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Many studies have been conducted on membranes implemented as pH sensors
for measuring pH sensitivity; nevertheless, the effect of metal oxide semicon-
ductor field effect transistors was not taken into account. Hence, this study was
conducted to measure the sensitivity of the CuS membrane with and without a
field effect transistor. The CuS membrane was deposited onto a glass substrate
using the spray pyrolysis technique. The sensitivity and linearity in the absence
of the field effect transistor were measured to be 22.86 mV/pH and 95.62%,
whereas the presence of the field effect showed slightly higher sensitivity and
linearity of 24 mV/pH and 98.18%, respectively. The CuS membrane synthe-
sized in the presence of the field effect transistor also showed higher stability
because the metal oxide semiconductor was not immersed in a buffer solution.
Furthermore, the hysteresis of the CuS membrane, measured for 5 min, yielded
a value of 12.8 mV. The structural characteristics of the membrane confirmed
the formation of a single, pure CuS phase, whereas the morphological charac-

teristics showed porous agglomerations of square nanocrystals.

INTRODUCTION

Sensitivity detection entails the measurement of
a change in the surface potential between the gate
insulator and the electrolyte. This change in the
surface potential modifies the electric field at the
insulator—semiconductor interface and modulates
the channel conductance that affects drain current.
Because the channel conductance and drain current
can be modulated, it is possible to measure the
changes by applying a fixed source to the drain
voltage. When this method is used, the gate voltage
is typically plotted linearly against various pH
values, which can be used to measure an unknown
acid or an alkaline solution.! The first ion-sensitive
field effect transistor (ISFET) was fabricated by
Bergveld in the 1970s.? The difference between
ISFET and a metal oxide semiconductor field effect
transistor MOSFET) is the presence of a metal gate
electrode in the latter,® which is directly exposed to
a buffer solution.! Silicon dioxide (SiOs) is the first
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pH-sensitive membrane to be used for the ISFET.*
Over time, several other materials such as Al;Os,
SigN,, Tay0s, and SnO, have been employed
because of their higher pH response. For instance,
Chi et al.® measured the sensitivity of tin oxide
(SnOs) sensing membrane with and without MOS-
FET and deduced that the sensitivity with MOS-
FET (58 mV/pH) is slightly higher when compared
with that without MOSFET (56 mV/pH).

An extended gate field effect transistor (EGFET)
is a structure that isolates FET from the chemical
environment, wherein a chemically sensitive mem-
brane is deposited at the end of the signal line
extended from the FET gate electrode. This struc-
ture has several benefits, such as insensitivity to
light, simple-to-passive packaging, flexibility of
shape of the extended gate area,” and improved
long-term stability.® In addition, it is economical,
easy to manufacture, highly responsive, exception-
ally convenient, and stable under light and ambient
temperature. These exceptional properties make the
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EGFET structure ideal for use in disposable detec-
tion devices.® Moreover, the approach of using a
disposable membrane enables the swapping of the
sensing membrane in case of chemical damage
rather than fabricating a new device.”

Based on the site-binding model, the chemical
sensitivity was found to be dependent on the total
number of surface sites per unit area (INg). Thus, the
larger Ng should facilitate the ion sensing. Conse-
quently, one-dimensional nanostructures such as
nanowires, nanobelts, nanorods, and nanotubes
attracted a lot of attention for pH sensing as a
result of their high surface-to-volume ratio with
larger effective sensing areas.® With the develop-
ment of robust sensors, there is a growing trend
toward the use of disposable sensors in medical
applications. Recently, biosensors and pH sensors
have been used in the biomedical field.® Copper
sulfide (CuS) thin film attracts great attention as a
result of its semiconducting properties, whereas its
constituent elements (Cu and S) are nontoxic.” In
addition, CuS has become an alternative candidate
in modifying wide bandgap semiconductors because
it is eco-friendly and economic friendly.°

Furthermore, CuS thin film has been imple-
mented in various agplications that include solar
cells,'’ gas sensors,'? and photosensors.'® Never-
theless, based on a detailed literature review, CuS
thin film has not been synthesized as an EGFET pH
sensor with deionized water and spray pyrolysis at
ambient light and room temperature. In this
research work, CuS membrane was deposited by
spray pyrolysis deposition (SPD) technique. The
CuS membrane was applied as an EGFET in the
fabrication of a pH sensor. The sensitivity of the
CuS membrane was measured without and with
MOSFET. The hysteresis of the membrane was also
estimated.

