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posited with little Cd-containing solutions’
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In order to prepare Cd,Zn,_S films with lower cadmium content and better performance as a buffer layer for copper

indium gallium selenide (CIGS) solar cells, the performance of Cd,Zn,.,S films deposited in a mixture of solutions

containing extremely low cadmium sources was systematically investigated by chemical bath deposition (CBD) with

the synergy of chemical experiments and numerical simulations. The experimental results show that the films have the

best overall performance at a cadmium source condition of 0.007 M.
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Cadmium sulfide (CdS) is an inorganic compound semi-
conductor belonging to group II-VI!'. High-purity CdS
has a strong photoelectric effect on visible light, and is
one of the common materials for preparing solar cells.
However, CdS is a toxic carcinogen, which will pollute
the environment and endanger human health®. Second,
the CdS's small band gap will inhibit the absorption of
short wavelengths. As a result, zinc sulfide (ZnS), a dif-
ferent non-toxic and environmentally friendly semicon-
ductor with a band gap of roughly 3.74 eV and strong
short-wave transmittance', is being explored as a possi-
ble replacement for CdS.

The ideal band gap of copper indium gallium selenide
(CIGS), however, is around 1.35 eV, which differs sig-
nificantly from the band gap of ZnS. This will cause lat-
tice mismatch and lower the photoelectric conversion
efficiency of thin film solar cells. According to re-
search, doping zinc with CdS can modify the film's opti-
cal characteristics and band gap in order to lessen the
impact of lattice mismatch and increase solar cell per-
formance!’. Therefore, the ternary mixture Cd,Zn,.S,
which shoulders multiple properties, has received much
attention.

Cd,Zn,,,S thin films can now be prepared using a vari-
ety of techniques, including radio frequency (RF) sputter-
ing'®, direct-current (DC) sputtering'”, co-evaporation'™,
chemical bath deposition (CBD)", and more. The CBD
method's deposition process is straightforward and rea-
sonably priced. Additionally, the CBD creates a film that
causes the absorber layer relatively little harm, and its
photovoltaic capabilities are easily altered by changing the
experimental setup.
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Currently, a high concentration of cadmium source
solution is used in the majority of study literature on the
effects of cadmium on the characteristics of Cd,Zn,.,S
films. For instance, the CBD method's most common
cadmium source conditions range from 0.06 M to
0.9 M"'% and the most common cadmium sources em-
ployed are cadmium nitrate solution, cadmium chloride
solution, and cadmium sulfate (CdSO,) solution. Addi-
tionally, although lower concentrations of cadmium
source solution (0.003—0.007 M) were used in Ref.[11],
the prepared films had poor characteristics, and the
atomic percentage of cadmium in its solution gradually
decreased with an increase in cadmium source content,
which was quite different from the actual one. During the
process of this research, the atomic percentage of cad-
mium grows with increasing concentration of the cad-
mium source, in contradiction to the experimental results
of ZHANG et al''l. The impact of utilizing a relatively
small quantity of cadmium (0.001—0.010 M) on the
characteristics of Cd,Zn,_S films was assessed in this
research. The characteristics of the created films were
balanced, the ternary mixture's properties were main-
tained, and the amount of cadmium employed in the
studies was successfully lowered, all of which have some
bearing on the creation of buffer layers for CIGS solar
cells.

The materials and concentrations required for the ex-
periments are shown in Tab.l. CdSO,, zinc sulfate
(ZnS0O,), and ammonia sulfate ((NH,4),SO,4) were the
major raw ingredients utilized in the experiment along
with deionized water. Five clean beakers were config-
ured with a mixed solution using the aforementioned
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chemicals and the required amount of deionized water.
The cleaned glass substrates were then put diagonally in
the beakers, each measuring 3 cmx2 c¢m, and the beakers
were then heated in a water bath. The required amounts
of thiourea and ammonia were added to the beaker and
carefully agitated after the solution's temperature reached
86 °C. The solution was agitated once every five minutes
to achieve improved homogeneity during the 35 min
deposition period.

Tab.1 Materials and concentrations required for the
experiments

Material Concentration (M)
CdSO, 0.001—0.010
ZnSO, 0.015

(NH,4),SO4 0.015

CH4N,S 0.03

NH;-H,O 13.33

ZnS0O,, CdSO,, and thiourea serve as sources of zinc
ions, cadmium ions, and sulfur ions, respectively, in the
process. (NH4),SO,4 was employed as a buffer to control
the emission rate of different metal ions and to make it
easier to produce Cd,Zn;,S films. Ammonia was also
utilized as a complexing agent and pH regulator. The
beakers were removed after 35 min of reaction time, and
the samples were then cleaned with deionized water and
dried with nitrogen.

