CdTe-15
which was grown with the following procedures. After a CdTe single-crystal seed
with growing face of (112) was positioned in a fused silica growth ampoule of
16 mm ID, 22.7 g of homogenized CdTe (xTe ¼ 0.50002) starting material was
loaded. The loaded ampoule was baked under vacuum at 880 �C for 5 min to adjust
the stoichiometry of the starting material before sealing off under vacuum. During
the growth, the CdTe source was maintained at 880 �C with a temperature bump and
gradient of 35 �C/cm at the supersaturation location where the seed surface was
positioned. After 281.5 h of growth with furnace translation rate of 0.158 mm/h, the
furnace was cooled to room temperature in 32 h. All of the starting material has been
transported.

4.5.2 Thermoelectric Property Measurements

The single-crystal samples, in the shape of 20 mm diameter and 3.0 � 0.5 mm thick
disc, were cut perpendicularly to the growth axis from the grown crystals by a wire
saw. The slices were 2.4 cm, 2.6 cm, and 2.4 cm from the first grown location for
CdTe-15, CZT-30, and CZT-34, respectively, and were characterized by the
following.
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Thermal Conductivity

The thermal conductivity, κ, was determined from the following equation:

κ ¼ ρCpα ð4Þ

where ρ, Cp, and α are density, heat capacity, and thermal diffusivity, respectively.
The thermal diffusivity was measured by the Flashline 3050 System from Anter
Corp. (now TA Instruments) between room temperature and 760 �C. In the flash
technique, when the sample was heated and in equilibrium with a preset temperature,
the radiant energy of a high-intensity light pulse was absorbed on the front surface of
the disc and the resultant temperature rise on the rear face was recorded. The
diffusivity was calculated from the thermogram using the Clark and Taylor analysis
[46]. For each temperature, the diffusivity was taken from the average of three
successful measurements.

The density of CdZnTe was calculated from the lattice constants, a, of CdTe and
ZnTe from the Vegard’s law:

a Cd1�xZnxTeð Þ ¼ 1� xð Þa CdTeð Þ þ x a ZnTeð Þ ð5Þ

The room-temperature lattice constants have been reviewed by Williams [47] to
be 0.6481 and 0.6103 nm, respectively, for CdTe and ZnTe. The density at elevated
temperature was determined by the lattice constant values at room temperature and
their linear thermal expansion coefficient values reviewed in Ref. [47] and in Ref.
[48] for CdTe and ZnTe, respectively.

As described earlier, the partial pressure of Zn can be derived from the results of
the best-fit quasi-regular interaction parameters determined in Ref. [19] for the
CdTe-ZnTe solid solution. In a quasi-regular solution of Cd1-xZnxTe, the heat
capacity, Cp, is given by

Cp Cd1�xZnxTeð Þ ¼ 1� xð Þ Cp CdTeð Þ þ x Cp ZnTeð Þ ð6Þ

where the heat capacity for CdTe was adopted from K.C. Mills [49] to be
0.1668 + 1.377 � 10�4 T(K) (J/g-K) and Cp(ZnTe) is given by
0.2407 + 5.638 � 10�5 T(K) (J/g-K) [50].

The Electrical Conductivity and Seebeck Coefficient

The electrical conductivity and Seebeck coefficient were measured simultaneously
by the ULVAC ZEM-3 instrument from room temperature to 800 �C. The samples
were sliced into the shape of roughly 2 mm� 2 mm� 15 mm rectangular prism. The
electrical conductivity was determined from ten measured I-V points and the
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Seebeck coefficient was derived from the values of Seebeck voltages measured over
6 mm distance along the sample under three different applied thermal gradients.

4.5.3 Results and Analysis

Thermal Conductivity

The measured thermal conductivities from room temperature to 750 �C for the three
samples are given in Fig. 10. The thermal conductivity of CdTe was slightly above
0.08 W/cm-K at room temperature, decreased to and stayed around 0.035 W/cm-K
when temperature reached above 200 �C, and then slowly decreased when temper-
ature reached above 700 �C. The thermal diffusivity of CdTe has been measured by a
similar laser-flash method between 930 and 1085 �C [51]. Their thermal diffusivity
data were multiplied by the values of heat capacity and density at the temperatures to
obtain the values for thermal conductivity which are also shown in Fig. 10. Those
data are in line with the extension of present data from the lower temperature range.

The thermal conductivity for the In-doped CdZnTe, CZT-30, stayed below
0.03 W/cm-K in the low-temperature range with a shallow minimum at about
250 �C. The un-doped CdZnTe sample, CZT-34, has the thermal conductivity
similar to that of CZT-30 in the low-temperature range and increased to a slight

Fig. 10 The measured thermal conductivity for CdTe, In-doped (CZT-30), and un-doped (CZT-34)
Cd0.80Zn0.20Te samples plotted against temperature. The three data for CdTe (Sen et al.) at
temperature above 900 �C are from Ref. [51] (taken from Fig. 1 of Ref. [43])

258 C.-H. Su and S. L. Lehoczky



maximum at about 650 �C. All three sets of the thermal conductivity data merged
together at about 750 �C—an implication that the samples became intrinsic as the
phonon contribution to thermal conductivity started to dominate at elevated
temperatures.

Electrical Conductivity

The measured electrical conductivities for the three samples are plotted in log
scale vs. 1000/T(K) as shown in Fig. 11. The CdTe crystal, grown from a starting
material being heat treated to approach congruent sublimation condition [45],
contains very small amount of native defects (donor or acceptor) and hence is
close to be intrinsic as evidenced from the almost linear dependence of its electrical
conductivity (in log scale) vs. 1000/T, especially for temperature above 440 �C, or
1000/T <1.4. High-temperature electrical conductivity of CdTe single crystals has
also been measured previously in the temperature range from 400 to 1200 �C [52],
shown as a line segment in the figure, which is about 50% higher than the present
data.

The data for the In-doped CdZnTe, CZT-30, showed low values of electrical
conductivity in the low-temperature range and also showed the intrinsic character-
istics by forming a linear line roughly parallel but lower than those data for CdTe due

Fig. 11 The measured electrical conductivities plotted in a scale of log10 vs. 1000/T(K). The line
segment at the upper left corner shows data from Ref. [52] (taken from Fig. 3 of Ref. [43])
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to the larger bandgap of CdZnTe. It has been shown that the intrinsic carrier
concentration of CdTe can be fitted well [53] by the following form for a
nondegenerate semiconductor with parabolic valence and conduction bands:

ni ¼ NT3=2 exp �Eg=2kT
� � ð7Þ

where N is a constant (related to band structure parameters), T is in K, Eg is the
effective bandgap energy, and k is the Boltzmann constant. From the measurements
of optical transmission at 300 K on CdZnTe [54], the measured cut-on energy for
x ¼ 0 and 0.20 was 1.464 and 1.572 eV, respectively. Assuming that the bandgap
difference, 0.108 eV, remains the same and similar band structure parameters at
elevated temperatures, the ratio of intrinsic carrier concentration of Cd0.8Zn0.2Te to
that of CdTe would be

niðCd0:8Zn0:2TeÞ=niðCdTeÞ ¼ expð�0:108 eV=2kTÞ ð8Þ

Assuming that the mobilities for the carriers are the same for Cd0.8Zn0.2Te and
CdTe at a fixed temperature, this ratio in Eq. (8) will also be the ratio for their
individual electrical conductivity. At the temperature of 1000 K, this ratio of ni
would be 0.534 from Eq. (8) which is comparable to the ratio of the measured
electrical conductivity at 1000 K, as interpolating from Fig. 11 to be 0.54. The
electrical conductivity of the un-doped CZT-34 sample started with a value of 0.3 S/
cm at around 300 �C and decreased to a minimum of about 0.1 S/cm and then
merged with the In-doped sample at a temperature above 650 �C.

Seebeck Coefficient

The types of electrical conduction of CdTe-15 were revealed from the Seebeck
coefficient measurements as shown in Fig. 12. In the low-temperature range, the
Seebeck coefficients were positive—indicating a p-type dominant conduction, pre-
sumably from native acceptors of Cd vacancy. The measured Seebeck coefficients
showed a rather high value of 1.1 mV/K at the lowest measured temperature of
346 �C. As temperature increased, the measured Seebeck coefficients decreased
slowly as the sample approached to be intrinsic and the conduction type converted
to n-type around 680 �C due to the mobility difference—about 300 cm2/Vs for
electrons and 15 cm2/Vs for holes at 680 �C as reported by Smith [55].

The Seebeck coefficients of CZT-30 indicated n-type conduction at low temper-
ature, converted to p-type at about 250 �C, reached a maximum of 0.9 mV/K
between 400 and 500 �C, and converted back to n-type at 770 �C. The small amount
of n-type In doping compensated the residual native acceptor Cd/Zn vacancy and
showed n-type characteristics in the low-temperature range. As the temperature
increased, the ionization of native acceptors converted the sample into the p-type
conduction until at even higher temperatures when the sample approached to be
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intrinsic and the conduction type converted back to n-type due to the high mobility
of electrons.

The Seebeck coefficients measured on un-doped CZT-34 sample in Fig. 12
showed p-type conduction at low temperatures with a plateau of 0.97 mV/K between
250 and 550 �C, then merged with In-doped CZT-30, and converted to n-type at
770 �C. The trend confirms that, for the un-doped sample, the native acceptor was
formed from the Te-rich range of stoichiometry during the solidification. The figure
of merit for thermoelectric application, zT, is defined as

zT ¼ α2σT=κ ð9Þ

where α is the Seebeck coefficient, σ the electrical conductivity, T the temperature
in K, and κ the thermal conductivity. The calculated values of zT, as shown in
Fig. 13, for the three samples between 190 and 780 �C were orders of magnitude
lower than the state-of-the-art p-type thermoelectric materials mainly due to the low
values of electrical conductivity. As a simple estimate, the value of zT for CdTe can
be improved to 1.0 at 500 �C if the carrier concentration at 500 �C reaches p-type
1 � 1018 cm�3, either from native acceptors or intentional dopants. For an estimate
on the n-type thermoelectric properties for CdTe at elevated temperature, the large
uncertainty in extrapolating the Seebeck coefficient gives a value of zT to be

Fig. 12 The measured Seebeck coefficient of CdTe, In-doped (CZT-30), and un-doped (CZT-34)
Cd0.80Zn0.20Te samples plotted against temperature. Positive and negative Seebeck coefficients
represent, respectively, p-type and n-type dominant electrical conduction (taken from Fig. 4 of Ref.
[43])
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1.2 � 0.4 for n-type CdTe at 1050 �C, compared to the state-of-the-art value of
around 1.0 for the n-type SiGe alloy.

5 Summary

The data on the composition–temperature–partial pressures (xTe–T–PTe2),
corresponding to the Te-saturated Cd0.80Zn0.20Te solid, have been established by
measuring the partial pressure using the optical absorption technique. The solidus
curve on the Te-rich side of the homogeneity range gives the maximum limit to be
xTe ¼ 0.50012 at 977 �C. During crystal growth, the measured PCd in equilibrium
with a Cd0.80Zn0.20Te melt, at a temperature of 1145� 5 �C, is 1.8 atm, which can be
provided by a pure Cd reserved of 820 �C.

Several procedures have been developed to improve the crystalline quality: (1) a
homogenization procedure to minimize the contamination of Cu, C, O, and Fe; (2) a
HF etching treatment of the empty fused silica ampoule to reduce the interaction
between sample and fused silica ampoule during growth; (3) a Cd reservoir at
820 � 10 �C over the melt to consistently grow high-resistivity CdZnTe crystals

Fig. 13 The calculated figure of merit for thermoelectric application, zT. All of the data are p-type
conduction except the data at the two highest temperatures for CdTe as well as the data at the highest
temperature for both CZT samples and the lowest temperature for CZT-30 are n-type (taken from
Fig. 5 of Ref. [43])
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(In dopant concentration of 4–6 ppm, atomic) with minimal amount of Te inclusions/
precipitates; (4) a mechanical pulsed perturbation to the growth ampoule during the
nucleation stage of crystal to promote the yield of a single crystal; and (5) a cooling
schedule of Cd reservoir temperature after the growth process to improve the radial
uniformity of electrical properties in the grown crystal. The measured thermal
conductivity, electrical conductivity, and Seebeck coefficient of a vapor-grown
CdTe and two melt-grown Cd0.8Zn0.2Te crystals between 190 �C and 780 �C have
provided an in-depth understanding of the thermal and electrical conduction mech-
anisms and the prospect of its thermoelectric applications.
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Melt Growth of High-Resolution CdZnTe
Detectors

Saketh Kakkireni, Santosh K. Swain, Kelvin G. Lynn, and John S. McCloy

Abstract CdTe and its alloy CdZnTe possess optimal physical properties for room-
temperature high-resolution X-ray and gamma-ray detector applications in areas of
homeland security and medical imaging. Melt growth and Te-rich flux growth are
primary methods employed to produce bulk single crystals of CdTe/CZT. Reduction
of performance-limiting defects including impurities, native defects and their com-
plexes, and secondary phases, while ensuring high resistivity and single crystal
yield, is desirable in this technology. Although CZT is the most successful semi-
conductor detector technology, further advances can be realized by exploring path-
ways for cost-effective growth of high-quality material. Melt growth methods can
achieve faster growth rates; however, the transport properties and detector quality
are typically inferior compared to crystals grown from Te-rich flux. The latter growth
method can achieve very high purity due to solvent purification and low growth
temperature. Recent studies indicate that similar benefits can be achieved in melt
growth configuration by making certain modifications to allow faster growth from a
Te-rich melt. The modifications included adjustments to melt composition, growth
temperature, and forced melt convection during growth by accelerated crucible
rotation technique (ACRT). Resulting crystals can attain electron lifetime of nearly
80 microseconds, without subjecting the crystals to post-growth annealing. The
growth method, material characteristics in terms of secondary phases, purity, homo-
geneity, and performance of the detectors are discussed in this chapter. Potential
approaches towards integration of the benefits of various known bulk growth
methods in order to further advance CZT technology are discussed.
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1 Introduction

Among the state-of-the-art technologies for room-temperature X-ray and gamma-ray
detection, direct conversion devices based on CdTe and its alloy CdZnTe (typically
up to 10% Zn) are superior compared to scintillators in terms of both energy and
spatial resolution [1]. Favorable physical properties of these materials include high
stopping power, high average atomic number (Z), high resistivity >1010 Ω cm, and
electron drift lengths reaching several centimeters [2]. These properties allow for
compact, stable, and high-resolution devices for nuclear safeguards, medical imag-
ing [3, 4], as well as astrophysics research [5]. CdTe/CdZnTe detectors also have
advantages over other direct conversion technologies, such as silicon and high-purity
germanium (HPGe), which require cooling and large volumes of material to achieve
high spectroscopic efficiency and resolution. Due to these properties, CdZnTe is
considered the most promising room-temperature detector available to date. Figure 1
shows the evolution of electron mobility-lifetime product (μτ)e for various high-Z
compounds considered for room-temperature detector applications over the past
several decades [1].

Despite these excellent properties, compared to common scintillators (e.g., NaI
and CsI) and elemental semiconductors (Si and Ge), it is relatively challenging to

Fig. 1 Comparison of (μτ)e and their time evolution for various high-Z wide-gap semiconductors
in use today. Reprinted from P. Johns et al., J. Appl. Phys. 126, 040902 (2019), with the permission
of AIP Publishing [4] and references therein
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grow large single crystals of high-quality CdTe/CdZnTe at fast growth rates, which
has been a bottleneck for large-scale commercial applications. Unfavorable
thermophysical properties including poor thermal conductivity of solid that is
lower than that of the melt, low critically resolved shear stress (CRSS), high
symmetry of zinc blende crystal structure, and presence of Te inclusions make the
crystal growth of high-quality material a challenging task [6]. While these challenges
are well documented in literature and various techniques, each with its own set of
advantages and disadvantages has been pursued to grow detector-grade CdTe/
CdZnTe [7], producing high-quality detector-grade materials at considerable vol-
umes, and lower cost is still a necessity. Innovation in crystal growth is necessary to
make this possible. Major performance-limiting factors include deep-level point
defects associated with impurities, native defects, as well as extended defects such
as Te inclusions, precipitates, dislocations, twin, and subgrain boundaries [8]. Nev-
ertheless, continued interest in the material due to the broad range of current and
potential new applications has led to advancement in crystal growth [9–11], post-
growth processing [12], and device designs [13–15]. These developments have
made it possible to realize more than tenfold increase in electron lifetime over the
past decade, detector volumes as high as �25 cm3 [16], and energy resolution <1%
@ 662 keV which is well suited for nuclear safeguard applications [17]. Similarly,
CdTe/CdZnTe technology is currently increasingly adopted for medical imaging
applications such as single-photon emission computed tomography (SPECT) and
spectral CT due to recent improvements in the performance under high irradiation
flux [3, 18]. Here better energy resolution and photon processing capability enable
better quality image while allowing low dose, reduced exposure, patient comfort,
and better safety of patients and healthcare workers [19].