EXPERIMENTAL PART
Thin Film Preparation

CuS thin film was synthesized via a spray pyrol-
ysis deposition (SPD) technique comprising copper
chloride (CuCl,) and sodium thiosulfate (NasS503)
as sources of Cu®* and S?7, respectively. First, the
precursors were dissolved separately in deionized
water. A 0.4-M concentration of each solution was
then mixed with the other. The glass substrate was
cleaned and dried prior to deposition. The deposi-
tion temperature was fixed at 200°C, whereas the
distance between the nozzle and the substrate was
set at 30 cm. After completing the deposition, the
thin film was kept on a heater for 1 h to complete
the growing process.

Characterization Techniques

A PANalytical x-ray diffractometer (XRD)
equipped with CuKu source radiation
(4=0.15418 nm) was used to check the phase

purity and crystal structure. NOVA NANOSEM
450 field emission scanning electron microscopy
(FESEM) was used for morphological observations.
For sensing measurements, a Keithley Semiconduc-
tor Characterization System (2400-SCS) was used to
measure pH sensitivity.

pH-Sensing System Setup

The pH-sensing system is separated into two stages:
the sensitivity of the membrane was measured with-
out and with available MOSFET; see Fig. 1.

RESULTS AND DISCUSSION
Structural Analysis

In solid-state physics, solid-state chemistry, and
material science, XRD is one of the most significant
characterization techniques used by researchers to
determine average grain size and the elastic prop-
erties of nanocrystals.'* Several peaks of the XRD
spectra of as-deposited CuS membrane (Fig. 2a)
were indexed to indicate the hexagonal structure of
the covellite CuS phase (JCPDS card No. 06-0464),
which confirms the formation of a single, pure CuS
phase. Peak broadening with crystallite size (D) and
lattice strain (¢) as a result of dislocation can be
estimated by XRD.!%1°

Scherrer Method

The crystallite size is calculated from the full
width at half maximum (FWHM) of the peaks (100),
(102), (103), (006), (105), (008), and (110) with the
Scherrer equation'*'? expressed as:

kA

fpcos 0 (1)
where k indicates the Scherrer constant (shape
factor) usually taken around 0.9; 1 symbolizes the
wavelength of the incident Cu-Ko radiation, typi-
cally equal to 0.154 nm; /3 denotes the broadening of
diffraction line measured at half of its maximum
intensity (in radian); and 0 is the Bragg diffraction
angle (in degree).'* The crystallite sizes calculated
from Eq. 1 using miller indices (hkl), diffraction
angle (20), measured peak broadening (f), and
distance between adjacent planes (d.;) are listed
in Table I.The combination of both instrument- and
sample-dependent effects gives the breadth of the
Bragg peak. Thus, the instrument-corrected broad-
ening (fp) corresponding to the diffraction peak of
CuS was estimated with:'*

ﬁIszl = (ﬁ) xzneasured - (ﬁ)iznstrumental (2)

where finstrumental refers to the instrumental peak
broadening; for all calculations, a standard silicon
peak (111) was used to correct the instrumentation
broadening effects. From Eq. 1, it is clear that peak
width varies as (1/cos6).'* By applying Egs. 1 and 2,
the average crystallite size of the CuS nanoparticles
was estimated to be 16.02 nm.
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Williamson—Hall Method