These tools are available for thin film characterization.
With scanning angles ranging from 3° to 120°, Rigaku's
SmartLab 9 kW X-ray diffractometer (XRD) may be
used to analyze the structural characteristics of thin
films. The Quanta FEG 250 scanning electron micro-
scope (SEM) from FIE and its associated energy disper-
sive spectroscopy (EDS) are used to examine the surface
morphology and elemental composition of the films.
Utilizing Perkin Elmer's Lambda ultra-violet, visible and
near infrared (UV-Vis-NIR) spectrophotometry, the op-
tical characteristics of the films were examined. Finally,
the most recent SCAPS-1D-3.10 software was used to
model the conversion efficiency of the thin film cells.

The surface morphology of the Cd,Zn,,S films de-
veloped under various settings with CdSO, concentration
is depicted in SEM pictures in Fig.1. The general surface
of both the film exhibits a dense and homogeneous mor-
phology with extremely tiny holes between CdSO,4 con-
centrations of 0.005 M and 0.007 M, with 0.007 M pro-
viding the optimum surface morphology. However,
around 0.003 M, the surface characteristics of the films
began to alter as the concentration of CdSO, decreased,
becoming loose and harsh with big holes. The small level
of Cd*" in the solution, which was unable to react with
ammonia to create additional cadmium complexes, lim-
ited the formation of Cd,Zn,_.S films at 0.001 M, result-
ing in the morphology of the films having a great deal of
holes. And as the amount of CdSQO, in the solution in-
creased to 0.009 M and 0.010 M, the surface characteris-
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tics of the films also developed defects and pores. This
was because there were too many cadmium ions in the
solution, which led to the formation of a significant
amount of chromium hydroxide precipitates in the solu-
tion and an increase in pH in the solution, both of which
inhibited the growth of the films. These holes made it
easier for carriers to combine, which decreased the effi-
ciency of photoelectric conversion in thin film solar
cells.
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Fig.1 SEM images of the films deposited using dif-
ferent cadmium source conditions: (a) 0.001 M; (b)
0.003 M; (c) 0.005M; (d) 0.007 M; (e) 0.009 M; (f)
0.010 M

The structural characteristics of the Cd,Zn;,S films
that were deposited under various cadmium source con-
centration conditions are shown by the XRD patterns in
Fig.2. With the exception of the weak diffraction peaks
of the films formed at 0.001 M concentration of the cad-
mium source, it can be shown that the films deposited at
other concentrations exhibit a significant preferred ori-
entation along the (002) plane of the hexagonal phase.
The films' peak is around 26=26.7° for CdSO, concen-
trations ranging from 0.001 M to 0.007 M and 26=26.84°
for concentrations between 0.009 M and 0.010 M. With
respect to the provided XRD standard diffraction peak
(002) of CdS with 26=26.5°, the (002) peak location of
Cd,Zn,,S is displaced to a somewhat greater angle.
When the cadmium source concentration is 0.001 M, the
diffraction peak is weaker. This is brought on by the high
concentration of zinc in the solution, which inhibits the
formation of the cadmium complex and causes the depo-
sition of Cd,Zn,,S films to perform poorly. The (002)
peak was strengthened and then diminished when the
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CdSO, solution concentration was between 0.003 M and
0.010 M, and the greatest intensity of the diffraction peak
was 0.007 M. It is clear from Tab.2's atomic percentage
data and EDS results that the zinc concentration of the
films had a bearing on their crystallinity. The film's crys-
tallinity decreases with increasing zinc concentration.
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Fig.2 XRD patterns of films deposited using different
cadmium source conditions

Tab.2 Atomic ratios of Cd, Zn and S for films depos-
ited using different cadmium source conditions

Different cadmium source conditions S: Zn: Cd

0.001 M 18.37: 46.86: 34.77
0.003 M 19.22: 45.50: 35.28
0.005 M 22.45:39.42: 38.12
0.007M 29.74: 28.87: 41.39
0.009 M 26.52:33.10: 40.38
0.010 M 26.55:33.14: 40.31

In Fig.3, the transmittance curves for the films created
under various cadmium source conditions are displayed.
As can be observed, all of the samples had high trans-
mittance values of up to 90% at wavelengths longer than
450 nm. With a rise in the atomic percentage of cadmium
in the solution, the transmittance of the materials at
0.001—0.010 M generally tends to decrease. In addition,
the existence of larger holes on the surface of the films is
the cause of the extremely high optical transmittance
shown at 0.001 M and 0.010 M, but its practical value is
lower.