At present, the travelling heater method (THM) is the most successful technique
for commercial production of CdTe and CdZnTe, with Redlen Technologies
(Canada) [20], Kromek (UK) [3], and Acrorad (Japan) [21] as the leading commer-
cial vendors. The crystals grown by this method have a major advantage in achieving
high-purity materials due to low growth temperatures and solvent purification effect
of tellurium [22, 23], in addition to better compositional uniformity as the Te-rich
flux zone composition and temperature remain constant during the entirety of the
growth [24]. This technique also results in large-volume single-crystalline yield
compared to other techniques that have been used for commercial production in
the past [24, 25]. However, the technique has some well-known limitations that
include slow growth rates in the order of 5 mm/day or less [24, 26] and presence of
tellurium inclusions that require post-growth annealing for their elimination/reduc-
tion in order to realize optimum detector performance [24]. These factors influence
the overall yield of high-quality crystals leading to increased cost, limited supply,
and performance reliability issues.

On the other hand, techniques based on melt growth, such as vertical or horizontal
Bridgman techniques, either under high pressure or in evacuated sealed volume, are
generally inferior in terms of detector performance, yield, and homogeneity. The
growth temperatures in melt growths are typically 300–400 �C higher than typical
THM growths. This is a source of performance-limiting point defects and extended
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defects [6, 27]. In addition, nonuniformity due to segregation of Zn and dopants
contributes to low yield of usable detector volume. However, melt growth tech-
niques have advantages, such as fast growth rates in mm/h range and the ability to
scale up to large crystal sizes, which are some of the reasons behind early commer-
cial interest in these methods. For example, the high-pressure Bridgman (HPB)
method had been used in the past by eV Products, Inc. (now under Kromek, Inc.),
for commercial CdZnTe detector production, but the nonuniformity of the grown
crystals resulted in very low detector yield, resulting in a shift from HPB to THM
[3]. Orbotech Medical Solutions Ltd. (Israel), later acquired by General Electric
(GE), uses the horizontal Bridgman technique for producing CdZnTe for medical
and space applications [28–30]. In view of the demand for low-cost, large-volume,
high-resolution devices, strategies combining the low growth temperature benefits of
THM with the fast growth rate advantages of melt growth are shown to be promising
[9, 11]. As discussed in this chapter, this is achieved by a forced melt convection
technique, namely accelerated crucible rotation technique (ACRT). This technique
was initially proposed in the 1970s [31] for overcoming the growth rate limitations in
flux growth and later adapted to many crystal growth systems including CdTe/
CdZnTe as discussed in the next sections.

At Washington State University (WSU), we have focused on developing strate-
gies to produce high-resolution CdZnTe crystals at fast growth rates without requir-
ing any post-growth treatment [9, 11, 32]. Modifications to the existing Bridgman
growth system at WSU have been made to successfully reach this goal. These
changes included (a) addition of high excess Te up to 12% to reduce growth
temperature and (b) application of forced melt convection to allow for faster growth
rate from off-stoichiometric melt and reduce the size of Te inclusions. Resulting
crystals demonstrated electron lifetime values up to 80μs [11] and energy resolutions
of ~1.1% @ 662 keV (Frisch collar), which is comparable to state-of-the-art
commercial detectors. It is important to note that these results are achieved without
subjecting the crystals to post-growth annealing and without applying any electronic
corrections. The growth method, material characteristics in terms of electrical
properties, secondary phases, and detector performance will be discussed. Potential
approaches towards increasing the single-crystal volume while maintaining the
detector performance are also discussed.

2 Accelerated Crucible Rotation Technique

Segregation of excess component at the growth interface (Te for CdTe/CdZnTe)
during crystal growth imposes limitations on growth rates and causes particle
trapping during solidification [33]. This phenomenon can be overcome by homog-
enizing the melt and redistributing the accumulated solute at the growth interface
into the bulk of the melt. However, melt homogenization by diffusion and natural
convection during crystal growth is a slow process. Additional stirring with the aid
of forced convection is essential to accelerate the solidification process by enhancing
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the mass transfer to the solid-liquid interface and by suppressing deleterious phe-
nomenon such as constitutional undercooling. Forced convection can induce flow
velocities which are several orders of magnitude higher than those achieved by
natural convection under typical thermal gradients imposed during growth
[34]. Accelerated crucible rotation technique (ACRT) is one of the melt-stirring
techniques involving periodic rotation of the crucible containing the melt. ACRT-
induced flows can suppress thermal and compositional inhomogeneities that occur in
static growth conditions [34]. ACRT was initially proposed by Scheel in the 1970s
for flux growth of high-temperature solutions which resulted in much larger single
crystals of GdAlO3 that was otherwise difficult to achieve [35]. Since then, this
technique has been utilized in various crystal growths encompassing vertical
Bridgman (VB) [36], electrodynamic gradient (EDG) [11], travelling heater method
(THM) [37], and Czochralski growth methods [38]. ACRT has been successfully
applied to several materials including SiC [39], CdHgTe [40], CdZnTe [11],
Rb2MnCl4 [41], YIG [42], InSb [43], ZnTe [44], and Nd:YAG [38], improving
dopant uniformity, maximum possible stable growth rates, and single-crystalline
yield. Typical parameters of an ACRT cycle are shown in Fig. 2; these include
acceleration and deceleration rates, maximum rotation rate, and hold time at maxi-
mum rotation rate and at minimum rotation rate.

The optimal ACRT profile is a function of several system parameters such as melt
viscosity, density, crystal diameter, and length of the melt column. The mathematical
treatment for the hydrodynamics of the fluid flow under ACRT is detailed in the
literature, and a brief summary is presented here [34, 45]. Three different flows are
known to occur during different stages of ACRT rotation: spiral shearing, Ekman
flow, and transient Couette flow. A spiral shearing force that is operational in the
bulk of the melt causes a two-dimensional flow occurring during spin-up and spin-
down cycles and is beneficial in bulk melt mixing and homogenization of solute. The
acceleration of the crucible from rest causes shearing in the melt about the rotation
axis, and as a result spiral arms are created in the melt. The concentration deviations

R
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Time (Secs)

Stop time at Max RPM (10 RPM)

Acceleration

Deceleration

Stop time 
at Min RPM

Fig. 2 Illustration of an
ACRT rotation profile
showing different stages
during a full cycle
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between the spiral arms are neutralized via diffusion if they are closely spaced, and it
is estimated that the concentration differences disappear within a fraction of a second
under typical flux growth conditions [34]. Ekman layer flow is the most dominant
flow during the spin-up cycle, where the liquid near the solid-melt boundary is
pushed away due to centrifugal forces, and this flow is essential for radial mixing of
the melt. It also strongly affects the kinetics at the growth interface. This shearing
effect at the growth interface is responsible for reducing the concentration boundary
layer thickness at the interface and allowing higher stable growth rates and controls
the formation of Te inclusions in CdTe/CdZnTe under optimized conditions. The
influence of this flow, characterized by Ekman layer thickness, is limited to a region
near the solid-melt interface [34]. The bulk of the fluid mixing is achieved during
spin-down by the formation of Couette flow patterns. During the spin-down, the
layer of fluid adjacent to the wall of the crucible decelerates faster than the fluid at the
center (no-slip condition). Thus, the fluid in the central part of the crucible is pushed
outward due to inertia, resulting in Couette flow patterns which are responsible for
vertical mixing in the bulk of the fluid and eliminating the possible propagation of
secondary wall nucleation into the bulk of the crystal [34]. Optimization of an ACRT
profile to achieve enhanced mixing is possible by establishing stable flow patterns
during different segments of the ACRT cycle. Although theoretical and computa-
tional studies are useful in terms of recommendations regarding the choice of ACRT
parameters, experimental optimization is usually necessary. Extensive experimental
work on the effect of different rotation parameters by Coates et al. suggests that rapid
acceleration and declaration are critical for improved mixing and enhanced macro-
crystallinity [46]. In practice, stop times and hold times and rotation-reversal are less
important than predicted by theory [45, 46]. Horowitz et al. found that longer cycle
time (smaller acceleration and deceleration rates) with higher maximum rotation rate
yields a better crystal structure at similar imposed growth rates in Rb2MnCl4
[41]. Zhou et al. experimentally reported the change of mass transfer rate and
interface velocity during an ACRT cycle in Te-doped InSb [43]. They found that
enhanced mass transfer resulting from the Ekman flow persists much longer than the
theoretical Ekman time. Also, periodic variation of growth rate is observed with a
minimum occurring during the spin-up and maximum during spin-down of the
ACRT cycle. Numerical simulation of ACRT applied to CdZnTe system shows
counterintuitive results; the rotation profile designed based on theoretical criteria for
stable flow results in poorer mixing compared to rotation profile designed to
maximize the fluid velocities [47]. These discrepancies arise from the complexity
in the assessment of the ACRT mechanisms in combination with crystal growth
phenomena. Underlying thermally driven flows, three-dimensional nature of the
flow structure in real systems, and time-dependent nature of the ACRT-induced
flows make it difficult to accurately predict the outcome with present theories.

Hence, most of the work on rotation profile optimization to improve the second-
phase distributions in CdZnTe performed at authors’ laboratory at Washington State
University (WSU) has been through experimentation over the past decade [32, 48,
49]. The following sections discuss growth, properties, and detector performance,
reviewing some of our earlier published results and including recent results. The
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growths are performed in a multi-zone EDG furnace, capable of growing up to
85 mm diameter and �152 mm (�6-in.) tall ingots. The boules reported here are
typically�61 mm diameter and�75–85 mm tall. Growths are performed by loading
the raw materials either directly into a graphite-coated quartz ampoule or with an
additional pyrolytic boron nitride (pBN) crucible. Use of a pBN crucible generally
resulted in relatively less sticking of the ingot to the crucible wall compared to
growths directly in quartz ampoules. The raw materials CdTe, ZnTe, and elemental
tellurium with 6 N5 (99.9995%) purity are purchased from 5 N Plus, Inc. (Canada).
High-resistivity and detector-grade crystal is achieved using a co-doping scheme
involving indium (In) [50]. Excess Te, in the range of ~1.5 to 12%, has been studied
and crystals are grown under an imposed growth rate of 1–2 mm/h [9, 32]. The
melting point of these compositions was estimated from the three-phase diagram and
is in the range of 1000–1075 �C.

3 Electrical Properties and Detector Performance

High bulk resistivity >1010Ω cm is preferable for detector applications. The addition
of Zn to CdTe widens the bandgap and can thus reduce the thermal noise due to
increased resistivity compared to CdTe, in addition to other reported benefits of
increasing the defect formation energy [51, 52]. Here the growths are performed with
10% Zn. As-grown undoped CdTe/CdZnTe grown under Te-rich conditions are
known to result in p-type low-resistivity crystals due to cadmium vacancy (VCd)
acceptors. Growths under Cd pressure control or post-growth annealing under Cd
overpressure conditions can increase the resistivity to�108–109Ω cm [53], which is
suboptimal for detector application.

Self-compensation by either indium (In) or chlorine (Cl) is a well-known strategy
employed to achieve semi-insulating crystals. Since indium replaces VCd to form a
donor, its solubility is higher under Te-rich conditions. Here indium concentrations
of ~3000–5000 ppb atomic are used to reproducibly achieve bulk resistivity exceed-
ing 1010 Ω cm under excess Te concentration up to ~57% [11]. Detectors with
thicknesses from 1 mm up to 20 mm are fabricated from the grown boules. Thin
detectors are tested for μτe and resolutions @ 122 keV (57Co) in planar electrode
configuration. Most medical applications use energies few 10s of keV up to
~150 keV. Thick detectors are tested for (μτ)e products and resolutions @
662 keV (137Cs) in Frisch-collar configuration [14] to evaluate the applicability in
nuclear safeguard applications. (μτ)e products are determined by fitting the electric
field dependence of photopeak (32 keV of 137Cs or 59.5 keV of 241Am) position to
Hecht equation. Since (μτ)e value can vary depending on measurement conditions, it
serves as a measure of relative crystal quality, whereas electron lifetimes and
detector resolutions are ultimately the best indicators of performance [54, 55]. Impu-
rities and Te-rich secondary phases are some of the key performance-limiting
factors, especially for applications demanding high resolution in thick detectors.
Here, by growing under a suitable Te-rich condition, purity is improved due to a
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lower growth temperature as well as gettering effect of Te. Application of ACRT
allowed us to reduce Te inclusions and simultaneously grow purer crystals at fast
rates. Figure 3 shows the (μτ)e products of numerous 1–3 mm detectors from over
~150 crystal growths at WSU performed with varying excess Te in the melt. Each
data point corresponds to (μτ)e of a particular growth averaged over the number of
samples tested. Clearly seen is a trend of increasing (μτ)e with increasing excess Te
in the melt. While other differences in growth condition may also influence the
transport properties, solvent purification effect appears to play a significant role as
the superior transport properties were most reproducible in crystal growth experi-
ments with high excess Te and lowered growth temperatures [11]. Uncertainties and
interferences in GDMS measurements at low impurity concentrations make it
difficult to establish a clear correlation between total impurities and (μτ)e values as
can be seen from Fig. 3, especially at such low concentrations of total impurities.
Note that the GDMS data does not include impurities of carbon (C), nitrogen (N),
and oxygen (O).

Although improvement in the (μτ)e for thin detectors is achieved by increasing
excess Te in the melt, it does not always translate to better performance in thick
detectors due to variation in inclusion distribution. This is clearly elucidated in
Figs. 4 and 5. Figure 4 compares thickness-dependent (μτ)e and corresponding
infrared (IR) micrographs for two different crystal growths. The main differences
between the two growths are the melt composition (excess Te) and the implemented
ACRT profile. The IR results indicate very different second-phase distributions in
these crystals. For better comparison, the samples are selected from similar regions
of the ingot. The effect of different excess Te in the melt is seen in the (μτ)e values of
thin detectors. For growth 1, which had higher fraction of large diameter inclusions,
clear deterioration in (μτ)evalues for thick detectors is seen. On the other hand,
growth 2 performed with optimized rotation profile exhibits smaller inclusion size,
leading to a high (μτ)e value of thick detectors, and shows less variation with
increasing thickness. The detrimental influence of inclusion distributions is also
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evident from the difference in resolution @ 662 keV measured for samples from the
two growths, 8.35% for growth 1 versus 1.57% for growth 2.

The spectrometric performance of thin samples of ACRT-grown crystals is
shown in Fig. 6, evaluated using a 57Co and 137Cs source. The irradiation is
performed on the cathode side. All the major isotope lines are clearly resolved.
Interestingly, the photo-peak corresponding to low-energy X-rays is well resolved,
which is typically challenging, but could be achieved with good-quality surface and
low-noise electronics given good carrier transport properties. The measured energy
resolution of ~4%@ 122 keV, in planar electrode configuration, is better than that of
scintillators, which makes the material quality readily suitable for low-count-rate
medical imaging applications, although the performance under high irradiation flux
necessary for computed tomography (CT) applications is yet to be tested in these
materials. Furthermore, in imaging applications, where the anode is pixelated,
further improvement in energy resolution is expected due to reduction in dark
current and single-polarity charge sensing.

Several Frisch-collar detectors, with typical sample area of 5 mm2 � 5 mm2 and
10–15 mm thickness, are fabricated from ACRT-grown crystals for in-house eval-
uation. Although nonuniformity exists, energy resolution @ 662 keV for most
detectors is measured to be �2–3% in as-grown crystals with the best resolution
of �1.1% achieved without applying any electronic correction, as shown in Fig. 7.
Such high-performing devices from as-grown crystals have never been reported by
melt-growth methods, and this performance is comparable to state-of-the-art com-
mercial detectors where post-growth crystal processing is typically employed.

In summary, in this section, the performance of ACRT-grown CdZnTe crystals
and the effect of various aspects of crystal quality such as purity and extended defect
distribution on detector performance are discussed. The most important takeaway is
that the high-quality spectroscopic grade detector performance can be achieved in
as-grown crystals without the need for post-processing while still maintaining fast
growth rates.
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4 Secondary Phases in ACRT-Grown Crystals

Secondary-phase defects, including inclusions and precipitates, are common in
CdTe/CdZnTe crystals. Nonstoichiometric growth conditions and combination of
kinetic and thermodynamic factors lead to their formation, growth, and random
distribution [56]. Inclusions originate from the trapping of melt at the solid-melt
interface due to morphological instabilities which can be caused by factors such as
constitutional undercooling. An example of this phenomenon is presented in
Fig. 8 [57].

The crystal shown in Fig. 7 is grown from a melt composition of 53.5% Te in a
CdZnTe with 10% ZnTe. Imposed growth rate and interface gradient are 0.5 mm/h
and 20 �C/cm, respectively. The ingot was quenched after growing about 50% of the
material. Capture of large Te droplets is clearly observed in the fast-frozen region,
due to the imposed growth rate being very fast, which caused constitutional
undercooling. The size of such inclusions can be up to 50μm or higher, and can
deteriorate the resolutions even at very low densities [58]. The detrimental effect of
poor inclusion distributions on detector performance was shown in the previous
section. In general, the density of inclusions in CdTe/CdZnTe can vary from
104 cm�3 to 106 cm�3 which can be controlled by adjusting temperature gradient
at the melt-crystal interface, growth rate, melt stoichiometry, post-growth cooling,
and application of forced convection (e.g., ACRT) [9, 56, 59, 60]. WSU has
previously studied the effects of post-growth cooling on inclusion distributions
[61]. Slower cooling typically results in an increase in mean particle diameter and
reduced inclusion density, with the opposite being true for faster cooling. Regardless
of the growth method, the size and density of inclusions that are observed in Te-rich
as-grown crystals by IR microscopy are observed in the range where it can degrade
the energy resolution [58], since presence of these defects causes fluctuations in the
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induced charge and degrades energy resolution especially in thicker devices. Various
studies have correlated device performance and presence of these defects with
observed electric field distribution by the Pockels effect and X-ray topography and
correlated response maps [62, 63]. Inclusion formation due to constitutional
undercooling increases with increasing off-stoichiometry and hence induces stricter
limitations on permissible stable growth rates [33]. Precipitates, on the other hand,
form due to retrograde solubility of Te in CdTe solid. Excess Te of ~530 ppm
(atomic) can be accommodated into a single CdTe phase at �900 �C [64], although
recent results indicate that the actual solubility limit is actually much lower
[9, 65]. Upon cooling to room temperature in equilibrium, the excess Te precipitates
into the matrix and is usually much smaller in size than inclusions [56] and does not
significantly affect the charge transport. Unlike inclusion formation which occurs
during growth, precipitation is a consequence of the retrograde solid solubility of Te
in CdTe [56].