The Williamson—Hall approach assumes that size
and strain broadening are additive components of
the total integral breadth of a Bragg peak.'® This
method provides a plot (Hall plot) comprising a
uniform deformation model (UDM), as shown in
Fig. 2b. The strain-induced broadening in XRD as a
result of crystal deformatlon and distortion was
calculated with:'*

_ Bru
" 4tan0 (3)

From Eq. 3, it is clear that the strain varies with
tan 0.'* The W1111amson—Hall method is the addition
of Eq. 1 with the expression in Eq. 3, which can be
expressed by:'*

.
it = (pasy) + (otan0) @

When the Scherrer equation Eq. 4 are rear-
ranged, the final form of the Williamson—Hall
equation is expressed as:

P cos 0 = (%) + (4esin 0) (5)

A Hall plot was performed for CuS nanostruc-
tures for the orientation peaks with the hexagonal
phase, as illustrated in Fig. 2b. The y-axis of this
plot indicates (8 cosf), and the x-axis represents (4
sinf). Accordingly, the slope and y-intersect of the
fitted line represent strain and particle size,
respectively. The following equation was used
to estimate the slope and the y-intersect of the
plot:

y=mx+c (6)

where m represents the slope (Aficos0/A4sinf), and ¢
denotes y-intersect of the fitted data. m and c
indicate the microstrain and crystallite size, respec-
tively. From Eqgs. 1 and 3, it is proven that peak
broadening from crystallite size varies as 1/cos0,
strain varies as tan0. This essential difference that
results when both microstructural causes—small
crystallite size and microstrain—occur together
allows for a secession of reflection broadening.
Williamson and Hall separated size and strain
broadening analysis accordlng to various 0 posi-
tions.'*'® The crystallite size according to the
Williamson—Hall method was estimated to be
14.86 nm.
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Morphological Observation

An FESEM image with an inset of EDX (Fig. 3) of
the CuS membrane shows a nonhomogeneous mor-
phology and random size distribution of square-
shaped nanoparticles with the presence of pores.
Aggregation of the nanostructured particles on
some spots of the film surface is observed, which
can be attributed to the dependence of SPD on
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Fig. 2. Structural characteristics of CuS film deposited onto glass
substrate (a) XRD and (b) Hall plot; the strain is extracted from the

slope, and the crystalline size is extracted from the y-intersect of the
fit.

temperature and the disparity in thermal distribu-
tion. An EDX scan of the film surface depicts the
presence of Cu and S, which are the precursor
materials of the thin film. The average film thick-
ness of approximately 3 um was estimated from
several thickness readings in different areas. Both
structural and morphological characteristics con-
firmed the CuS nanocrystalline hexagonal structure
with a pure covellite phase, which is significant for
improving the membrane properties of the pH
sensor. The nanocrystalline structure with a smal-
ler grain size has a large surface-to-volume ratio,
which is a critical property for improving pH
sensitivity as reported by Safaa et al.'® in their
study on size reduction of ZnO to a nanocrystalline
form and its vital role in improving pH sensing.

PH Sensitivity and Linearity

This section details the influence of nanostruc-
tured crystals on pH sensitivity improvement.
Because the pH sensor depends on the surface
reaction, the number of available sites (INg) on the
membrane surface (surface site density) in addition
to the surface-to-volume ratio of the nanocrystalli-
nes are the most significant parameters that control

Fig. 3. Morphological characteristics of the CuS membrane.