100
90 [ =
80 ==
370
3 60
f=1
£ 50
Z 40 ——0.001 M
g ——0.003M
= 30 ——0.005M
20 < 0.007M
10 0.009 M
——0.010M
0 — " N N
300 400 500 600 700 800
Wavelength (nm)

Fig.3 Optical transmittance of the prepared films
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Most of the valence band and conduction band elec-
trons in semiconductors are located close to the forbid-
den band, allowing a large number of electrons to leap by
absorbing photon energy when the photon energy is
close to the forbidden band width. At this point, the ab-
sorption coefficient rises as the number of photons in-
creases. The correlations between optical band gaps and
absorption coefficients for semiconductor materials are
as follows!'?,

(ahv)A(%) - B(hv—E,), (1)
__In@®
I (@)

where a, h and v represent the absorption coefficient,
Planck's constant, and incident photon frequency, re-
spectively (v=c/A, where ¢ is the speed of light,
c=3x10%m/s, and 1 is the wavelength of incident light),
B is the proportionality constant, and E, is the forbidden
band width of the semiconductor material. ¢ is the film
transmittance, and d is the film thickness. In addition, the
value of # is related to the type of semiconductor mate-
rial, n=1/2 when the semiconductor material is direct
bandgap, and n=2 when the semiconductor material is
indirect band gap!"*!. And n here is 1/2.

The Cd,Zn,_S film's Tauc relationship curve is shown
in Fig.4, using the values of (@ hv)"" as the vertical co-
ordinate and / as the horizontal coordinate. Then, a lin-
ear equation can be found as follows

y=C(x— Ey), (3)

where £, in a geometric sense refers to the line's inter-
cept on the x-axis. In other words, the linear portion of
the line is linearly fitted to obtain a linear equation that
intersects the x-axis, and the x-value of the intersection
point is the desired optical band gap size. According to
the images, the optical band gaps are 3.72 eV, 3.62 eV,
346¢V,3.02¢eV, 3.22 eV, and 3.32 eV, respectively, for
cadmium source concentrations of 0.001 M, 0.003 M,
0.005 M, 0.007 M, 0.009 M, and 0.010 M. With the help
of the data from the EDS, it is possible to see that the
optical band gap decreases and then increases as the
concentration of cadmium ions rises. The band gap trend
is consistent with the trend of the atomic percentage
content of zinc in the solution, indicating that changes in
zinc content can affect the band gap of the film and alter
its transmittance.

For thin film solar cells, the solar cell simulation pro-
gram (SCAPS-1D) is ideal for evaluating the J-V curve,
QE curve, V., Ji, FF, and many other measurements of
solar cells, which can also mimic the performance of the
manufactured films. Mo/CIGS/CdS/ZnO is the CIGS
structure that is utilized in Ref. [12], and Tab.3 displays
the fundamental characteristics of each layer that may be
found in many literatures, where neutral is selected as the
defect type, 0.6 is the reference energy level, and 0.1 is
the characteristic energy. Other default settings and the
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AMI1 5G spectrum are also utilized for the simulation
test!'”, Tab.4 displays the findings of the final experi-
ment, V. is stable at 0.8 V, J,. is around 38 mA/cm?, and
FF is up to 81%, as can be observed. Additionally, when
the cadmium source concentration is 0.001 M, the effi-
ciency can increase to up to 24.34%. However, the con-
version efficiency is excellent at the cadmium source
concentration of 0.007 M, which may reach 24.20%,
when taking the combined SEM and XRD data into ac-
count. The experimental findings indicate that the films
created under low cadmium source conditions have ex-
cellent potential for use as the buffer layer in CIGS solar
cells.

In this study, the synergistic impact of chemical tests
and numerical simulations was used to evaluate the effect
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Fig.4 Tauc plot of films deposited using different
cadmium source conditions: (a) 0.001 M; (b) 0.003 M;
(c) 0.005 M; (d) 0.007 M; (e) 0.009 M; (f) 0.010 M

Tab.3 Simulation parameters

Parameter CIGS!™! ZnO!'* CdZnS"”
Thickness .
1550 80 Variable
(nm)
E, (eV) 1.2 33 Variable
7 (V) 4.6 44 42
& 9 9 9.2
Ne (cm™) 2.2x10" 2.0x10" 2.1x10"
N, (em™) 1.5x10" 2.0x10" 1.7x10"
e (cm?’/Vs) 100 100 70
1y (cm?/Vs) 11.5 20 20
Np (ecm™) - 5.0x10"7 1x10'
Ny (cm™) 2.0x10" - -
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Tab.4 Simulation data obtained by the software

CCEY M)  Voe(V) Jsc(mAlem®)  FF (%)  ETA (%)
0.001 0.8003  38.880 12 81.46  24.34
0.003 0.8003 38.85110 8142 2431
0.005 0.8006 38.82522 8142 2420
0.007 0.8008 38.82116 81.41  24.20
0.009 0.8009 38.81028 8141  24.17
0.010 0.8009 38.81026 8141  24.16

of decreased cadmium content in the mixed solution on
the film performance, with a focus on both environ-
mental protection and film performance. The experi-
mental findings demonstrate the superior performance of
the produced Cd,Zn,,S films, with conversion efficien-
cies up to 24.20% at 0.007 M cadmium source condi-
tions. The films exhibit a superior optical band gap of
3.02 eV, improved surface shape and crystallinity, and
high transmittance at this concentration.