A common strategy to minimize the secondary phases is by annealing under Cd
pressure. Establishing optimal parameter space for annealing and maintaining elec-
trical compensation is important. Researchers have also applied two-step
(Cd followed by Te) annealing to restore resistivity [12]. Temperature gradient
annealing is also applied to thermally migrate Te inclusions [66]. It is reported that
the impurities gettered at the inclusions release to the matrix upon annealing, which
can deteriorate electrical properties [24]. It is therefore ideal if these particles can be
controlled in size and density during growth. Various forced melt convection
techniques including vibrational stirring, rotating magnetic field, and accelerated
crucible rotation have been applied with promising results in terms of improvements
in interface shape, second-phase particle size, and electrical property uniformity
[67, 68]. Our lab has been pursuing ACRT for the past 10 years. Datta et al. [69]
reported a decrease in mean diameter to ~6μm, and the distribution was reported to
change from a bimodal, in the case of static growth, to a single peak distribution, in
the case of ACRT growths, with the same composition of the melt. Recent optimi-
zation of ACRT parameters has led to significantly smaller mean diameter [9, 32, 69]
as shown in Fig. 9. Static grown crystal under similar excess Te as ACRT exhibits
significantly larger inclusion size.

Fig. 8 IR image of
inclusion trapping (dark
regions) evident at the solid-
melt interface of a fast-
frozen boule [58]
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The IR images shown here correspond to some of the best regions in the boules.
Places near grain boundaries are seen to be decorated by a large density of inclusions
[9]. Grain boundaries, twins, and dislocations make it energetically favorable to
attract these defects. Even in single-crystal regions, when observed over a large
region, larger diameter particles are observed but with low densities compared to
static growth conditions. The density of large inclusions is fairly low and does not
seem to significantly affect the detector resolutions. Some large-area scans of
samples from ACRT-grown crystals are given in Fig. 10, along with corresponding
resolution @ 662 keV. These inclusion distributions and resolutions are unprece-
dented for as-grown CdZnTe.

In addition, occasionally regions with subgrain boundaries are also encountered
in ACRT-grown crystals that are decorated with higher density of inclusions and
deteriorate the resolution (Fig. 11). One such example is given below; interestingly
the photo-peak channel remains similar in all three samples at similar applied electric
field, indicating similar values of (μτ)e.

Despite these nonuniformities, detectors with resolution <2% could be reproduc-
ibly obtained over different boules, as long as the excess Te and rotation profiles are
kept the same. Interested reader can find more detailed analysis of the influence of
rotation profiles and growth conditions on inclusion distributions of ACRT crystals
in the references [32, 48]. These results indicate that a combined effect of purity and
secondary-phase defects is responsible for detector performance. Results shown here
demonstrate that both the purity and the secondary-phase particle size could be

Fig. 9 Comparison of IR micrograph in static (left) and ACRT (right) crystals. The ACRT crystal
was grown at a higher excess Te (57%) and faster growth rate of 2 mm/h.
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controlled reproducibly by growing from an optimal excess Te melt in combination
with forced melt convection by ACRT.

Despite these excellent results, further research is needed in order to determine
ideal rotation parameters, excess Te, and growth rate to improve grain structure and
nonuniformity for better yield of high-quality detectors [70]. Experiments in tandem
with thermal modelling can be helpful. Modelling has been helpful in the past to
provide guidance in terms of rotation parameter range and their effect on interface
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Fig. 10 Large-volume IR scans (left) of samples from ACRT-grown crystals (optimized rotation)
and corresponding 662 keV resolution in Frisch-collar configuration (right)
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stability, although observations contrary to model predictions are also reported. For
example, Divecha et al. [71] applied modelling to the WSU system and compared
the impact of rotation parameters on flow patterns, interface stability, and
undercooling. Their finding suggests that rotation patterns that maximize the flow
and achieve homogeneous solute distribution in the melt do not reduce supercooling
at the interface. Lower rotation rates determined as per flow stability criteria reduce
undercooling in their study. Contrary to these numerical results, our experimental
studies indicate that higher rotation rates are more effective in reducing second-
phase particle size. Clearly, future studies will need to clearly understand these
issues.

5 Discussion and Future Directions

To summarize the studies presented in the previous sections:

1. Thick detectors with performance suitable for high-resolution spectroscopy and
imaging can be grown at fast rates of 1–2 mm/h.

2. The high-performing detector quality can be realized in as-grown crystals.
3. Extended defects related to Te inclusions could be controlled by applying ACRT.
4. ACRT in combination with excess Te melt appears to be an effective strategy in

achieving fast purification of unknown deep-level impurities improving electron
lifetime.

Increasing the overall volume of high-quality detector per boule and understand-
ing and eliminating the observed inhomogeneity in second-phase distribution should
be the next research goals. With increasing excess Te, the performance of detectors
improved, provided that a rotation profile is used that is effective in reducing second-
phase particle size. However, the grain structure is found to deteriorate
[32, 48]. Despite these challenges, multiple high-resolution detectors with volume
necessary for high-energy gamma spectroscopy could be obtained from these
boules; however, the mining process necessary for obtaining single-crystalline
areas from the boule is time intensive. As an immediate solution to the problem,
increasing of the overall size of the crystal growth was performed. Results indicate
that proportionately larger detectors could be fabricated from those boules while
maintaining low second-phase content and maintaining detector performance.

This presents a potential opportunity to consider implementing ACRT to growth
methods traditionally known to produce large crystals, such as the high-pressure
Bridgman (HPB) technique [72]. HPB process typically uses a graphite crucible in a
semi-sealed configuration under high inert gas pressure. Use of a sturdy graphite
crucible allows for significantly larger boule sizes than sealed quartz ampoule-based
growths. The HPB technique has in the past demonstrated the capability to grow a
large-diameter ingot >5 in. and overall ingot weight exceeding 10 kg, which will be
challenging in typical quartz ampoules [73]. Although the HPB process has pro-
duced high-quality detectors, the technique suffered from the common challenges of
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other high-temperature melt growths. The findings reported in this chapter suggest a
pathway for large-volume detectors if ACRT in combination with excess Te could
be implemented in the HPB technique. Modelling for such a system is reported [74].

Our recent studies on CdTe growth in HPB system show that the technique is
suitable for integrated synthesis and growth of binary and ternary II-VI alloys
[75]. This presents advantages, since separate pre-synthesized binaries will not be
necessary as starting material; this is beneficial from both purity and cost perspec-
tives, as elements are available at high purity and low cost compared to
pre-compounded CdTe or ZnTe of the same purity. Purity comparison indicates
that HPB-synthesized CdTe can be grown at a purity level comparable to high-
quality gamma-ray detectors [75]. In addition, specific impurities such as oxygen
and Si, whose role in CdZnTe is not clear, can be avoided, due to the use of graphite
components.

As another approach to increase the yield of single crystals, seeding has been
attempted [32]. From a growth configuration point of view, seeding in melt growth is
relatively more challenging compared to seeding in the travelling heater method.
CdTe/CdZnTe has fundamental physical properties that make it prone to grain and
twin formation, and therefore experimental factors, including control over seed melt-
back, interface shape at the seed-melt interface, and existence of sites for sidewall
nucleation, play important roles in successful seeding. It is also important to
maintain a convex shape of the interface to support outward grain growth. Thermal
modelling has been employed to achieve these conditions in our seeding experi-
ments. An ampoule support system was designed which consisted of high-thermal-
conductive metal rods at the center and a low-thermal-conductivity outer cylinder, an
idea initially proposed by Derby [76]. Our initial results indicate that successful
seeding could be reproduced. Although all major grains and twins on the seed could
be replicated, propagation of the seeded grain through the entirety of the crystal is
still a challenge, especially in the presence of ACRT. Another major problem
encountered in these experiments was sidewall nucleation due to use of an imperfect
seed crystal, where multiple small grains were observed to form on the periphery of
the seed and propagate into the bulk of the ingot. Future efforts should aim to address
these issues by further understanding the thermal environment and understanding the
effects of crystallographic orientations using a fully single-crystalline seed.

6 Conclusion

Application of forced melt convection by accelerated rotation of the crucible allows
fast growth of CdZnTe from highly off-stoichiometric melt compositions. The use of
Te-rich melt and corresponding reduction of growth temperature play a key role in
increasing electron (μτ)e, likely due to reduction in the concentration of
performance-limiting point defects. In addition, crystals that were grown with
suitable ACRT conditions resulted in detectors with resolution of ~1.1%
(@ 662 keV), without subjecting the crystals to post-growth annealing. The energy
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resolution is observed to correlate with the distribution of secondary phases as seen
by IR microscopy. The growth method described is a potential pathway towards
achieving cost reduction of high-resolution CdZnTe devices by overcoming the
critical crystal growth challenges. Despite the excellent detector performance in
as-grown crystals grown at fast rates, challenges including inhomogeneity in the
boule and single-crystal yield remain that requires further research.
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Solution Growth of CdZnTe Crystals
for X-Ray Detector

Song Zhang, Bangzhao Hong, Lili Zheng, Hui Zhang, Cheng Wang,
and Bo Zhao

Abstract This chapter presents an overview of our efforts on solution growth of
large-size CdZnTe crystals for X-ray detectors. Firstly, a direct-mixing solution
growth (DMSG) method is proposed in order to prepare high-purity CdZnTe crystals
from 7N raw material during one single step, and the accelerated crucible rotation
technique (ACRT) is used to get large-size and high-quality CdZnTe crystals.
Secondly, unseeded THM process is studied to optimize the THM process. In this
part, the THM furnace is firstly designed based on numerical investigation of the
relationships among the ampoule diameter, the height of Te-rich solution, and the
height of the heater. The thermal field stability during crystal growth is also
improved by introducing a dummy crystal which has the same thermal conductivity
with CdZnTe crystals. The influences of ampoule geometry and wall temperature
gradient on nucleation rate as well as controlling growth interface by ampoule ration
during unseeded THM are studied in order to get large crystals through unseeded
THM growth. Finally, all the crystals are characterized by infrared transmission
spectra, Te inclusion, composition, and I–V curve of the as-made CdZnTe detectors.
A comparison between the DMSG and THM method is conducted based on numer-
ical simulation and characterization of as-grown CdZnTe crystals, and some future
research work to improve the crystal quality is discussed at the end of this chapter.

1 Introduction

The development of sensitive and portable X-ray and gamma radiation detectors
needs progress in the production of large, high-quality crystalline cadmium zinc
telluride (CdZnTe). The modified vertical Bridgman method has been widely used as
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a melt growth method in preparation of CdZnTe crystals [1, 2]. However, this melt
growth method suffers from high growth temperature and segregation of solute,
which cause common problems in crystals, such as extended structural defects and
inhomogeneity. Solution growth method is proposed as a low-temperature growth
method, which is attracting more and more attentions during the studies of detector-
grade CdZnTe crystals [3–5]. Commonly, the CdZnTe crystals are prepared from a
Te-rich solution in solution growth method which has the potential to improve the
problems during melt growth method [6]. There are two main solution growth
methods widely used, i.e., the temperature gradient solution growth method and
the traveling heater method.

The temperature gradient solution growth (TGSG) method as shown in Fig. 1a is
proposed by combining solution growth method and vertical Bridgman method
during which the structure of furnace is like a VB furnace while the feeding material
is a Te-rich solution so that the temperature of growth interface can be reduced. The
interface temperature is determined by constitution of the remaining solution based
on the phase diagram. During TGSG process, all the feeding material is melted and
mixed before pulling of the ampoule. The interface temperature is reduced with
reduction of solute in the Te-rich solution, for which the temperature of heaters is
also controlled to reduce so as to maintain the position of growth interface. The
traveling heater method (THM) is quite similar to zone melting (see Fig. 1b), where
the pre-synthesized polycrystalline feeding dissolves into Te-rich solution through
diffusion and convective transport and finally deposits at the growth interface when
the heater moves up (or more commonly, the ampoule moves downward). Compared
with melt growth, the traveling heater method is a suitable solution growth method
for growing crystals with high melting point or high vapor pressure and has its
intrinsic advantages, such as low growth temperature, charge purification, and
longitudinal homogeneity [6].

To date, the mass production of CdZnTe single crystals larger than
20 mm � 20 mm � 15 mm with low defects and uniform composition is still a
big challenge and suffers from a low yield rate. To be noted, Te inclusion is still an
important defect that degrades material properties during solution growth method,
which is caused by constitutional supercooling and unstable growth interface,
resulting in random trapping of Te-rich solution [8]. For growing high-quality
grains, it is essential not only to create optimal crystal growth conditions, but also
to ensure the stability of thermal and flow fields during crystal growth. However,
there has been little discussion on maintaining a stable thermal environment in
CdZnTe crystal growth. Another important issue for solution growth is the prepara-
tion of raw materials including seed, Te-rich solution, and feeding material. This
makes the growth process complicated and also increases the possibility of contam-
ination. The same problem occurs for the as-grown crystals for both TGSG and
THM methods.

This chapter presents an overview of our efforts in solution growth of large-size
Cd0.9Zn0.1Te crystals for X-ray detectors. Firstly, a direct-mixing solution growth
method is proposed to prepare high-purity CdZnTe crystals from 7 N raw material
during one single step and the accelerated crucible rotation technique (ACRT) is
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used to improve the crystal size and quality. Secondly, unseeded THM process is
studied to optimize the THM process. In this part, the THM furnace is firstly
designed based on numerical investigation of the relationships among the ampoule
diameter, the height of Te-rich solution, and the height of heater. The thermal field
stability during crystal growth is also improved by introducing a dummy crystal
which has the same thermal conductivity with CdZnTe crystals. Controlling of
growth interface by ampoule ration is also studied in order to get large crystals
through unseeded THM growth. Finally, all the crystals are characterized by IR
transmission images of Te inclusion, composition, and I–V curve of the as-made
CdZnTe detectors. A comparison between the DMSG and THM method is
conducted based on numerical simulation and characterization of as-grown CdZnTe
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Fig. 1 Schematic of growth system, (a) TGSG/DMSG method and (b) THM method [7]

Solution Growth of CdZnTe Crystals for X-Ray Detector 287



crystals and some future research work to improve the crystal quality is discussed at
the end of this chapter.

2 Direct Mixed Solution Growth Method

2.1 Design of Direct Mixed Solution Growth Process

The direct mixed solution growth method is a one-step method based on solution
growth method which means that the preparation of CdZnTe feeding material and
the growth process are combined together during the synthesis of CdZnTe single
crystal [9]. Since no seed is used, the material preparation and crystal growth are
achieved by enlargement of random nucleation. The growth system used for DMSG
method is shown in Fig. 1a and a vertically increasing thermal profile like VB
method is adopted. The furnace is a self-designed and homemade two-zone electric
furnace and two heaters are separated by insulation brick and a heat sink. Modular
design is used in the design of furnace so that the thermal field can be easily modified
by changing parts of the furnace. The upper heater is the main heater which controls
the temperature profile of the melting region. The lower heater and the heat sink are
designed to modify the post-growth profile which can also act as a post-growth
annealing process. The ampoule is placed onto the ampoule support which can
control the movement of ampoule with stepping motors. The temperature profile
used in the experiment is shown in Fig. 1a and the temperature at the growth
interface is 890 �C which is tested using an external thermocouple during the
experiments. The temperature gradient at the growth interface can be controlled by
changing the set point of the upper and lower heaters and also the position of growth
interface. For example, by increasing the temperature of the upper heater and
lowering the ampoule, a higher temperature gradient in the solution can be obtained.

Carbon-coated quartz ampoule of 75 mm in diameter with a 120� cone-shaped
bottom is used. The ampoule is filled with the Cd, Te, and Zn raw materials and In as
dopant and then vacuum sealed before the growth process. The raw materials of Cd,
Te, and Zn are directly mixed to form the Te-rich solution. By controlling the
reaction process of raw materials, the heat release rate is controlled, thus avoiding
the explosion of sealed ampoule. The reaction inside the ampoule can be indicated
by a rapid temperature increase of thermocouple at the wall of ampoule. As shown in
Fig. 2, reaction occurs at 450 �C and 650 �C. Before growth, the ampoule is raised to
the position with a temperature of 890 �C. At the saturation point of the source
material, CdZnTe is fully mixed in the Te-rich solution by flow in the ampoule
which is derived from temperature gradient and rotation of ampoule. After the source
material is fully dissolved, the ampoule is pulled downward at a predetermined
speed. The initial growth temperature is 890 �C, and the temperature of growth
interface is lowered with the reduction of CdZnTe solute, which is controlled as a
function of crystal growth rate and time.
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2.2 Optimizations of Direct Mixed Solution Growth Process

Since the vertical temperature profile is monotonically increasing, which is a stable
thermal structure for convection, the convection of solution is mainly caused by the
lateral temperature difference across the ampoule. Figure 3a shows the numerical
simulation of thermal and flow field in a typical DMSG process. It is seen that the
main vortex is formed at the top of the solution and there is slight flow near the
growth interface. The solution near the growth front is quite stable, for which it is
easy to control the growth interface by changing the temperature field. However, the
heat and mass transfer are also in a low level without solution flow, which leads to a
low temperature gradient and low crystal growth rate. In order to enhance the heat
and mass transfer near the growth interface, rotation of ampoule is used in the mixing
stage before crystal growth.