Table I. The structure parameters of CuS thin film

hkl 20 (degree) Prmeasurea (degree) dyr; (nm) D (nm)
100 27.3053 0.492 0.3266 17.5647
102 29.2199 0.5904 0.3056 14.4404
103 31.4250 0.8 0.2847 10.5245
006 33.8988 0.5904 0.2644 14.6079
105 38.5557 0.5904 0.2335 14.8035
008 44.2270 0.3243 0.2048 30.3873
110 48.0250 0.9 0.1894 9.8159
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Fig. 4. Schematic of ion behavior: (a) ion exchange between [H*] and metal [CuS] and (b) mechanism of pH sensitivity with MOSFET.

pH sensitivity. Increasing the number of these sites
results in increased potential voltage of the mem-
brane surface, which in turn improves the ion-
exchange process that increases the accretion of
positive charge on the membrane surface (gate
region), subsequently augmenting the pH sensitiv-
ity.!” The principle of pH sensitivity is based on ion
exchange between [H*] ions in the electrolyte and
metal ions of EGFET in the membrane surface. The
displaced metal ions migrate from the membrane
surface into the solution, as shown in Fig. 4a. This
ionic exchange is dependent on the type of metal
available in the membrane to attract the [H*] ions.
This process controls the pH sensor working mech-
anism. The site-binding model describes the charg-
ing mechanism of an oxide as the equilibrium
between the AOH surface sites and the H* ions in
the bulk of the solution. The surface reactions are
expressed as:1®

AOH = AO™ + Hj (7)
and

AOH; = AOH + Hj; (8)

where B refers to the bulk.
The sensitivity parameter f can be estimated

with:'?
2Ngy/ (%=
gt V) ) (9)

kTCpy,

where g is the electron charge; Ng indicates the
surface site density; K, and K, refer to acidic and
basic constants, respectively; £ denotes the Boltz-
mann constant; 7" is the absolute temperature; and
Cpr, describes the capacitance of the electrical
double layer.

The membrane sensitivity is dependent on the
charge of the surface potential voltage (/) between
the sensing layer and the electrolyte interface. This
is based on site binding theory,'® which posits that
the number of binding sites present in the sensing
membrane can change the surface potential voltage
between the sensing layer and the electrolyte
interface.!” The surface potential voltage can be
explained by:

kT B

=2303—-L_
v q B

+1 (pPHpzc — pH) (10)

where pHpc refers to the pH value at the point of
zero charge. As derived from Eqs. 9 and 10, the
sensitivity parameter S relates directly to Ng and
the linear response between y and the pH value.'”

At the first contact of CuS nanocrystalline struc-
tures with an electrolyte, adsorption of [H*] and
[OH™] occurs (primary adsorption). This process is
achieved at a low degree of surface coverage. In
addition, the reaction of surface (CuS—-OH) groups
occurs with [H*] ions in acidic solution and with
[OH™] ions at basic pH. The rate of this reaction is
related to the concentration of free electrons or
holes at the surface. This process involves charge
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Fig. 5. (I-V) characteristics of the CuS membrane with MOSFET (a)
saturation regime and (b) linear regime.

transfer to the solid, which is then distributed by
electron transport over the near surface region of
the solid to form a depletion layer or to counteract
an accumulation layer in acid solution and then to
form or enhance an accumulation layer at the
base.'®

Sensitivity of CuS Membrane Synthesized With
MOSFET

The MOSFET controls the flow of electron (or
electron holes) from source (S) to drain (D) by
controlling the size and shape of the conductive
channel. The channel size controls the positivity
([H']) or negativity ([OH™]) of the gate-source
voltage (V). The dependency of I35 on the pH value
is a result of the accumulation of [H*] ions on the
sensing surface in the acidic solution, which is
equivalent to applying an additional positive volt-
age at the gate of the MOSFET. This would initiate
an increase in the conductive channel with con-
comitant increase in the current. On the contrary,
for the basic solution, the conductive channel
becomes constricted or closed when extra negative
voltage is applied, thus, decreasing the current as
illustrated in Fig. 4b.