Ethics declarations

Conflicts of interest

The authors declare no conflict of interest.
References

[1] WANG J, XING Y, WAN F, et al. Progress in ultraviolet
photodetectors based on II-VI group compound semi-
conductors[J]. Journal of materials chemistry C, 2022,
10: 12929-12946.

[2] GUO L, ZHANG B, LI S, et al. Interfacial engineering
of oxygenated chemical bath-deposited CdS window
layer for highly efficient Sb,Se; thin-film solar cells[J].
Materials today physics, 2019, 10: 100125.

[3] LEE G J, CHEN H C, WU ] J. (In, Cu) co-doped ZnS
nanoparticles for photoelectrochemical hydrogen pro-
duction[J]. International journal of hydrogen energy,
2019, 44(1): 110-117.

[4]  CIRIS A, ATASOY Y, KARACA A, et al. The effect of
ZnCl, and CdCl, treatment on ZnS/CdS junction partner
on CdTe cell performance[J]. Materials science in
semiconductor processing, 2022, 149: 106860.

[5] SHIRAKATA S. A study of doping profile for the site
selectively Zn-doped p-type Cu(In,Ga)Se, thin film for
solar cell[J]. Physica status solidi (a), 2019, 216(15):
1800890.

[10]

[11]

[12]

[14]

[17]

Optoelectron. Lett. Vol.19 No.6 * 0363 *

KACHA K, DJEFFAL F, FERHATI H, et al. Efficiency
improvement of CIGS solar cells using RF sputtered
TCO/Ag/TCO thin-film as prospective buffer layer[J].
Ceramics international, 2022, 48(14): 20194-20200.
PRASANNA D. Synthesis, characterization of CdZnS
thin films and SnS nanoparticles[J]. Journal of atomic,
molecular, condensed matter and nano physics, 2021,
8(2): 167-173.

BASHIR K, ALI A, ASHRAF M, et al. Optical and
structural properties of vacuum annealed multilayer
nanostructured CdZnS thin films deposited by thermal
evaporation[J]. Optical materials, 2021, 119: 111353.
ZELLAGUI R, DEHDOUH H, BOUFELGHA F, et al.
Effect of zinc/cadmium proportion in CdS layers depos-
ited by CBD method[J]. International multidisciplinary
research journal, 2019, 9(3): 8-12.

ZELLAGUI R, DEHDOUH H, ADNANE M, et al.
CdyZn, S thin films deposited by chemical bath depo-
sition (CBD) method[J]. Optik, 2020, 207: 164377.
XUE Y, ZHANG S, SONG D, et al. Effect of concen-
tration of cadmium sulfate solution on structural, optical
and electric properties of Cd;_,Zn,S thin films[J]. Jour-
nal of semiconductors, 2021, 42(11): 112101.
MADHURI K, KANNAN P K, CHAUDHARI S, et al.
Effect of annealing time and heat flux on solvothermal
synthesis of CIGS nanoparticles[J]. Materials today:
proceedings, 2020, 21: 1882-1887.

BASHIR K, ALI A, ASHRAF M, et al. Optical and
structural properties of vacuum annealed multilayer
nanostructured CdZnS thin films deposited by thermal
evaporation[J]. Optical materials, 2021, 119: 111353.
CUI C, KOU D, ZHOU W, et al. Surface defect ordered
Cu,ZnSn(S,Se), solar cells with efficiency over 12% via
manipulating local substitution[J]. Journal of energy
chemistry, 2022, 67: 555-562.

AL-HATTAB M, KHENFOUCH M, BAJJOU O, et al.
Numerical simulation of a new heterostructure
CIGS/GaSe solar cell system using SCAPS-1D soft-
ware[J]. Solar energy, 2021, 227: 13-22.

RAI N, DWIVEDI D K. Numerical modelling for en-
hancement of output performance of CIGS based thin
film solar cell using SCAPS 1-D simulation software[J].
AIP conference proceedings, 2020, 1: 140021.
DOROODY C, RAHMAN K S, KIONG T S, et al.
Optoelectrical impact of alternative window layer
composition in CdTe thin film solar cells perform-
ance[J]. Solar energy, 2022, 233: 523-530.