Figure 4 shows four typical crystal growth experiments conducted in order to
improve the crystal quality with DMSG method. Two different ACRT processes are
introduced (see Fig. 3b), during which the Ekman flow will occur during accelera-
tion and deceleration and cause mixing near the solid/fluid interfaces. A high rotation
rate with a high frequency is necessary to destroy the stable density stratification and
facilitate mixing, due to the stable thermal structure near the growth interface.
Crystal sample 1 is grown at the temperature of 890 �C and the temperature gradient
is measured relatively low at 20 K/cm. The growth rate is 3 mm/day for the first
2 days at the nucleation stage, after which the growth rate is kept at 5 mm/day.
Longitudinal cross sections of the as-grown crystal (Fig. 4a) show that initial grains
are formed at the tip of the cone, but such grains disappear soon and new grains are
formed at the wall of ampoule. This leads to the formation of many small grains in

Fig. 2 Temperature evolution during DMSG process
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sample 1. During the growth of sample 2 (see Fig. 4b), the growth interface
temperature gradient is increased to 40 K/cm while growth temperature and growth
rate remain the same. However, the grain size is almost not improved. An ACRT
pattern (dash line in Fig. 3b) is introduced during the growth of sample 3. From the
cross sections of the as-grown sample 3, it is observed that initial grains are formed at
the tip of the cone and grow continuously further without too many new grains
formed at the wall of ampoule (see Fig. 4c). Another bidirectional ACRT process is
used in the growth of crystal sample 4 which is shown with a solid line in Fig. 3b.
The longitude cross section of the as-grown crystal in Fig. 4d shows that the initial
grain is also formed at the top of the ampoule and grows continuously to the end of

(a) (b)

Fig. 3 (a) Numerical simulation of temperature and flow field in DMSG, (b) ACRT sequence used
to enhance the heat and mass transfer in DMSG

(a) (b)

(c)(d)

1cm 1cm

1cm1cm

Fig. 4 Longitudinal cross section of as-grown crystals in DMSG experiments [9]
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the growth process. However, there are still unexpected new grains formed during
the enlarging process. The cross section of the crystal shows that the grain size is
improved than sample 3 and the number of unexpected small grains is reduced
obviously. From the cross section of samples, it is seen that the introduction of
ACRT process can improve the crystal size during DMSG growth of CdZnTe
crystal.

Increasing temperature gradient at the growth interface makes the growth process
more stable when there is a fluctuation of thermal field. In sample 3, there is a
periodic stir of the solution to break the balance built by buoyancy flow. A more
intense flow will increase the heat transfer in the solution. In sample 4, a bidirectional
ACRT is used to increase the forced flow and this will compress the supercooling
layer at the growth interface by increasing the temperature gradient. By enhancing
the temperature gradient and mass transfer rate at growth interface with ACRT, large
grains can be easily achieved in DMSG method. However, there is an important
problem in the DMSG method, i.e., the concentration nonuniformity of dopant
elements. From Fig. 5 it is shown that the axial concentration of indium in recently
prepared DMSG ingot remains uniform at the beginning of the growth process and
increases more and more rapidly towards the end of the ingot. This phenomenon is
mainly caused by the segregation effect of indium. Another potential reason for the
nonuniformity is the changing growth temperature during the growth process.

The resistivity at different locations in DMSG-prepared ingot is characterized
after annealing in a Te-Cd atmosphere (see Fig. 6). It is shown that the resistivity at
the tip of the ingot is quite stable near 2.0 � 1010 Ω�cm under a bias of �600 V to
+600 V. However, the resistivity reaches 1.7� 1012Ω�cm under a bias of�600 V to
0 V while 3.5� 1010Ω�cm under a bias of 0–600 V at the tail of the ingot. As shown
in Fig. 5, the dopant concentration is different between two faces of the wafers
prepared by DMSG method and this is much more severe at the tail part of the ingot.
Combining the resistivity analysis, the nonuniformity of dopant concentration is a
potential reason for the asymmetric resistivity distribution, even though this is
commonly caused by poor ohmic contacts between the contact layer and CdZnTe
samples.

Fig. 5 Indium concentration along the growth direction during DMSG and unseeded THMmethod
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Figure 7 shows Te inclusions in DMSG-prepared crystals before (Fig. 7a–c) and
after (Fig. 7d) annealing which is captured using IR transmission microscopy. There
are three types of Te inclusion formed during DMSG growth process, i.e., (1) large
amount of small Te inclusions with the size smaller than 3 μm, which is shown in
Fig. 7a, c; (2) small-size Te inclusions (smaller than 3 μm) along the line of
dislocation and twin boundary as shown in Fig. 7b, c; and (3) occasionally formed
large-size triangular or hexagon Te inclusions with the size between 15 μm and 20
μm. Since the size of most Te inclusion is smaller than 3 μm and there are huge
numbers of this kind of inclusion, the density of Te inclusion is not counted. After an
annealing process under Te-Cd atmosphere at 600 �C for 80 h, Te inclusions are
improved as shown in Fig. 7d. After annealing, only inclusions with the size near 5
μm can be clearly seen, and the large-size inclusions disappear. Also, there will be
several remaining small-size Te inclusions which are located at the dislocation
before annealing. The source of the remaining 5 μm large inclusions is still
unknown, and there is no evidence that can indicate that the remaining inclusion is
formed by reunion of small-size inclusions or by shrinkage of large-size inclusion
(the density of remaining inclusions is quite larger than large-size inclusions before
annealing).

Fig. 6 Resistivity at different locations of DMSG-prepared ingot
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3 Traveling Heater Method

As discussed in DMSG growth process, a stable and high temperature gradient near
the growth interface is essential to prepare large and high-quality grains. The growth
conditions could be stable in THM method when balance between melting of
feeding material and solidification at the growth interface is built, and thus the
longitudinal homogeneity can be hugely improved. However, as shown in Fig. 8,
a vortex with an upward flow near the ampoule wall and a downward flow along the
center occupies the main area of molten zone due to the buoyancy effects, while
diffusion works only in thin boundary layers. Such convection, arising from a
parabolic temperature profile, plays a significant role in enhancing mixing, but, on
the other hand, is considered as the main cause of concave growth interfaces

Fig. 7 IR transmission images of CdZnTe prepared in DMSG method, (a–c) as-grown crystals, (d)
after annealing
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[10, 11]. It is well known that a slightly convex growth interface is essential for grain
enlargement and preventing polycrystalline growth through post-formed grains on
the ampoule wall. In order to obtain a convex interface, many researchers start by
weakening natural convection using a shorter molten zone, ampoule rotation, an
additional magnetic field, and microgravity growth [12–15]. Ampoule rotation is
a simple and convenient technology in experiments. Lan [16] first reported that a
concave growth front due to buoyancy convection can be easily inverted into a
convex one by applying a constant rotation of 3–5 RPM for THM growth of 1-in.
GaAs. Dost [17] also found that a constant rotation of 5.0 RPM for a 1-in. CdTe
crystal is effective in optimizing the interface. However, there has been no further
experimental verifications.

Aiming for a stable and convex growth front with relatively large axial temper-
ature gradient, fast unseeded THM growth of Cd0.9Zn0.1Te crystals is conducted by
introducing DMSG growth during feeding material preparation step. The procedures
of fast unseeded THM growth are shown in Fig. 9. The schematic diagram of the
THM growth system is shown in Fig. 1b. The furnace is a self-designed one-zone
electric furnace with a precision of�0.1 �C. Before growth, polycrystalline CdZnTe
feed is synthesized from 7 N metals using the DMSG method with a composition of
Cd:Zn ¼ 9:1. Then, the pre-synthesized CdZnTe polycrystalline with pure tellurium

Fig. 8 Schematic of heat and mass transfer regime in the solution area

DMSG melting DMSG growth THM melting THM growth

Solution

Solution

SolutionFeeding

Feeding

Solution

Feeding

Target crystal

Fig. 9 Procedures of fast unseeded THM growth
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as solvent material and indium as dopant is loaded into a carbon-coated quartz
ampoule and vacuum sealed at 5 � 10�4 Pa. The growth temperature is designed
at 750 �C by controlling the amount of excess tellurium. The sealed ampoule and a
dummy crystal are orderly placed on the support before growth. Three thermocou-
ples are fixed at different locations on the ampoule wall to monitor the initial
temperature evolution at nucleation stage.

Several CdZnTe ingots with different diameters are prepared through fast
unseeded THM as listed in Table 1. A relatively low growth rate of 3 mm/day is
used to control nucleation, which is subsequently increased to 5 mm/day for routine
growth. In order to capture the growth interface shape, ingots are rapidly cooled to
room temperature and then cut along the axial direction. Based on simulation results,
the thermal structure of 2-in. and 3-in. THM furnace is redesigned to obtain a stable
and high temperature gradient at the growth interface. On the basis of stable thermal
profile, the control strategy for interface shape is discussed by analysis of numerical
simulation and experimental results.

3.1 Thermal Optimization

3.1.1 Design of Growth System Structure

As shown in Fig. 1b, a one-zone furnace is used to build the parabolic temperature
profile which is needed for the THM growth. The main conditions for stable growth
of THM are a parabolic temperature profile with large axial temperature gradient, a
slightly convex growth front, and a stable melt flow. Generally, these objectives are
not mutually promoted, but contradictory. For instance, because of the parabolic
temperature profile used in THM, the buoyancy-induced flow is stronger than
DMSG method. To avoid the constitutional supercooling, introducing a large tem-
perature gradient will inevitably increase the temperature difference across the
molten zone, which further strengthens the intensity of flow. For a given growth
system, the growth conditions are basically determined by the thermal structure of
furnace, including the heater, insulation material of furnace, ampoule, and support of
ampoule, and also there are other ways to optimize the growth conditions, such as
rotation of ampoule. Normally, homogeneous insulation material is used to build the

Table 1 Growth process parameters used in fast unseeded THM experiments

Case#
Growth rate
(mm/day)

Diameter
(mm)

Length of grown
crystal (mm)

Constant rotation
rate (RPM)

Dummy
crystal

CZT-1 3–5 27 27 / NO

CZT-2 3–5 27 27 / Yes

CZT-3 3–5 50 21 2.5 Yes

CZT-4 3–5 75 10 0 Yes

CZT-5 3–5 75 15 1.25 Yes
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furnace body, so the growth conditions are mainly determined by the ampoule
diameter, height of heater, and height of solution, and also coupling between the
heater and support of ampoule.

The success of the application of computational fluid dynamics to thermal design
makes it capable to discuss the influence of different parameter combinations in a
wider range. Numerical simulation is used to find the best relationship among the
ampoule diameter, height of solution, and height of heater. Figure 10 shows the
simulation results using our self-programmed software, MASTRAPP, for cases with
the same growth interface temperature and different furnace structures while the
ampoule diameter is fixed. As shown in Fig. 10, the growth front, axial temperature
gradient, and flow pattern are significantly changed under different combinations of
heater and solution zone. In terms of interface shape, it is an effective way to weaken
the melt flow by using a short solution zone, but there is a risk of interface touching.
For long solution cases (see Fig. 10g–i), strong upward flow near the wall
and downward flow near the centerline continually scour the upper polycrystalline

Fig. 10 The temperature field, flow field, and interface shape under the different combinations of
heater and solution zone. The left of each picture is streamline and the right is isotherm. S, H, and D
represent the height of the solution zone, height of heater, and ampoule diameter, respectively
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and lower single crystal, respectively, which results in a convex dissolution interface
and more concave growth interface. For cases H/S < 0.57 and S/D > 1.05, the flow
pattern has changed greatly to form two vortexes in the solution zone. The upper
vortex with counterclockwise direction occupies the region adjacent to the dissolu-
tion interface, which restricts the component transport from the dissolution interface
to the growth interface. Another issue of using long solution zone is the potential
smaller axial temperature gradient since the interface position is far away from the
edge of the heater.

For a certain height of solution zone, the height of the heater mainly affects the
temperature difference across the solution zone and the axial temperature gradient.
Since the growth interface temperature is expected to remain unchanged, a higher
heater temperature is needed to ensure that the interface temperatures reach the set
value when using a short heater. This, from another viewpoint, increases the
temperature difference across the solution zone and enhances the flow, resulting in
more concave interface as shown in Fig. 10d–f. When the height of the heater
is larger than solution zone (see Fig. 10c, f), although the temperature difference is
decreased, the axial temperature gradient is also decreased since the solution zone is
placed inside the heater in that cases.

It is concluded in Fig. 10 that S/D and H/S are two main parameters in determin-
ing the flow pattern and thermal conditions for THM system. For cases with
H/S > 0.86, the interface temperature gradient tends to be much smaller since the
solution zone is placed inside the heater. Cases with S/D > 1 are also not
recommended due to the longer transport distance between the dissolution and
growth interfaces, the complex flow pattern, the strong convection flow, and the
concave growth interface. However, the main difficulty of using the short solution
zone is to avoid the interface touching. Based on the simulation results in Fig. 10, the
recommended structures for THM are 0.5 < S/D < 0.7 and 0.61 < H/S < 0.86 while
the exact limits of each parameter are not studied in this chapter.

3.1.2 Temperature Profile Stability

Figure 11 shows the surface temperature of ampoule that is measured by three
thermocouples located at the ampoule wall near solution zone for ingot CZT-1.
The upper thermocouple and the lower thermocouple are located at the initial
interface of molten zone, while the middle thermocouple is at the middle of the
molten zone (see Fig. 1b). Obviously, the ampoule wall temperature gradually
increases with the pulling process of ampoule. For instance, at the position of
115 mm, the temperature difference between the upper and lower thermocouples
reaches 37 �C. This is because of the deposition of low-thermal-conductivity
CdZnTe on the bottom of the ampoule, which blocks the heat extraction from the
crucible and makes the thermal field increased. The increasing temperature is
believed to enhance the convection intensity, even change the flow structure,
which further affects the concentration distribution, interface shape, and growth
temperature. Figure 12 shows the evolution of growth interface with different
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lengths (L) of single crystal deposited on ampoule bottom. Because of increasing
wall temperature, the average growth temperature is also increased from 748.6 �C to
766.0 �C in simulation. Since the growth interface gradually moves away from the
heater and the increase of flow intensity, the growth interface shape also changes
from convex to concave. The reduction of grain size and post-formed grains are
considered to be related to the transition of interface shape from convex to concave.

The key factor of stabilizing the thermal field growth process is to maintain the
stability of heat release near ampoule bottom at the early stage when low-thermal-
conductivity CdZnTe crystals accumulate. As presented in Fig. 12b, such tempera-
ture rise will disappear after a certain length of single crystal gets deposited on the

Fig. 11 The temperature profile on the wall of the ampoule in a 1-in. growth experiment without
(CZT-1) and with (CZT-2) a dummy crystal [7]

Fig. 12 (a) The left-hand side of the picture is streamlines at L ¼ 3 mm, while the growth and
dissolution interfaces under increasing thermal field are on the right-hand side. (b) The simulated
wall temperature profiles [7]
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ampoule bottom. Based on the analysis, a simple and easy-to-process support is
designed [7] to stabilize the thermal field by choosing appropriate material support.
Figure 11b is the temperature profile of the ampoule surface in the crystal growth of
ingot CZT-2. It is obvious that the temperature of ampoule wall does not change
during the pulling process of growth. By introducing the dummy crystal as a support
of ampoule, thermal decoupling between ampoule and support is achieved, i.e., a
stable thermal condition is built at the beginning of the nucleation stage, during
which the change of temperature condition caused by changes in thermal structure is
the main problem.

3.2 Interface Control by Rotation of Ampoule

For a growth system without rotation, buoyancy is the only driving force of melt
flow. As discussed in 3.11, an upward flow near the wall and a downward flow near
the centerline continuously scour the feeding and the already grown crystals, respec-
tively, which results in a convex dissolution interface and a concave growth inter-
face. Such interfaces are clearly observed in the 3-in. experiment (CZT-4), as shown
in Fig. 14b. Figure 13 shows the effects of constant rotation on flow and thermal
fields in a 2-in. THM system. Fundamental changes occur in the flow structure after
applying constant rotation, even at 1.0 RPM (see Fig. 13b). The upward flow arises
near the wall of the ampoule because of the temperature difference and turns inward
after reaching the feed crystal. The inward melt flow is weakened after flowing
through the dissolution interface in the presence of centrifugal force. After turning
downward, the downward flow is further weakened because of the positive temper-
ature gradient at the growth front and begins to flow outward under the action of
centrifugal force. As a consequence, natural convection, which initially occupies the
core area of the molten zone, is squeezed to the upper left part (see Fig. 13c), and a
counter-rotating vortex arises in the center of the growth interface, which makes the
interface convex. However, Fig. 13d shows that a further increase in rotation rate has
limited positive effect on the growth interface shape, or even makes it worse. The
primary large vortex breaks into many small vortices, which may weaken the
transport of components between the external region near the wall and the internal
region near the center. Figure 14a shows the convex growth interface obtained in a
2-in. THM growth system (CZT-3) at a constant rotation rate of 2.5 RPM while the
grains are enlarging. At the same time, the simulated growth and dissolution
interface shape are quite similar to the experimental results.