The Vg of 3 V was used for (I35 — Vgs) measure-
ments with a saturation regime, and the Vg, 0of 0.3 V
was employed for (I3 — Vg5) measurements with a
linear regime, as shown in Fig. 5. For the saturation
regime, the drain-source current (I3;) was found to
be inversely proportional to pH, given that Iy
shifted downward as the pH increases (alternating
from acidic to basic). Conversely, for the linear
regime, the threshold voltage (Vy,), i.e., EGFET
turn-on voltage,'” was found to increase concomi-
tantly with pH. This voltage varies with the surface
potential between the membrane surface and the
electrolyte. Figure 6 represents the sensitivity of
the CuS membrane with MOSFET with values of
29.3 pA/pH and 24 mV/pH for the saturation and
linear regimes, respectively. Also, the linearity
values for the saturation and linear regimes were
calculated from Fig. 6 to give values of 97.67% and
98.18%, respectively. The pH solutions used for
these measurements were (2—-12) step 2. The depen-
dency of Vi, on the pH value can be illustrated
with:'?

[H'], = [H], exp(—q¢,/kT) (11)

where the [H*], and [H*]; are the bulk and the
surface activity of H* ions, g is the electron charge,
@0 is the potential on the gate, % is the Boltzmann
constant, and T is the absolute temperature. Based
on Eq. 11, the decrease of ¢ was found to result in
the decrease of output voltage.'®

According to Eq. 11, for acidic solution, the pH
has a small value which means a high number of
[H*] ions; hence, the voltage shows a small value.
On the other side, when the pH value becomes high
for a basic solution according to low [H*] ions, the
threshold voltage increases (shifted to the right),
which is illustrated in Fig. 5b.

Sensitivity of CuS Membrane Synthesized Without
MOSFET

In the absence of MOSFET, the sensitivity of CuS
membranes is measured using the difference
between the reference electrode potential and the
sensing membrane, by applying the following
equation:’

Vour = Vik — Vin = Veer — Veensing-rim— (12)
where Viy and Viy are the two input terminal
voltages of the Keithley, and Vggr and Vgsgnsing-
riLMm are the voltages of reference electrode and the
sensing film, respectively.

Figure 7a shows the results of the measured
voltage with time for pH solutions ranging from 2
to 12. The sensitivity and linearity were calculated
to be 22.86 mV/pH and 95.62%, respectively, as
shown in Fig. 7b.

According to Eq. 12, in the case of pH 12, which is
characterized by a high number of [OH™] ions and
negative voltage, the membrane shows slow or low
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Fig. 6. Sensitivity of the CuS membrane with MOSFET for (a) sat-
uration regime and (b) linear regime.

reaction with the ions of electrolyte because of the
limited [H*] ions and lowered capability of the
membrane to exchange metal ions with [H*] ions.
This phenomenon will generate a very small value
of Vsgnsing-riim because of the small charge of this
membrane, which will result in a large disparity
between Vygr and Vepnsing.rFinm, thus, producing
high-output voltage. Conversely, for pH 2 with its
characteristic higher number of [H*] and positive
voltage, the membrane exhibits rapid or high reac-
tion with the ions of the electrolyte leading to high
Vsensing-FiLm because of the large charge present,
resulting in a lower difference between Vggr and
Vsensing.Fizm When compared with the basic solu-
tions. Thus, low-output voltage was obtained for
acidic solutions, which is evident in Fig. 7a.

Several membranes®®2°2?2 were used as pH
sensors with and without MOSFET, and their
sensitivities are outlined in Table II.

Hysteresis

Hysteresis is generally associated with the chem-
ical interaction between the [H*] or [OH ] ions in
the electrolyte and the slow reacting surface sites
underneath the membrane surface, referred to as
buried sites and/or the defects of the membrane
surface. Hysteresis of the CuS membrane, which
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(a) 0.25

0.2 pH=12

I
[

o

Output voltage (V)

0 10 20 30 40 50 60 70
Time (S)

0.2 $=22.86 mV/pH .
L~95.62 *

0.1

0.05

Output voltage (V)

S

-0.05

T
0.3

4 6 8 10 12
pH value

Fig. 7. pH sensitivity of CuS membrane without MOSFET (a) (V-T)
characteristics and (b) Sensitivity and linearity.