Such an interface transition from concave to convex is the consequence of the
confrontation between thermal convection and forced convection, which has also
been observed in Czochralski growth of garnets [18, 19]. With an increase in rotation
rate, the intensity of thermal convection does not decrease, while the Grashof
number fluctuates around 8.5 � 105. On the other hand, the ratio of the Grashof
number to the square of the Reynolds number (Gr/Re2) decreases from 0.79 at 1.0
RPM to 0.13 at 2.5 RPM and 0.06 at 3.5 RPM. This value shows that it does not
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require a higher rotation rate to completely suppress thermal convection
(Gr/Re2<0.1) with the purpose of controlling the growth interface shape.

A 3-in. ingot (CZT-5) is grown by THM to repeat these results in larger crystals.
Since the Gr/Re2 is proportional to 1/w2R, a smaller rotation rate than 2.5 RPM is
assumed to be valid in a 3-in. THM growth system. From Fig. 14b and c, it is

Fig. 13 The thermal and flow fields of a 2-in. crystal with different rotation rates: (a) 0.0 RPM, (b)
1. 0 RPM, (c) 2.5 RPM, and (d) 3.5 RPM. The streamlines are spaced at 1.2 � 10�6 for positive
values and 1.2 � 10�7 for negative values, and the asterisk represents the zero streamline [7]

Fig. 14 Experimental and simulated interfaces of crystals: (a) 2-in. with 2.5 RPM, (b) 3-in. without
rotation, (c) 3-in. with 1.25 RPM (end of growth) [7]
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obvious that the growth interface changes from concave to convex, even though only
1.25 RPM is used. In contrast to the elliptical convex growth interface in a 2-in.
ingot, there is an obvious uplift in the center of the growth interface, while a
depression is formed on the uplift in the simulation (see Fig. 14c). The formation
of uplift shows that the constant rotation of 1.25 RPM is still too large for a 3-in.
THM growth system. Apart from making growth interface convex, on the other
hand, a counter-rotating vortex leads to the accumulation of excess Te in the center.
From the CdTe binary phase diagram, the liquidus temperature of crystals decreases
with an increase in the Te amount, which results in a depression at the center of the
growth interface. However, uncontrollable factors in the experiments, such as
geometric deviation, fluctuation of furnace temperature, eccentricity of rotation,
and mechanical shaking, destroy the symmetry of two-dimensional model and,
therefore, avoid the accumulation of Te to a certain extent.

Another concern in crystal growth is the uniformity of concentration in both axial
and radial directions. Due to strong natural convection in THM, the radial distribu-
tion of Te is relatively uniform over most of the growth interface, while a counter-
rotating vortex adjacent to the growth interface leads to the accumulation of Te in the
local region, as shown in Fig. 15. Without rotation, the formation of lee wave [14]
causes Te accumulation around 4/5R in 2-in. and 3-in. crystals. After introducing
rotation, the original lee-wave structure disappears, and a counter-rotating vortex
arises in the center, which moves Te-rich area to the center.

Fig. 15 The concentration of Te at the growth interface with different diameters and rotation rates
[7]
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3.3 Characterization of THM Samples

As a comparison, the ingot prepared by THM (CZT-3 in Table 1) with a largest
single-crystal volume of 3.26 cm3 is characterized by concentration of indium,
resistivity, and Te inclusion. The distribution of indium concentration for ingot
CZT-3 is shown in Fig. 5. Different from DMSG, the concentration of indium
increases at the early stage of the growth (the tip of the ingot) and then keeps stable
at 4.5 ppm when the stable status is built between melting and solidification. This is a
great advantage of THM compared with DMSG method in controlling the unifor-
mity of dopant, since indium is dopant twice in both the feeding preparation process
and the THM growth process. The concentration of dopant is higher than that of
DMSG process. The reason why there is an increase of dopant concentration is not
fully understood since the concentration in the solution is quite high at the beginning
of fast-unseeded THM process.

In order to evaluate the THM-grown crystals, I-V curve of detector made by
wafer at the stable part is measured and shown in Fig. 16. It is seen that the resistivity
of the crystal is symmetrical due to the uniformity of dopant concentration. How-
ever, the I-V curve is not smooth which indicates that the resistivity is not stable
under different biases. The resistivity of the as-grown crystal is 8 � 109 Ω�cm under
a bias of �600 V and drops to 1.6 � 109 Ω�cm quickly. Under the bias of +60 V–
+600 V, the resistivity of the as-grown crystal keeps at 1.0 � 1010 Ω�cm. The wafer
is annealed under the same conditions as the case of DMSG in Fig. 6, i.e., an
annealing process under a Te-Cd atmosphere at 600 �C for 80 h. From the I-V

Fig. 16 The I-V curve of THM-made crystals before and after annealing
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curve, it can be seen that the quality of the sample is improved on both the stability
and the absolute value of the resistivity. The measured resistivity varies from
1.7 � 1010 Ω�cm to 2.7 � 1010 Ω�cm. By comparing the difference between
resistivity of samples prepared by two methods, it can be seen that the resistivity is
more stable under different biases in THM-grown crystals, but the absolute resistiv-
ity value of DMSG method is much higher than that of THM method. This
phenomenon is thought to be caused by the difference in dopant concentration of
the samples. Since the indium concentration of the THM sample is higher than the
DMSG sample, the concentration of THM should be reduced. However, the opti-
mization of doping process has not been studied. How to adjust the amount of
indium in two doping processes is to be studied in the future fast-unseeded THM
process.

Additionally, Te inclusions in the THM samples before and after annealing are
characterized by IR transmission images which are shown in Fig. 17. Figure 17a
shows a typical image of Te inclusions of the as-grown crystals which contains Te
inclusions with the size of 10 μm and 3–5 μm. The statistical data of Te inclusion
counts in Fig. 17c shows that the inclusions are mainly distributed near 3 μm and 10
μm and there are also inclusions with a large size of 20 μm. Figure 17b shows the
results of Te inclusions after annealing. It is shown that there are still inclusions with
the size near 10 μm, but most inclusions have quite small size of about 2 μm. The
statistical data in Fig. 17d also show that the inclusions with the size near 5 μm and
10 μm are reduced and no inclusions larger than 15 μm are captured. The density of
inclusions with the size of 2μm is dramatically increased, which is also shown in
Fig. 17b. However as mentioned by Chen [6], inclusions smaller than 3 μm with a
concentration of <106 cm�3 can be tolerated in CdZnTe detectors with thickness up
to 15 mm. Generally, annealing is an effective way to reduce the inclusions and
improve the performance of THM-grown crystals.

4 Conclusion

Solution growth is an effective method for preparation of detector-grade
Cd0.9Zn0.1Te crystals. By controlling the reaction rate during synthesis process,
the DMSG method is achieved which can prepare high-purity CdZnTe crystals
from 7 N raw material during one single step. Like the VB method, a stable
temperature profile makes the convection quite weak in the melt which leads to
easy control of the growth interface by changing the temperature field. However, the
heat and mass transfer are also at quite low level without solution flow, which results
in a low temperature gradient and low crystal growth rate. Thus, ACRT with high
rotation rate is used to get large size and high-quality CdZnTe crystals. The resis-
tivity of annealed crystals reached higher than 1010Ω�cm and even reached
1012Ω�cm; however, the segregation effect leads to a nonuniform dopant concentra-
tion. And this restricts the application of DMSG in mass production of CdZnTe
crystals, but this method can be used in preparing high-quality seeds and feedings for
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the THM method. Based on the DMSG method, fast-unseeded THM process is
conducted to improve the THM growth system and optimize the process. The THM
furnace is designed based on numerical investigation of the relationships among the
ampoule diameter, the height of Te-rich solution, and the height of the heater. The
thermal field stability during crystal growth is also improved by introducing a
dummy crystal which has the same thermal conductivity with CdZnTe crystals.
Controlling of growth interface by ampoule rotation is also introduced in order to get
large-size crystals. The resistivity of THM-prepared ingot can also reach higher than
1010Ω�cm after annealing under a Te-Cd atmosphere, which is more stable than that
of DMSG method. Also, the annealing process can dramatically reduce the large-

(a) (b)

(c) (d)

Fig. 17 Te inclusions in the THM samples, IR transmission images of Te inclusions before (a) and
after (b) annealing; statistical data of Te inclusions before (c) and after (d) annealing
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size Te inclusions of the ingot and is an effective way to improve the quality of the
crystal. However, there are still problems to be solved to improve the crystal quality:

1. Even though the resistivity is improved after annealing, there are still inclusions
with the size near 10 μm left. How to furtherly reduce the Te inclusions through
annealing has not been studied.

2. Based on the improved growth system, high-quality seeds can be used in the
THM method to eliminate the random nucleation and achieve large-size crystal
growth.

3. The concentration of indium dopant plays a determining role in the performance
of detectors, since the doping is conducted twice during THM process and a
higher indium concentration is probably responsible for the low resistivity of
THM than DMSG. The control strategy of indium concentration is not fully
understood and needs a further investigation in the future work.
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Laser-Induced Transient Currents
in Radiation Detector Materials

Kazuhiko Suzuki

Abstract In this chapter, the utilization of the transient charge technique for the
development of semiconductor radiation detector materials is discussed. In “Basic
Formalism of Transient Current Waveforms,” a basic formalism for the theoretical
reconstruction of experimentally observed current waveforms is described. The
formalism combines the one-dimensional drift-diffusion equation with Poisson’s
equation. A kind of numerical finite difference technique developed in the field of
computational fluid dynamics referred to as the constrained interpolation profile
method (CIP) is employed to solve the drift-diffusion equation. In “Monte Carlo
(MC) Simulation of Transient Current,” another theoretical approach for the simu-
lation of the drift-diffusion processes using the Monte Carlo (MC) simulation
technique is presented. In “Experimental Methods,” some experimental techniques
for obtaining high-fidelity current waveforms are described. Then, as an example of
waveform analysis, experimental results for voltage-induced polarization under
space charge-free transport in ohmic-type cadmium telluride (CdTe) and cadmium
zinc telluride (CZT) detectors are discussed. In addition, the temperature dependence
of the mobilities for some detector materials is also reviewed in detail. In the last
section, the effect of space charge perturbation on the transient current waveforms is
discussed based on the temporal evolution of the charge density and internal electric
field derived from the solution of a one-dimensional drift-diffusion equation in
combination with Poisson’s equation by the CIP and MC methods.

1 Introduction

The mobility-lifetime (μτ) product is the most important material property for the
development of semiconductor radiation detectors. A variety of experimental
methods, such as thermally stimulated current (TSC) [1] and photo-induced transient
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current spectroscopy (PICTS) [2], have been applied to investigate deep-level
characteristics related to the improvement of the carrier lifetime in detector materials.
Understanding the charge transport processes under an applied electric field charac-
terized by the mobility is another key to the development of high-energy resolution
semiconductor radiation detectors. An experimental method known as the transient
charge technique (TCT) is especially useful for understanding the carrier dynamics
after an excitation. The technique monitors the induced current in an external circuit
for the observation of the charge carrier drift generated by an instantaneous excita-
tion under an applied electric field. The advantage of TCT over the previously
mentioned characterization techniques is that not only the mobility, but also the
trapping and detrapping time of both charge carriers in the detector materials, can be
obtained. Because the operation of radiation detectors is based on the same concepts
that underlie this technique, the method has long been used in the development of
semiconductor radiation detectors. Historically, this method has been rediscovered
many times in research on a variety of materials, not only in solids but also in gases
and liquids [3]. Therefore, various names have been given. For instance, the method
was referred to as the “drift mobility technique” in [4], as the “time of flight” (TOF)
in [5–7], and as the “transient charge technique” in [8, 9]. In this chapter, we use all
of these names according to the context.

The transport properties of cadmium telluride (CdTe) and the compensation
mechanism necessary to achieve the high resistivity required for radiation detection
have been extensively studied in the 1960s to the 1970s, mainly by a collaboration
between Modena University and some American groups using the temperature
dependence of TCT [6, 7]. From these works, a compensation model was
constructed in which a doped shallow donor (Cl, Br) induces the formation of
complex defects, each of which comprises the donor and a Cd vacancy. Furthermore,
the mobilities, trapping times, activation energies, and trap concentrations were
measured for both holes and electrons. Two electron traps at 25 meV and 50 meV
below the conduction band and two hole traps at 140 meV and 350 meV above the
valence band have been reported [6]. Hot electron transport [7] and Poole-Frenkel
effect [5] of hole transport in CdTe have also been studied by the group.

With the development of new detector materials, this method has regained the
attention of many researchers. The temperature dependence of the electron and hole
mobilities in CdTe:Cl grown by the vertical gradient freeze method was reported in
[8]. The evolution of the transport properties along a CdTe ingot was reported in
[9]. The electron and hole mobilities of high-pressure Bridgman-grown cadmium
zinc telluride (CZT) have been reported by several authors [10, 11]. A change in the
transport properties of solution-grown CZT by thermal annealing was reported in
[12]. Rafiei et al. reported the electron mobility and mobility-lifetime product of
CdMnTe: In [13]. The shallow trap-controlled transport of electrons and holes in
commercially available CdTe:Cl and CZT was investigated by measuring the tem-
perature dependence of the electron and hole mobilities [14]. By using a tunable
laser, Pousset et al. measured the TOF currents in CdTe:Cl excited at different
wavelengths from 800 to 1800 nm to investigate the effect of deep levels on the
photoinduced current transients [15]. In addition, the transient current waveforms
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obtained by this method contain rich information about the internal electric field.
Fink et al. evaluated the internal electric field distribution by measuring the transient
current signals under DC bias conditions in CdTe and CZT using 241Am as an
excitation source [16]. We will discuss the change in the internal electric field
distribution by DC and pulsed bias application elucidated from the waveform
analysis of the TCT results [17] in detail in “Waveform Analysis Under Space
Charge-Free Conditions.” A novel method to characterize the fast polarization of
n-CdTe detectors was proposed by Musiienko et al. by utilizing transient current
measurements in combination with alpha pulse height spectrum measurements
[18]. The temporal evolution of the internal electric fields due to the voltage-induced
polarization of Schottky CdTe:Cl detectors has also been analyzed using this
method [19].

In relation to radiation-induced polarization, we will discuss the space charge
perturbation of the internal electric field revealed by measuring the excitation
intensity dependence of the TOF current waveforms [20] in “Excitation Intensity
Dependence.” To extract this information from the experimental waveforms, the
theoretical reconstruction of the waveforms is required, which in turn requires the
evolution of the charge distribution and the internal electric field. In the following
sections, we will show two different approaches to theoretically obtain the TCT
current waveforms. In addition, some of the experimental techniques to ensure the
high-fidelity observation of the current waveforms will be discussed in “Experimen-
tal Methods”.

2 Basic Formalism of Transient Current Waveforms

2.1 One-Dimensional Drift-Diffusion Equation

The shape of the transient current waveforms in CdTe detector materials was
investigated theoretically in the 1960s mainly by two groups [21, 22]. Only the
transient current response for times less than the transit time (TR) with trapping and
detrapping from a single level can be expressed in a closed form [21]. The general
expressions for times longer than the transit time are quite complicated. Therefore,
transport, including the effect of several trapping and detrapping centers, is usually
analyzed by the numerical solution of the drift-diffusion equation in combination
with Poisson’s equation. Unlike typical semiconductor devices, the carriers in
radiation detector materials drift for very large distances of as long as several
millimeters up to approximately a centimeter under a relatively high electric field.
Therefore, the drift dominates over the diffusion, and the situation is very close to
what is referred to as the advection of particles in different disciplines such as fluid
dynamics. The Scharfetter-Gummel discretization scheme [23] is often used for the
solution of drift-diffusion equations. However, when the drift dominates over the
diffusion, the method is essentially the same as upwind discretization, which is
known to suffer from numerical diffusion in the case of advection [24].
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Here, we briefly describe the theory of the small-signal transient response of a
plane-parallel semiconductor detector that contains some trapping centers. The
transient current arises from the excess free carriers generated by a short-pulsed
laser excitation as they are trapped and detrapped while drifting to the counter
electrode. The following analysis is confined to one-dimensional charge transport
in a crystal with two trapping levels, one located shallow in the bandgap with
trapping and detrapping times much shorter than the transit time of the carriers,
and the other located deep in the bandgap with a detrapping time much longer than
the transit time of the carriers. Such trap-controlled transport has been reported in
detector materials such as CdTe and CZT [6, 14]. Further, the analysis will make the
basic approximations that the material is homogeneous, and that there is no direct
transition of carriers between the shallow and deep traps. In an actual experiment,
both electrons and holes are created at the incident surface of the crystal; however,
only one of the two carrier types will be displaced through the crystal by an electric
field. Except for the surface recombination process, the density functions within the
material will, therefore, describe only a single-carrier system, chosen here to be the
electrons. The one-dimensional drift-diffusion equation for the free charge n(x, t) is
given by

∂n
∂t

¼ � ∂
∂x

μnEð Þ þ Dn
∂2n
∂x2

� ∂ns
∂t

� ∂nd
∂t

ð1Þ

where μ is the electron mobility, Dn is the electron diffusion constant, ns(x, t) and
nd(x, t) are the shallow and deep-trapped charge densities, and E is the electric field.
Charge conservation in the shallow and deep traps is given as

∂ns
∂t

¼ csn Ns � nsð Þ � esns ð2Þ

∂nd
∂t

¼ cdn Nd � ndð Þ � ednd ð3Þ

where cs(d ) is the shallow (deep) capture coefficient and es(d ) is the shallow (deep)
emission rate. In addition to these trapping-detrapping events, the surface recombi-
nation of generated electrons and holes at the incident surface should be considered.
Because the process takes place at the surface region at t ¼ 0, we include this effect
by considering the initial charge density n0 as [25]

n0 ¼ μE0

sþ μE0
n00 ð4Þ

where s is the surface recombination velocity, E0 is the electric field at the surface,
n00 is the number of electron-hole pairs generated by the laser excitation at t¼ 0, and
n0 is the number of electrons escaping from the surface recombination and drifting
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into the bulk of the sample. The initial conditions for each state are therefore given
by Eqs. (5–7):

n x, 0ð Þ ¼ n0 exp �αxð Þ, ð5Þ
ns x, 0ð Þ ¼ 0 for x > 0, ð6Þ
nd x, 0ð Þ ¼ 0 for x > 0: ð7Þ

Here, α is the absorption coefficient of the sample at the incident laser wavelength.

2.2 Constrained Interpolation Profile Method

Equation (1) can be rewritten as

∂n
∂t

þ ∂
∂x

nvð Þ ¼ Dn
∂2n
∂x2

� ∂ns
∂t

� ∂nd
∂t

¼ h ð8Þ

where v ¼ μE is the drift velocity of the electrons. Transposing the spatial derivative
of velocity to the right side gives

∂n
∂t

þ v
∂n
∂x

¼ h� n
∂v
∂x

� H: ð9Þ

Various numerical methods have been proposed to solve this type of nonlinear
advection equation. The constrained interpolation profile (CIP) method [24] is a
useful scheme for the numerical solution of the advection equation as shown in
Eq. (9), and is widely used in the field of computational fluid dynamics. The CIP
method is less diffusive and more stable compared to other finite difference methods.
In the CIP method, the spatial profile of the density function n within the discretized
segment is approximated by a cubic polynomial [24]. The coefficients of this
polynomial are determined by the condition that the density and its spatial derivative
are continuous on the mesh boundaries. The spatial derivative of Eq. (9) is given as

∂ ∂xnð Þ
∂t

þ v
∂ ∂xnð Þ
∂x

¼ ∂xH � ∂n
∂x

∂v
∂x

: ð10Þ

In the CIP method, Eqs. (9) and (10) are divided into two parts called the
advection and non-advection phases, as shown below.

The advection phase is
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∂n
∂t

þ v
∂n
∂x

¼ 0, ð11aÞ

∂ ∂xnð Þ
∂t

þ v
∂ ∂xnð Þ
∂x

¼ 0: ð11bÞ

The non-advection phase is

∂n
∂t

¼ H, ð12aÞ

∂ ∂xnð Þ
∂t

¼ ∂xH � ∂n
∂x

∂v
∂x

: ð12bÞ

The details of this procedure can be found in [24].
The relation between the free charges and the electric field strength is given by

Poisson’s equation:

∂E
∂x

¼ ρ
E
¼ � q

E
n� pþ Nð Þ ð13Þ

where ρ is the charge density, and N � N�
A � Nþ

D is the net ionized impurity
concentration including the abovementioned traps. The product of the free carrier
density n(x, t) and the electric field distribution E(x,t) thus obtained are integrated
over the sample thickness to obtain the transient current density I (t):

I tð Þ ¼ 1
d

Z d

0
qnμEdx ð14Þ

where d is the sample thickness and 1/d is the weighting field of the plane-parallel
detector [26].

3 Monte Carlo (MC) Simulation of Transient Current

The numerical diffusion problem encountered in the solution of the drift-diffusion
equation by the finite difference technique can alternatively be avoided by using the
MC technique to simulate the drift-diffusion process [17]. Figure 1 schematically
illustrates the basic concept of our one-dimensional MC simulation for the motion of
photo-generated carriers under an applied electric field perpendicular to the planar
electrodes.We assume that the sample containsN particle sites. At the beginning of the
simulation (t¼ 0), all the sites are occupied by photo-generated carriers. We divide the
sample into a thin surface layer and the rest, which is treated as the bulk. At each
calculation time step tk, the status of each carrier is determined by theMC technique. In
the surface region, there are only two possibilities for each carrier. One possibility is
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that the carrier drifts and diffuses into the bulk at μE xð ÞΔt þ ffiffiffiffiffiffiffiffiffiffiffi
6DΔt

p� �
x, where E(x) is

the applied electric field at position x from the surface, D is the diffusion constant,
subscript x indicates the x-direction component of the three-dimensional diffusion
length [27], and Δt is the calculation time step size. The other possibility is that the
carrier is annihilated by surface recombination. The probability of surface recombina-
tion ps is derived from Eq. (4) as

pS ¼ s
sþ μE0

: ð15Þ

This procedure is repeated until the carriers arrive at the bulk region.
In the bulk region, the carriers have three possible motions, namely, drift and

diffusion in the conduction (valence) band, being trapped at the i-th trap level, and
being detrapped from the j-th level. The probability of trapping at the i-th trap level
with the trap concentration of NTi is given by the inverse of the trapping time τi+:

1=τþi ¼ NTiσivth: ð16Þ

Here, σi is the capture cross section of the i-th trap and vth is the thermal velocity of
the electrons.

The detrapping probability for carriers trapped in the previous step is given by the
inverse of the detrapping time τDi, which is given by

1=τDi ¼ ν0 exp �ETi

kT

� �
: ð17Þ

Here, ν0 is the attempt to escape frequency, and ETi is the energy depth of the i-th trap
level. We do not assume a direct transition of the carriers between the i-th and j-th
traps. This procedure continues until the arrival of each carrier at the counter
electrode.

At each time step, the internal electric field distribution is calculated by Eq. (13),
and the number of mobile carriers is summed to calculate the induced charge on the

Fig. 1 Basic concept of Monte Carlo simulation of carrier drift. Filled circles indicate carriers in the
free state. At each time step Δt, they can drift toward the counter electrode by μEΔt. Open circles
indicate carriers that are trapped or surface recombined (after [17])

Laser-Induced Transient Currents in Radiation Detector Materials 313



electrode based on Ramo’s theorem [28]. The contribution of each carrier to the total
current induced at the electrode is given by qv(x) irrespective of its position x, where
q is the electronic charge, and v(x) is the drift velocity of the carrier at position x.

4 Experimental Methods

4.1 Samples

Usually, planar-type detectors with dimensions of 4� 4 – 5� 5 mm2 and a thickness
of 1 mm are used for our TCT measurements. This simple structure allows for
one-dimensional analysis of the current transport. In addition, this size corresponds
to a geometrical capacitance of approximately 2 pF, which is the upper limit of our
system to maintain the necessary response time for high-fidelity waveform measure-
ments of the electron transport in CdTe and CZT. In the case of TlBr, the capacitance
of a sample with the above dimensions exceeds 6 pF because of the high dielectric
constant of the material. However, the electron mobility is at most 1/30 that of CdTe
or CZT, and as a result, the effect of the capacitance on the response time can be
neglected.

In principle, a pair of semitransparent metal electrodes with a blocking nature are
required to generate carriers just beneath the contact and avoid electrical injection of
the carriers. Empirically, however, it is possible to detect signals from samples with
approximately 1 μm thick Au or Pt electroless plating, which are usually used for
CdTe detectors. This means that the transport properties of a detector as is can be
evaluated by TCT measurements.

4.2 Experimental Setup

The basic principle of signal generation and the various excitation methods for TCT
measurements are discussed in detail in [3]. Some of the experimental setups suitable
for the development of semiconductor radiation detector materials such as CdTe,
CZT, and TlBr will be described here. Figure 2 shows our recent experimental setup.
UV light pulses from a diode-pumped passively Q-switched solid-state laser
(355 nm) running at a repetition rate of 10 Hz and a nominal pulse duration of
1 ns are employed as the excitation source. To ensure complete recovery (depolar-
ization) of the sample to its dark state, the repetition rate of the laser is selected to be
much lower than the inverse of the dielectric relaxation time (ρε) of the sample. The
UV light source is chosen in consideration of its applicability to various new detector
materials with relatively large energy gaps such as TlBr. However, as long as the
energy of the laser is higher than the gap of the material, longer laser wavelengths are
more desirable to avoid surface recombination of the generated carriers. In fact,
several authors have used visible light sources for CZT and CdTe measurements
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[18]. The duration of the light pulses should be much shorter than the drifting time of
the carriers to determine the transit time (TR) accurately. To avoid the space charge
effect, the intensity of the incident light pulses is reduced by neutral density filters so
that the photo-generated charge is small compared to CV, where C is the geometrical
capacitance of the sample and V is the applied voltage. In space charge-perturbed
transport, a transit time cusp (of approximately 0.7 TR) appears before the actual
transit time. We will discuss the intensity dependence of the transient current
waveforms in a later section.

Our system can control the duration of the bias pulse (tB) within the range of 100
μs to several tens of milliseconds. Further, to investigate the effect of bias-induced
polarization on the current waveforms, it is possible to vary the suspension time
(ΔtL), defined as the bias duration prior to the laser excitation, from approximately
25 μs to 37 ms. The biggest advantage of using artificial excitation sources over
natural sources like 241Am is that it is possible to synchronize the bias application
with carrier generation. The timing between the laser pulse and the application of the
bias pulse is schematically shown in Fig. 2. A minimum duration of 25 μs is required
for stabilizing the applied pulse bias in our pulse bias supply system. In addition, it is
possible to apply a DC bias. As we will discuss in the next section, depending on the
contact material used, bias-induced polarization begins less than 1 ms after the bias
application. Precise control of ΔtL is hence required to maintain a constant electric

Fig. 2 Experimental setup for TCT measurements. The inset shows a direct connection between
the sample and the oscilloscope
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field condition. Additional below-gap pulse excitation at the side face of the sample
can be applied by using the IR LED.

Because the excitation intensity of the laser pulse (2 μJ) is high enough for the
direct measurement of transient current signals, we can feed the current signals from
the sample directly into a digital oscilloscope (5 GS/s) through a 50 Ω load resistor.
For this, the length of the cable from the sample surface electrode to the input
terminal of the storage scope should be less than 10 cm to reduce the effect of any
stray capacitance on the measured current waveforms. As can be seen from the inset
of Fig. 2, literally, a direct connection between the sample and the oscilloscope is
established. The advantage of this direct connection is that it avoids the complicated
deconvolution procedures required to retrieve the original waveform shape from the
signal convolved with the transfer function of the preamplifier electronic setup
[29]. However, a charge of approximately 10 pC is required for this direct feed,
which is near the upper limit for space charge-free transport. Further, the charge is
approximately three orders of magnitude larger than the charge in the actual radia-
tion detection event. The measurements can be carried out at temperatures ranging
from approximately 100 K to 330 K using liquid nitrogen.

5 Waveform Analysis Under Space Charge-Free
Conditions

In this section, we will discuss the measurements under space charge-free conditions
where the generated charge Q is less than the CV of the samples. The most
straightforward quantity that can be extracted from the TCT method is the transit
time (TR) of the charge carriers and hence the drift mobility (μd) of the electrons and
holes in the material, which is given by

μd ¼ d2

TRV
ð18Þ

where d is the thickness of the plane-parallel detector and V is the applied bias
voltage, provided that a homogeneous electric field E given by V/L is established
inside the detector. Figure 3 shows an example of the bias dependence of the electron
transient current waveforms for an ohmic-type CdTe detector measured at 280 K for
different pulse bias voltages with the duration of 100 μs and ΔtL ¼ 25 μs. As can be
seen from the figure, the generated charge is estimated to be approximately 10 pC
(0.1 mA � 100 ns at 100 V), which is small enough to keep Q << CV
(2 pF � 100 V ¼ 200 pC). Except for an avoidable high-frequency oscillation due
to the incomplete impedance matching of the 50 Ω load resistors [17, 29], the
induced currents show a nearly flat plateau, indicating the good quality of the crystal
and that the carrier lifetime is much longer than the transit time. As can be seen from
the inset of Fig. 3, the drift velocity increases linearly with the electric field strength.
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This indicates that the carriers are in thermal equilibrium with the lattice within the
range of the applied electric field strength. The electron drift mobility is thus
determined from the slope as 1097 cm2/Vs for this sample. Such an ohmic behavior
does not always hold, especially in the very high electric field regime where the
electron temperature is higher than that of the lattice [7]. The dotted lines in Fig. 3 are
the result of the MC simulation of the transient current at each bias voltage. The
following transport parameters were assumed for the simulation: a shallow trapping
time τ+ of 30 ns, a corresponding detrapping time τd of 2 ns, a deep trapping time τD

+

of 2 μs, and a scattering mobility of 1150 cm2/Vs. As observed from the figure, the
simulation results are in good agreement with the experimental results. The assumed
scattering mobility (μ0) at 280 K [14] is in reasonable agreement with the observed
drift mobility (μd) if we consider the trap-controlled transport described by

μd ¼ τþ

τþ þ τd
μ0: ð19Þ

Further, because the electrons and the lattice are in thermal equilibrium (ohmic
behavior), the above equation can be written as

Fig. 3 TOF current waveforms (solid lines) for an ohmic-type CdTe detector measured at 280 K
under different pulse biases from �100 to �250 V. The dotted lines are the corresponding MC
results assuming the transport parameters described in the text. The inset shows the drift velocity
versus the applied electric field strength (after [30])
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μd ¼ μ0 1þ NT

NC
exp

ET

kT

� �� ��1

: ð20Þ

Here, NC is the effective density of states for the conduction band.
It should be noted that the simulations assumed a constant electric field for each of

the bias voltages given by the applied voltage divided by the sample thickness.
Therefore, at least under the pulse bias condition with a ΔtL of 25 μs, the internal
electric field of the actual sample can be well approximated by a constant throughout
the entire sample thickness.

The homogeneity of the internal field, however, does not hold when a DC bias is
applied. Inhomogeneous electric field distributions in CZT and CdTe detectors have
been reported and analyzed based on the MC simulation [17]. Figure 4 shows the
current transients measured at 277 K and a constant bias voltage of 150 V applied on

Fig. 4 TOF current waveforms (solid lines) measured at the bias voltage of 150 V with different
suspension times, ΔtL. The dashed lines are the results of the least square fit of Eq. (21). The dotted
lines are the results of the MC simulations assuming the space charge density estimated by the least
square fit (after [30])
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a 1 mm thick ohmic-type CdTe detector at different suspension times ΔtL ranging
from 25 μs to 612 s. The constant transient current (current plateau) observed under a
pulse bias turns into a decaying current with the increase of ΔtL. Generally, such
decay in the transient current waveform occurs because of a short trapping time
compared to the carrier transit time, provided that the internal electric field is
constant. However, in the present case, as only the suspension time is changed
between the current waveforms shown in Fig. 4, a change in the transport properties,
such as a decrease in the trapping time, can be ruled out. The observed change in the
current waveforms can be attributed to the change in the internal electric field with
the increase in the suspension time ΔtL. The dotted lines shown in each of the current
waveforms are the results of the MC simulations assuming each a constant positive
space charge inside the sample. The good correspondence between the results and
the experimental observations suggests the emergence of a positive space charge
inside the sample and its evolution with ΔtL. It should be noted, however, that unlike
the catastrophic distortion of the internal field reported in Schottky CdTe detectors
[19], the change observed in ohmic-type CdTe was limited and no reduction of the
collected charge with time was observed [30]. Quite stationary distributions of the
internal field over time have also been observed via Pockels effect measurements
[31]. A simple evaluation method for the space charge density from the current
waveform was first proposed by Fink et al. in [16] in the absence of trapping. This
method was further developed by Uxa et al. for the case of charge loss by deep
trapping [32]. Following the numerical treatment in [19], the induced current i(t) is
given by

i ¼ QμE0 exp �aμtð Þ
d

ð21Þ

where Q is the total charge traveling through the sample, and a is related to the space
charge density Nsc through the electronic charge q and the dielectric constant of the
material ε by

a ¼ qNsc

ε
: ð22Þ

By measuring the evolution of the TCT current waveforms at various tempera-
tures from 277 K to 315 K, it was concluded that the main cause of the polarization
in the ohmic p-type CdTe detector is ascribed to the ionization of the deep donor
state located at about 0.64 eV from the conduction band with a capture cross section
of 1.6 � 10�17 cm2 [30]. Further, it was revealed from the measurements that a very
fast component of the polarization due to hole injection from the anode exists. It is
interesting to note that the injection of holes from the anode was suggested to be the
cause of the stabilizing polarization in ohmic p-type CdTe [31]. It is also interesting
to note that for n-type CdTe with Au (blocking) contacts, a deep level with an energy
of 0.74 eV from the conduction band with a capture cross section of 9 � 10�13 cm2

was reported by TCT measurements [18].
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The voltage-induced polarization of Schottky-type CdTe detectors is one of the
most serious challenges for the development of a high-performance room-tempera-
ture radiation detector with high energy resolution. The nature of the deep defect
responsible for the space charge buildup by this voltage-induced polarization has
been extensively studied by direct measurements of the internal field using the
Pockels electro-optic effect [31] or by the lowering of the Schottky barrier estimated
using current-voltage characteristic measurements [33]. The temperature depen-
dence of the TCT in Schottky-type CdTe detectors allows the very early time
stage of the polarization process at less than 1 ms after the application of the bias
voltage to be assessed. Such an early stage of the polarization cannot be assessed in
principle by the techniques mentioned above. Three relaxation processes with time
constants of 22 ms, 30 s, and 600 s were identified, and the two longer processes
were attributed to the ionization of two deep acceptor defects at 0.54 eV and 0.6 eV
[19].