indicates the defect of the nanocrystals in the
membrane surface or underneath the surface, was
estimated using Eq. 12. The equation measures the
difference between the voltage of the reference
electrode and the sensing membrane voltage with
time by the setup shown in Fig. 1b. From Fig. 8, a
net hysteresis value of 12.8 mV was obtained for the
(pH7-pH4—pH7-pH10-pH7) alternating pH cycles
when the difference was calculated between the
initial and the final output voltage at pH7.” This
value is considered to be reasonable when compared
with values reported by researchers in related
literature. For instance, Yin et al.?’ obtained a
hysteresis value of 9.8 mV for ITO-sensing EGFET;
Das et al.” achieved a hysteresis value of 7.9 mV for
PdO-sensing EGFET; and Chiang et al.?® obtained a
hysteresis value of 26 mV for a-WO3; membrane. A
low value of hysteresis denotes the quality of the
membrane surface, whereas a high value indicates a
delay in pH response as a result of the surface defect
of the membrane.

The difference in the interaction behavior for pH4
and pH10 (Fig. 8) can be attributed to the difference
in the diffusion rates of [H*] and [OH ] ions in the
buried sites.'® 1"2* [H*] ions diffused rapidly into
the buried sites because of their smaller size when
compared with [OH ] ions, as clearly observed in an
alkaline solution of pH10 (Fig. 8). The increased
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Table II. pH sensitivity with and without MOSFET for different sensing membranes

Sensitivity with
MOSFET
(mV/pH) (%)

Method of
fabrication

pPH solution
range

Sensing
membrane

Sensitivity
without
Linearity MOSFET Linearity
(mV/pH) (%) Ref.

SnO, Sputtering 2-12
SnO,, Sputtering 2-12
- 2-12
AZO Hydrothermal growth method 1-13
TiN Thermal evaporation 1-12
CuS Spray pyrolysis deposition 2-12

58 - 56 - 3

- - 59.17 - 23

58 - 57 - 20
57.95 0.9998 - - 5
56.3 - 24
24 98.18 22.86 95.62 This work

0.115

H=12.8 mV
0.095

pH7
0.075

0.055

Output voltage (V)

0.035

0.015

0 50 100 150 200 250 300 350
Time (S)

Fig. 8. Hysteresis of the CuS membrane.

drift is attributable to the permeation of [OH ] ions
through the CuS nanocrystalline film to form buried
sites that react slowly as a result of the indolent
ionic diffusion throughout the -electrolyte—mem-
brane-surface interface. Hence, the hysteresis is
more important in an alkaline solution.!”?* This
explanation is consistent with the hysteresis values
of 8.2 mV and 10.5 mV measured in low and hi%h
loop pH, respectively, for porous silicon EGFET';
values of 35.1 pA and 73.6 pA in low and high loop
pH, respectively, for TiOo/ITO EGFET?**; and values
of 20.7 mV and 30.9 mV in low and high loop pH,
respectively, for CuS EGFET.

CONCLUSION

The hysteresis and sensitivity of the CuS mem-
brane, in the presence and absence of MOSFET,
were investigated. The CuS membrane was pre-
pared with deionized water and subsequently
deposited on a glass substrate via spray pyrolysis
deposition. Afterward, the CuS membrane was
tested as a pH sensor. The results showed that
MOSFET improved the sensitivity (24 mV/pH) of
the thin film. In addition, EGFET exhibited compa-
rably higher stability because the MOSFET was not
dipped in the buffer solution. The results also
revealed that MOSFET is influenced by the gate-
source voltage, which can increase or decrease the

drain-source current, thereby influencing the sen-
sitivity of the pH sensor. A reasonable hysteresis
value of 12.8 mV was obtained for the CuS mem-
brane. Based on the characterization results, it can
be inferred that the nanocrystallinity of the CuS
membrane plays a significant role in the improve-
ment of its pH-sensing capability because of its
nanoscale and high surface-to-volume ratio.
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