5.1 Temperature Dependence Measurements

Even if the detectors are used only at room temperature, understanding the scattering
processes of electrons and holes is very important for possible improvement of the
mobility. Here, we briefly summarize the scattering processes and trap-controlled
transport commonly observed in typical detector materials. Electron mobilities in
II-VI semiconductors have been extensively studied by Road [34]. It was reported
that longitudinal polar optical (LO) mode scattering and acoustic deformation
potential (DP) scattering dominate the lattice-limited mobility of CdTe. In addition,
ionized impurity scattering limits the overall mobility at low temperatures,
depending on the purity of the material.

Figure 5 shows the temperature dependence of the (a) electron and (b) hole
mobility for a CdTe:Cl detector from Acrorad Co., Ltd. [14]. The electron mobility
shows a monotonous increase with decreasing temperature until approximately
100 K, and then saturates as the temperature decreases further. The theoretical
temperature dependence of the mobility (μ0), including contributions from the
polar optical phonon scattering (μpo), acoustic deformation potential scattering
(μac), and ionized impurity scattering (μio), was obtained by solving the Boltzmann
equation using an iteration method by Rode [35]. As can be seen from the figure, it is
not possible to reproduce the observed saturation behavior only by theoretical
mobility as determined by the scattering mechanisms mentioned above. To repro-
duce the observed saturation behavior, a trap-controlled mobility μd defined in
Eq. (20) is assumed to dominate the temperature dependence, provided that thermal
equilibrium between the lattice and electrons has been established. The solid line in
Fig. 5a denoted as μd was obtained by assuming NT ¼ 1.0 � 1016 cm�3 and
ET ¼ 28 meV [14].

The hole mobility shows a slight increase with decreasing temperature until
approximately 260 K, and then decreases gradually and shows a rapid decrease at
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temperatures lower than 220 K. The theoretical mobility determined only by scat-
tering cannot account for the observed experimental temperature dependence of hole
transport as well. Trap-controlled mobility with a trap at 0.14 eV above the valence
band reproduces the experimental temperature dependence very well, as shown in
Fig. 5b. It is very interesting to note that such trap-controlled transport is commonly
observed in several radiation detector materials such as CZT [14] and TlBr [36]. In
addition to the above scattering mechanisms, alloy scattering should be considered
for the mobility of CZT. Chattopadhyay [35] used a very small alloy scattering
potential ΔU of 0.3 eV (almost half of the usually predicted value based on the
bandgap difference or the electron affinity difference) to explain the experimental
temperature dependence reported in [10]. On the other hand, a widely accepted value
of ΔU ¼ 0.78 eV, corresponding to the electron affinity difference, was used in [11]
to successfully explain the overall scattering mobility of high-pressure-grown CZT.
This means that although the dominant scattering mechanism for CdTe and CZT is
LO-phonon scattering, because of alloy scattering, the lattice mobility of CZT will
not be higher than that of CdTe.

The drift mobility of TlBr was extensively studied in the 1960s to the 1970s from
the perspective of polaron physics. The electron and hole drift mobilities of TlBr and
their temperature dependence have been determined experimentally by Kawai et al.
[36] using the TOF technique. They reported an electron mobility of 30 cm2/Vs and
a hole mobility of 2.5 cm2/Vs at room temperature. Furthermore, the temperature
dependence of the mobility of their samples was dominated by strong

Fig. 5 (a) Temperature dependence of electron mobility (solid circles). (b) Temperature depen-
dence of hole mobility (open circles). The contributions of ionized impurity scattering (μio) and
polar optical phonon scattering (μpo) to the overall mobility μ0 are also depicted. The acoustic
deformation potential is also included for the calculation (not shown here). The trap-controlled
mobility is denoted as μd (after [14])
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electron-optical phonon coupling (polaron transport). In addition to this strong
interaction, some of the samples showed a reduction in mobility due to shallow
trapping and detrapping. Two shallow trap levels were identified: one with a trap
energy of 0.04 eV and the other with a trap energy of 0.12 eV [36]. Several
theoretical models have been proposed [37, 38] during this period to explain the
polaron mobility. Figure 6 shows the temperature dependence of the electron
mobility measured in recent Bridgman-grown TlBr crystals for detector applications
[39]. As can be seen from the figure, the temperature dependence of most of the
samples is affected by strong LO-phonon interactions. In addition, some of the
samples denoted as A1 and A3 in Fig. 6 show a reduction in mobility due to shallow
trapping and detrapping.

Fig. 6 Temperature dependence of electron drift mobilities in TlBr samples grown by the
Bridgman method. The dashed line is an extrapolation of the theoretical polaron mobility proposed
by Okamoto and Takeda [38]. The solid line represents μ ¼ A[exp(ΘD/T )-1] with A ¼ 37 and
ΘD ¼ 162 K (after [39])
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6 Excitation Intensity Dependence

Attempts to use CZT pulse-mode detectors for fast-scanning high-flux X-ray appli-
cations such as computed tomography have been reported [40]. However, polariza-
tion at high X-ray fluxes, which degrades the spectroscopic performance and
detection efficiency, has been recognized and has become a focus of interest. Several
authors have studied this phenomenon by using the Pockels effect to reveal the
defects responsible for the trapping of carriers. Owing to the limited acquisition time
of the Pockels effect, these investigations [41, 42] focused on the deformation of the
internal electric field due to the trapped and, hence, immobile charges. Before such
catastrophic degradation starts, however, the perturbation of the internal field by the
drifting charges themselves should occur even at much lower excitation intensities.
We will discuss such space charge perturbation in detector materials in this section.
Figure 7 shows the TOF current waveforms of electron drift in the CZT detector
under different optical excitation intensities (solid lines) at a bias voltage of �200 V
applied on the incident surface [43]. The charge Q at each measurement was
estimated by integrating each transient current waveform. The transient current at
Q ¼ 9.8 pC with a transit time TR of approximately 50 ns is a conventional TOF
current under the SCF condition. The drift mobility of the present sample estimated
by the least square fit of vd versus the applied electric field at room temperature is
960 cm2/Vs.

The dash-dotted line at the Q ¼ 9.8 pC signal is the result of the MC simulation,
and the dotted line is the result of the CIP calculation assuming a shallow trapping
time τs

+ of 20 ns, a shallow detrapping time τDs of 1.8 ns, and a deep trapping time
τd

+ of 3.0 μs. Further, we assume a scattering mobility of 1050 cm2/Vs and a
constant electric field strength calculated as the applied voltage divided by the
sample thickness. As can be seen from the figure, the two simulation models agree

Fig. 7 Excitation intensity
dependence of electron drift
signals for the CZT sample
(solid lines) at a bias voltage
of �200 V. The
corresponding CIP (dotted
lines) and MC (dashed-
dotted lines) results are also
shown (after [43])
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completely. As discussed in [14], the drift mobility of high-resistivity CZT is
controlled by the trapping and detrapping at a shallow level located 0.023 eV from
the conduction band. The observed drift mobility is in line with the assumed
scattering mobility if we consider the reduction of mobility by trapping-detrapping
at the shallow trap. Because the material is fully compensated and a high reverse bias
field is applied, the recombination of electrons with holes is unlikely during TOF
measurements. Instead, deep trapping determines the charge collection efficiency.
Possible candidates for the electron traps located at 0.7 and 0.9 eV from the
conduction band have been reported in [41] for a CZT detector with the electron
mobility-lifetime product of 1.5 � 10�3 cm2/Vs.

As shown in Fig. 7, although the applied bias voltage is kept constant at �200 V,
the transient time increases with increasing excitation intensity owing to a long tail.
Further, the plateau observed at lower excitation intensities, which indicates a
constant drift velocity, shows a rapid increase with increasing excitation intensity.
Finally, a cusp appears at approximately t� 0.7TR for the higher excitation-intensity
waveforms. Here, TR is the carrier transit time for the Q ¼ 9.8 pC signal. This
deformation of the current waveforms is obviously due to the perturbation of the
internal electric field by the drifting carriers themselves. Similar changes in transient
currents have been reported in insulating materials under intense optical excitation
[44, 45]. The cusp indicates the arrival of the front edge of the charge distribution at
the counter electrode. The corresponding timescale is denoted as T1 (� 0.7TR)
[46]. Namely, under high excitation, the internal electric field is no longer a constant.
It increases with increasing distance from the cathode. The SCP state is characterized
by β, which is defined as [46]

β ¼ CV
Q0

ð23Þ

where Q0 is the charge generated at the surface. Experimentally, however, it is not
possible to measure the generated charge at t ¼ 0; instead, we estimate β from the
collected chargeQ, provided that τd

+ > > TR. Hereafter, we designate this value as β’.
The theoretical analysis of carrier transport under the SCP condition has been

performed only for very limited cases such as trapping from a deep state without
detrapping [46]. However, the carriers in these detector materials suffer from
frequent trapping and detrapping as they drift to the counter electrode. We adopted
both the MC and CIP methods to reconstruct the observed current waveforms. The
dash-dotted lines at the higher excitation intensity curves in Fig. 7 are the results of
the MC calculations and the dotted lines are the CIP calculation results in which the
transport parameters are the same as those in the SCF case, but only the initial charge
density is increased. Although a slight discrepancy is evident in the tail regions of the
transient currents at 191 and 294 pC, which is probably due to the slight changes in
the trapping parameters, the overall agreement between the experimental and both
the MC and CIP results indicates the appropriateness of our calculation model.
Therefore, it is worth discussing the charge distribution and electric field evolution
derived from these simulation results.
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Figure 8a shows the calculated charge distribution under the SCF condition every
5 ns after charge generation at the cathode (t ¼ 0) at a bias voltage of �200 V. In
principle, the transport is described as nondispersive. However, the long tail at the
trailing edge, mainly due to shallow trapping and detrapping, is remarkable. The
corresponding electric field profiles at t ¼ 5, 25, and 45 ns are shown in Fig. 8b. A
step corresponding to the movement of the front edge of the charge distribution from
the cathode to the anode is observed. Therefore, strictly speaking, the electric field is
perturbed by carrier drift even under the so-called SCF condition. This difference in
the electric field strength on each side of the distribution is an additional reason for
the long tail at the trailing edge of the charge distribution shown in Fig. 8a.

Figure 9a shows the charge distribution under the SCP condition at a bias voltage
of �200 V, which corresponds to β’ ¼ 1.4. Because the high-density electron
distribution screens the externally applied field, the internal electric fields on each
side of the charge distribution show significant differences (see Fig. 9b). This further
broadens the charge distribution with time evolution owing to the dispersion of the

Fig. 8 Evolution of the (a) charge distribution and (b) electric field calculated using the CIP (solid
line) and the MC (dotted line) methods under the SCF condition (10 pC) (after [43])
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drift velocity. As a result, the charge distribution extends to nearly the entire sample
length at t � 45 ns, as shown in Fig. 9a.

In this section, the effect of intense optical excitation on the TOF current
waveforms of CZT detectors was investigated by using the MC simulation technique
and the semi-Lagrangian-type advection scheme CIP method to solve the drift-
diffusion equation. These two methods successfully reproduced the charge distribu-
tion and evolution of the internal field as well as the transient current for the CZT
detector under a wide range of excitation intensities from SCF to SCP conditions and
can be used interchangeably. It should be noted, however, that the advantage of the
CIP method compared to the MC technique can be seen in Fig. 9a. The charge
distribution obtained by the MC technique suffers from the contribution of unavoid-
able noise (statistical uncertainty) because of the limited number of simulated
particles, whereas this problem does not exist in principle for the CIP method.

Fig. 9 Evolution of the (a) charge distribution and (b) electric field calculated using the CIP (solid
line) and the MC (dotted line) methods under the SCP condition (294 pC) (after [43])
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7 Summary

The basic formalism of laser-induced transient currents in radiation detector mate-
rials as well as some of the experimental techniques for high-fidelity measurements
was presented. The applicability of the CIP method to the finite-difference drift-
diffusion equation is demonstrated by the good correspondence with the experimen-
tal results and the results from the MC technique. It was shown that these two
numerical approaches may be used both at the low excitation intensity regime (SCF)
and at the enhanced intensity regime (SCP), at which the transient charge distribu-
tion is significantly affected by the Coulomb broadening of the charge cloud.
Because of the simple sample geometry used in TCT, only single-carrier (electron)
transport was treated in this chapter. In future outlook, however, the inclusion of hole
transport and expansion of the dimensionality will open the possibility of accessing
the carrier dynamics in actual radiation detector devices.

The TCT technique was originally developed to study carrier transport in high-
resistivity materials. Recently, however, the technique has shown more power for
the investigation of the internal electric field and its dynamics and contributed to the
understanding of polarization phenomena. In particular, the very early stages of the
dynamics that are inaccessible to conventional methods such as the Pockels effect
have been revealed by the TCT analysis.
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Cadmium Zinc Telluride Detectors
for Safeguards Applications

Peter Schillebeeckx, Alessandro Borella, Michel Bruggeman, and
Riccardo Rossa

Abstract Cadmium zinc telluride (CZT) semiconductor detectors can be used as
medium-resolution gamma-ray spectrometers, with the main advantage of a high
portability and operation at room temperature. Their characteristics in terms of
detection efficiency and resolution fall between the performance of sodium iodide
and germanium detectors. One of the disadvantages of a CZT detector is the
presence of a pronounced low-energy tail in the peak shape that complicates the
analysis of spectra with overlapping peaks. The range of applications of CZT
detectors includes verification measurements of fresh and irradiated nuclear material
for safeguarding nuclear materials.

In this chapter nuclear safeguards applications using CZT detectors are reviewed.
We discuss the verification of uranium isotopic abundances by both the enrichment
meter principle and methods relying on a multi-peak spectrum analysis and also
discuss applications at the back end of the fuel cycle. The latter include the
characterization of spent nuclear fuel assemblies and spent fuel pin counting by
means of passive gamma-ray emission tomography.

1 Introduction

Cadmium zinc telluride (CZT) detectors are semiconductor detectors for gamma-ray
spectrometry applications that can be operated at room temperature. CZT detectors
have an energy resolution at 662 keV in the order of 1–3%, when expressed in full
width at half maximum (FWHM). The resolution strongly depends on the detector
characteristics. CZT detectors are considered medium-resolution detectors with a
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resolution between high-purity germanium (HPGe) detectors (high resolution, 0.2%)
and NaI(Tl) detectors (low resolution, 7%) [1]. The main drawbacks of CZT for
gamma-ray spectroscopic applications are the limited detection efficiency and the
low-energy tail in the full-energy peak shapes. The latter is due to mechanisms
related to the charge carrier transport and trapping in the detector crystal [2, 3].

In the past, the detection efficiency of CZT detectors was strongly limited to
difficulties in growing crystals with a volume larger than 1 cm3. In addition, charge
trapping effects increase with the crystal size. Recent technological improvements
allow to grow crystals with volumes up to 20 cm3, keeping the FWHM of the full-
energy peak at 662 keV below 1% [4].

In this chapter, the use of CZT detectors for nuclear safeguards applications is
discussed. The main objective of nuclear safeguards is to ensure the peaceful use of
nuclear energy, preventing the misuse of nuclear facilities and deterring from the
diversion of nuclear materials. The implementation of nuclear safeguards implies
that nuclear materials can be independently verified by measurements. Nondestruc-
tive assay (NDA) is a main component in verifying nuclear material accountancy by
nuclear safeguards authorities. NDA techniques are used to identify missing items
(gross defects) and/or to measure specific characteristics or attributes of items to
detect whether a fraction (partial defect) of a declared item is missing. The most
widely used NDA instruments rely on the detection of gamma rays and/or neutrons
emitted by the materials under investigation.

CZT detectors are used in NDA systems for nuclear safeguards to identify gross
and partial defects in both irradiated and unirradiated nuclear materials [5–15]. They
offer a more practical and cost-effective alternative to HPGe detectors, as they
operate at room temperature and are more compact and easy to operate and maintain.
Due to their performance and small size, they are suitable detectors for handheld
instruments. They are preferred for applications where it is impossible or inconve-
nient to use HPGe detectors, such as underwater verification of fuel assemblies, in
situ measurements in high-gamma-ray fields, or space restrictions. We discuss NDA
of unirradiated material containing 235U based on gamma-ray spectra obtained with
CZT detectors and describe the use of CZT detectors for the verification of spent
nuclear fuel assemblies, either as attribute tester or as part of a tomographic device to
detect removed or replaced fuel pins.

2 Verification of Unirradiated Material

The IAEA (International Atomic Energy Agency) and other international organiza-
tions such as ESARDA (European Safeguards Research and Development Associ-
ation) are working since several years to use medium-resolution gamma-ray
spectroscopy (MRGS) detectors such as the CZT detector for an isotopic analysis
and mass assay of U and Pu samples [16, 17]. The status of MRGS, including room-
temperature CZT detectors, for nuclear safeguards applications was reported at the
International Workshop on Uranium and Plutonium Isotopic Analysis by NDA
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Techniques for Nuclear Safeguards [18]. While progress has been made into devel-
oping codes for the analysis of both U and Pu, further work needs to be done to
improve the performances and uncertainty evaluation.

A typical application is the verification of fresh nuclear fuel in order to measure in
a nondestructive way the 235U isotopic abundance, frequently called 235U
enrichment.

2.1 Determination of 235U Enrichment

Nondestructive determination of the 235U enrichment, of nonirradiated nuclear
material, relies primarily on gamma-ray spectroscopy [19]. Figure 1 compares
spectra of a low-enriched U3O8 CBNM standard sample of the EC NRM 171 series
[20] recorded with a HPGe, a LaBr3, and CZT detector. Specific characteristics of
spectra obtained measuring low-enriched uranium samples are shown in Fig. 1. The
low-energy region of the spectrum between 80 keV and 110 keV shows a group of
peaks due to the emission of both gamma- and X-rays following the decay of 235U
and 238U and their daughters. The most pronounced peaks at 98.43 keV and
94.6 keV result from self-induced fluorescence. The peak with the highest intensity
in the whole-energy region is observed at 185.7 keV. This peak together with those
at 143.8, 163.3, and 205.3 keV is due to the decay of 235U and those at 258.2, 766.4,
and 1001.1 keV due to the decay of the 234mPa, which is a daughter product of
238U. All signatures of 238U are the result of the decay of daughter products, i.e.,
234Th, 234mPa, and 234Pa. They are in secular equilibrium with 238U after about
5 months. Two main methods to determine the 235U enrichment can be distin-
guished: the enrichment meter principle requiring additional calibration measure-
ments [21] and an absolute method based on a spectrum analysis of multiple peaks
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Fig. 1 Spectra obtained with a HPGe, LaBr3, CZT detector for a U3O8 sample enriched to 4.5%w in
235U. The sample is one of the CBNM EC NRM 171 series
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[21]. Both principles are explained in the following paragraphs where CZT detectors
are used to implement the methods.

2.1.1 Enrichment Meter Principle

The enrichment meter principle supposes a proportionality between the 235U enrich-
ment and the observed emission rate of a gamma ray following the decay of 235U
[21, 23, 24]. In most cases the full-energy peak of the 186 keV gamma ray is used.
This proportionality is achieved when the infinite thickness condition for the
detected gamma rays is fulfilled. The sample should be thick enough such that a
further increase in thickness does not result in more gamma rays reaching the
detector. This requires relatively thick samples and proper collimation conditions,
as illustrated in Fig. 2. The proportionality constant is derived from measurements in
the same conditions with representative calibration samples. The first measurements
applying this principle relied on the use of NaI detectors and simple counting using
two regions of interest [23]. This approach has its limitations in particular when there
is a need for a correction for gamma-ray attenuation in the wall of the container
holding the uranium sample. The method may also be influenced by gamma rays of
other radionuclides in the peak region of interest. [25]. The performance of the
enrichment measurement principle using low- and medium-resolution detectors,
such as NaI and CZT detectors, is improved by performing a shape analysis of the
observed full-energy peak to account for overlapping contributions of other gamma
rays and for background components due to, e.g., Compton scattering. This
approach, which is implemented in the NaIGEM code [26], allows to correct for
differences in gamma-ray attenuation in the container walls of the unknown sample
and the calibration standard [27–29].

The NaIGEM code was used by Gunnink and Arlt [30] to demonstrate the use of a
1500 mm3 CZT detector to determine the 235U enrichment by measurements of the
CBNM EC NRM 171 standards [20]. The possibility of using a CZT detector to
determine the 235U enrichment following a similar concept as in NaIGEM is
demonstrated in [31, 32]. In the work of Mortreau results from measurements of

Fig. 2 Geometry illustrating the infinite thickness condition with the viewing cone of the detector
completely inside the sample (left) and a geometry not fulfilling the infinite thickness condition
(right)
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uranium oxide powder samples with enrichments ranging from 0.31% to 92.42%
obtained with a 15 mm3 � 15 mm3 � 7.5 mm3 CZT detector are compared with
those obtained with a NaI, LaBr, and HPGe detectors. Evidently, the best results are
obtained with a HPGe detector. The comparison reveals that the LaBr detector does
not present any clear advantage compared to a relatively large-volume CZT detector.
The added value of CZT detectors for the verification of UF6 cylinders is discussed
in [33]. This study reveals that with a cluster of four 1500 mm3 CZT detectors similar
results as with a HPGe detector can be obtained. However, with the CZT detectors
also stacked cylinders can be verified.

2.1.2 Multiple Peak Analysis

The basic principles to apply the enrichment meter principles are not always
fulfilled, e.g., in case of samples with a complex matrix or thin samples which do
not fulfil the infinite thickness condition. In case of samples with an arbitrary shape
and composition and/or a not well-defined counting geometry, a method proposed
by Parker and Reilly [22] is to be preferred. This method was originally developed
for the assay of plutonium samples. It relies on an analysis of multiple full-energy
gamma-ray peaks in the spectrum of the unknown sample to determine the energy
dependence of the overall detection efficiency, i.e., including gamma-ray attenuation
in the sample, solid angle, and intrinsic gamma-ray detection efficiency. An over-
view of different analytical models to parameterize the energy dependence of the
relative overall detection efficiency is given in [34]. The parameters of the model
describing the detection efficiency together with the isotopic abundances are derived
from a least square fit to the experimental data. The concept is illustrated in Fig. 3,
where the ratio between the full-energy net peak areas and the decay constant
multiplied by the gamma-ray emission probability for different gamma rays of
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determination of the 235U
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235U and 238U is plotted as a function of gamma-ray energy. The full lines represent
the energy dependence of the overall detection efficiency. Accounting for the correct
ratio of the two abundances brings the data to the same level [35]. This method
avoids the need of calibration measurements with representative reference samples.

Various authors proposed such a self-calibrating method to determine the 235U
abundance in uranium-bearing samples. Two main approaches can be distinguished:
an analysis based on the region below 210 keV [36–40] and an analysis relying on
the energy region above 120 keV including the higher energy gamma ray from
234mPa [35, 41, 42]. The former is the basis of the MGAU code [37, 38] and the latter
of the FRAM code [33]. In the latest version of MGAU the energy region was
extended to 210 keV to include a correct treatment of the K-shell absorption edge
and reduce bias effects on the determination of the 234U [43]. A performance
comparison of different approaches is reported in, e.g., [44, 45].

The use of a CZT detector to determine the 235U enrichment with the MGAU
code was demonstrated in [46] using uranium standards with a 235U enrichment
between 3% and 75% and by Alrt et al. [47] for samples with an enrichment between
2% and 90%. Borella et al. [42] performed measurements with a
10 mm � 10 mm � 5 mm quasi-hemispherical CZT detector [48] using the
CBNM EC NRM 171 standards [20]. The spectra were analyzed in the energy
region above 120 keV using response functions that were determined separately
from measurements with radionuclide sources. The results of a parameterization of
the spectrum in the region of the full-energy peak of 143.8, 185.7, 766.4, and
1001 keV are shown in Fig. 4. Monte Carlo simulations were used to determine
the energy dependence of the intrinsic gamma-ray detection efficiency and the
gamma-ray attenuation in the sample. This study shows the importance of the
258 keV full-energy peak in this procedure, as also mentioned in [33, 34].

3 Verification of Spent Nuclear Fuel

Verification of fuel assemblies at reactor sites is a major nuclear safeguards activity
given the number of items to be measured and the variety of assembly types that are
currently used [49, 50]. Both fresh fuel, i.e., fuel that has not been inserted in a
reactor core, and spent fuel, i.e., fuel that has been irradiated in a reactor core, have to
be verified for their fissile material content. After removal from the reactor core a
spent nuclear fuel assembly is stored in a fuel storage pool to shield against the
radiation and ensure appropriate cooling. After a cooling period it may be transferred
to a wet or dry spent fuel storage facility until it will go for reprocessing or for final
geological disposal [51]. Hence, routine verification of fresh and spent fuel assem-
blies by NDA requires detectors that can operate in various conditions.

Spent nuclear fuel contains a large number of radionuclides formed as a result of
neutron-induced reactions and radioactive decay [52, 53]. The decay of fission
products is the main contributor to the gamma-ray emission of spent nuclear fuel
originating from irradiated fresh UO2. For cooling times between 20 and 200 years,
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Fig. 4 Spectra and results of a parameterization of the response resulting from measurements of a
low-enriched uranium sample with a CZT detector [42]
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the 661 keV gamma ray due to the decay of 137Cs dominates the spectrum. For
cooling times between 10 and 20 years, there is a substantial additional contribution
from the decay of 134Cs and 154Eu. For cooling times between 1 year and 10 years
the emission spectrum is also influenced by short-lived fission products such as
106Ru/106Rh and134Cs. At shorter cooling times gamma rays following the decay of
95Zr, 95Nb, 140Ba/140La, and 144Ce/ 144Pr become important. Evidently, also gamma
rays following the decay of activation products such as 60Co due to the presence of
cladding and structural materials will be observed. Table 1 lists radionuclides and the
corresponding decay data of interest for NDA of spent nuclear fuel. The intensity of
gamma rays emitted by fission products can be used to determine the initial enrich-
ment, burnup, and cooling time (or time after the end of irradiation) [54–56] and to
differentiate between spent fuel originating from a MOX (mixed oxides) or UO2

assembly [57]. The intensity of the 1596 keV gamma ray due to the decay of
140Ba/140La is a good measure of the power level during a few weeks prior to
shutdown [54, 58].

3.1 Attribute Testing of Spent Fuel Assemblies

Attribute testers for spent fuel assemblies are safeguards instruments designed for
gross and/or partial defect verification of the assemblies. They are used to confirm
specific characteristics of the assemblies (e.g., initial enrichment, burnup, cooling
time) and to differentiate between fuel and structural materials, to distinct between
spent fuel and fresh fuel and between spent fuel originating from fresh UO2 and
MOX fuel [59].

Several authors [14, 30, 47, 56, 60–65] demonstrated that CZT detectors operat-
ing at ambient temperature can resolve gamma-ray emission from, e.g., 60Co, 134Cs,
137Cs, and 154Eu and even from 95Zr and 95Nb in case of short cooling time in high-
radiation fields of gamma rays and neutrons. This triggered the use of CZT detectors
for verifications of spent fuel assemblies by an analysis of peaks due to the detection
of gamma rays emitted by fission products or by activation products contained in
irradiated structural materials. Various spent fuel attribute testers using CZT

Table 1 Radionuclides pre-
sent in spent nuclear fuel with
their half-life and most intense
gamma rays with energies
above 600 keV

Nuclide Half-life Gamma-ray energies, keV
60Co 5.27 a 1173, 1332
95Zr 64.0 d 724, 757
95Nb 35.0 d 766
106Ru/106Rh 1.02 a/30.1 s 622, 1050
134Cs 2.06 a 605, 796
137Cs 30.1 a 662
140Ba/140La 12.8 d/1.7 d 816, 1596
144Ce/144Pr 284.9 d/17.3 min 696, 1489, 2186
154Eu 8.59 a 723, 1274
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detectors have been developed for in situ verification under industrial conditions. To
verify assemblies in storage ponds, the devices are housed in a watertight box with
appropriate shielding and collimation. A multi-wire cable connects the underwater
measurement head with a data acquisition system that is operated above water. Often
a CZT detector is combined with a neutron detector, mostly a fission chamber, to
record the total neutron emission rate [63, 64, 66, 67].

The irradiated fuel attribute tester (IRAT) and spent fuel attribute tester (SFAT)
are equipped with a collimated CZT detector [59]. A schematic drawing of the SFAT
device is shown in Fig. 5. The detection of gamma rays from fission products and
from activation products such as 60Co provides attributes for the presence of spent
fuel and structural materials, respectively. The CANDU Bundle Verifier (CBVB) is
an attribute tester that was especially designed to verify spent fuel from a CANDU
reactor by detection of gamma rays with a highly collimated and shielded CZT
detector [59]. It includes an automatic scanning system to provide gamma-ray
spectral data as a function of position. The Fork Detector (FDET) system, originally
developed at the Los Alamos National Laboratory [68], is one of the main NDA
safeguards instruments to verify spent nuclear fuel from light water reactors (LWR).
The detector consists of two arms that are positioned around a LWR assembly. Each
arm contains three detectors: two fission chambers and one ionization chamber to
record the total neutron and gamma-ray emission rate, respectively. The version
proposed by [63] includes a 20 mm3 CZT detector to record gamma-ray spectra from
which the signatures of 134Cs, 137Cs, and 106Ru/106Rh can be obtained [63, 64]. The
Safeguards MOX Phyton (SMOPY) device is another system combining the results
of gross neutron counting and low-resolution gamma-ray spectroscopic data from a
CZT detector to characterize irradiated LEU and MOX fuels [66, 67]. The Cask
Radiation Profiling System (CRPS) is a general-purpose attribute tester to measure
the presence of spent fuel in closed dry storage casks [69]. The measurement head of
the CRPS is composed of a small fission chamber and a CZT detector with tungsten
collimator and shielding. Using a speed-controlled motor the neutron and

Fig. 5 Schematic
illustration of the
deployment of a SFAT
device in a spent fuel pool
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gamma-ray emissions from the cask are recorded as the detector head moves along
the cask axis. Consistency between the measured and fingerprint profiles is used as
an attribute for the presence of spent fuel in the measured cask [69]. More informa-
tion on the abovementioned systems can be found in [59].

3.2 Passive Gamma-Ray Emission Tomography

Since the late 1980s the IAEA investigated through various Member States Safe-
guards Support Programmes the use of passive gamma-ray emission tomography for
the verification of spent nuclear fuel from LWR [70–75]. The studies resulted in the
development and testing of a prototype instrument for passive gamma emission
tomography (PGET) [76–79] performing three simultaneous measurements: gross
neutron counting, medium-resolution gamma-ray spectrometry, and
two-dimensional gamma-ray emission tomography. Two objectives were identified.
The system should allow (1) an independent determination of the number of active
pins present in the spent fuel assembly and (2) a quantitative assessment of individ-
ual pin properties, e.g., activity of key radionuclides [74, 75].

The latest version consists of a torus-shaped watertight detection head that
contains neutron and gamma-ray detectors which are arranged in two opposite
banks on a rotating horizontal plate. Each detector bank contains a tungsten-shielded
10B-lined proportional counter as neutron detector and can host up to 104 hemispher-
ical CZT detectors (3.5 mm � 3.5 mm � 1.75 mm) [80] for gamma-ray spectro-
scopic and tomographic measurements. The detectors view the assembly through a
parallel-hole tungsten collimator that is 1.5 m wide, 100 mm thick, and tapered in the
axial direction of the assembly from 70 mm close to the assembly to 10 mm at the
detector face. A schematic horizontal cross section of a PGET system is shown in
Fig. 6. The number of detectors that is used varies with the dimensions of the spent
fuel assembly to assay. Each CZT crystal is connected to an amplification circuit and
a four-channel discriminator enabling data recording in four different energy

Fig. 6 Horizontal cross
section of a PGET system
consisting of two detector
banks that each can host up
to 104 CZT detectors. The
actual number of detectors
used varies between 83 and
104, depending on the
dimensions of the spent fuel
assembly. The figure is a
courtesy of IAEA
and STUK
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windows. Measurements are performed underwater, with the spent fuel assembly
placed in the center of a toroidal shaped detector platform.

The performance of the PGET system was tested by measurements of research
reactor spent fuel rods at the JRC Ispra [81] and measurements of PWR, BWR, and
VVER spent fuel assemblies at spent fuel ponds of nuclear power plants in Finland
and Sweden [76–78, 82, 83]. At JRC Ispra three items were measured using fuel rods
with a burnup ranging between 4 GWd/t and 30 GWd/t with cooling times between
40 and 50 years. The PWR, BWR, and VVER spent fuel assemblies covered
burnups between 5 GWd/t and 58 GWd/t and cooling times between 2 years and
27 years. Figure 7 shows an example of a two-dimensional activity distribution of
fuel pins that was reconstructed from the measured data on a VVER spent fuel
assembly. These results demonstrate the capability of the PGET system to identify
missing fuel pins. However, to determine in addition the activity level of individual
pins improved reconstruction processing techniques are required.

Based on the positive outcome of the measurements at the power plants in
Finland verification of spent fuel assemblies prior to final geological disposal will
rely on an integrated NDA system combining a PGET system to check the integrity
of the assembly and a passive neutron albedo reactivity (PNAR) system to assess the
fissile content [84, 85].

Fig. 7 Example of a contrast tomogram (left) and the two-dimensional activity distribution (right)
of the gamma-ray emitters (or fuel pins) reconstructed from the measured data. From this tomo-
gram, three missing pins are observed from the low emission rates (shown in blue). The figure is a
courtesy of IAEA and STUK
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4 Conclusion

Portability, compactness, and the fact of being operational at room temperature make
the CZT detector a very interesting device for the verification of nuclear materials
that are of nuclear safeguards concern. The limited sensitivity of the CZT that might
be a problem in other applications is not a restriction for safeguards applications in
which the gamma emissions of the objects to verify result in clear signals in the
detector. The medium energy resolution of the CZT still restricts the possibilities of
the analysis of very complex spectra compared to high-resolution detectors, but
some typical spectral applications such as the determination of uranium enrichment
and determination of characteristics of fresh and spent nuclear fuel are successfully
obtained from CZT spectrometers. Due to their compactness they are in particular
suited to construct an array of collimated detectors for tomographic applications in
nuclear safeguards, e.g., for the verification of spent fuel assemblies.
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