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1. Introduction

Most of the current photovoltaic (PV) industry is based on 
crystalline silicon (c-Si) solar cells [1]. Although silicon tech-
nology has the highest industrial photoconversion efficiency 
of 26.3% [2], the indirect bandgap of Si causes low absorp-
tion rates, thus limiting the performance of these solar cells. 
Therefore, light absorbing Si layers should have a thickness of 
more than 150 nm for highly efficient solar cells. Furthermore, 
their crystal structure should be nearly monocrystalline which 
increases their production cost. On the other hand, interest 
in thin film solar cells is rapidly growing since they provide 

a cost effective alternative to Si-based cells. Thin film solar 
cells have direct bandgaps and are 100 times thinner than c-Si 
solar cells, which decreases their production cost. Among 
the thin film solar cells, the highest efficiency of 22.6% 
has been recorded for chalcopyrite Cu(In,Ga)Se2 (CIGSe) 
absorber layers [3] which is comparable to c-Si solar cells. 
CdTe follows CIGS with 22.1% photoconversion efficiency 
[4, 5]. Although commercially available CIGS and CdTe solar 
cells are considered to be the two major thin film solar cell 
technologies, there are some concerns about constituent ele-
ments of these absorbers. The rareness of Ga, Te and In in 
the Earth’s crust as well as the toxicity of Se and Cd limit 
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Abstract
Cu2ZnSnS4 (CZTS) thin films were grown on Mo-coated soda lime glass (SLG) substrates by 
the sulfurization of DC magnetron-sputtered Zn, Sn and Cu metallic precursors under a sulfur 
atmosphere at 550 °C for 45 min. Understanding the composition and structure of the CZTS 
absorber layer is necessary to obtain efficient solar cells. With this aim, x-ray diffractometry, 
Raman spectroscopy, scanning electron microscopy, energy dispersive spectroscopy and 
x-ray photoelectron spectroscopy were used to investigate the CZTS absorber layers. CZTS 
absorber films were obtained and found to be Cu-poor and Zn-rich in composition, which 
are both qualities desired for efficient solar cells. CdS was used as a buffer layer and was 
grown by the chemical bath deposition technique. The optical properties of CdS films on 
SLG were searched for using a spectroscopic ellipsometer and the results revealed that the 
bandgap increases with film thickness increment. CZTS-based solar cells with different CdS 
buffer layer thicknesses were prepared using a SLG/Mo/CZTS/CdS/ZnO/AZO solar cell 
configuration. The influence of the CdS buffer layer thickness on the performance of the CZTS 
solar cells was investigated. Device analysis showed that electrical characteristics of solar cells 
strongly depend on the buffer layer’s thickness. Highly pronounced changes in VOC, fill factor 
and JSC parameters, which are the main efficiency limiting factors, with changing buffer layer 
thicknesses were observed. Our experiments confirmed that decreasing the CdS thickness 
improved the efficiency of CZTS solar cells down to the lowest thickness limit.
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the mass production and widespread use of CIGS and CdTe 
solar cells. Therefore, in the last few years, research into abun-
dantly available and non-toxic solar cells has been increased 
to overcome these limitations. For the second-generation PV 
materials, the quaternary kesterite type semiconductor com-
pounds have been considered as a promising candidate due 
to their similar structural and optical properties to those of 
CIGS thin films. In particular, Cu2ZnSn(SSe)4 (CZTSSe) thin 
films, which are the main focus of this research, are p-type 
semiconductor compounds with a kesterite structure. The 
elemental constituents of CZTSSe are not only non-toxic, but 
also earth-abundant in nature, hence inexpensive. Moreover, 
CZTSSe thin films have high optical absorption coefficients 
(>104 cm−1) and direct optical bandgap energies from 1.0 
to 1.5 eV (from pure selenium to pure sulfur compounds) 
[6] which are favorable values for PV applications. To date, 
the highest recorded power conversion efficiencies of kes-
terite solar cells in the lab-scale are 12.7% [7], 11.6% [8] 
and 9.4% [9] for CZTSSe, CZTSe and CZTS, respectively. 
However, they are still much lower than the theoretically pre-
dicted Shockley–Queisser limit which suggests that the max-
imum possible solar conversion efficiency is at about 33.7% 
(JSC  =  29.6 mA cm−2, VOC  =  1.23 V, fill factor (FF)  =  90%) 
for a single p-n junction absorber with a bandgap of 1.4 eV for 
the AM1.5 solar spectrum. Although still far from this theor-
etical limit, research into higher efficiencies in kesterite thin 
film solar cells is rapidly increasing [10]. There are several 
reasons for the poorer photoconversion efficiencies of CZTS-
based solar cells than those in their In and Ga incorporated 
counterpart (CIGS). Firstly, it is difficult to grow high-quality 
kesterite films since kesterite compounds have low thermal 
stability at high temper atures (>500 °C) [11]. Secondly, they 
have a single phase only in a very narrow region in their phase 
diagrams. In our previous report, it was shown that the unifor-
mity and density of the CZTS films increased for sulfurization 
temperatures between 550 °C–570 °C [12]. High-temperature 
annealings of CZTS resulted in decomposition. It has been 
demonstrated that CZTS decomposes into solid Cu2S and 
ZnS due to the evaporation of SnS and S from the film. As a 
result of this decomposition, Sn-depleted surfaces, Sn vacan-
cies, and Cu2S and ZnS secondary phases are formed [13], 
which are not suitable for the formation of the p-n junction. 
Therefore, reducing the Sn loss during the annealing process 
is highly important for the formation of the CZTS structure. 
Other major challenges involve phase controlling and the fab-
rication of defect-free materials. Since CZTS films have very 
narrow phase stability, they can easily form secondary phases 
and defects during their production. However, applying chem-
ical etching by immersing them in potassium cyanide (KCN) 
[14] and HCl [15], the binary Cu2S, ZnS secondary phases 
and in bromine in a methanol solution, the ternary Cu2SnS3 
[16] secondary phase can easily be removed. Correlating the 
formation energies and their transition levels, it is possible 
to identify a variety of defects in CZTS. Most of them are 
not favorable for producing a p-type CZTS since they form 
shallow donor levels, mid-gap states, and deep trap levels. It 
has been reported that copper vacancies (VCu) improve the 
p-type character of CZTS absorber films by forming a shallow 

acceptor level just above the valence band maximum. Another 
acceptor level is formed by the copper on a zinc antisite (CuZn) 
defect. But the formation energy of this defect is higher than 
VCu [1] and it forms a deep defect level which is not favor-
able for PV applications [17]. This means that copper vacan-
cies possess the shallowest acceptor level making the p-type 
behavior of CZTS sensitive to Cu content. It has been shown 
that the off-stoichiometric CZTS solar cells have exhibited 
higher efficiencies than the stoichiometric ones, which indi-
cates that VCu has a strong effect on the p-type nature of CZTS. 
Cu-poor (Cu/Zn  +  Sn ~ 0.8) and Zn-rich (Zn/Sn ~ 1.2) com-
position is desired for highly efficient CZTS based solar cells 
[17]. In CZTS, these shallow acceptor defects can also form 
electrically neutral self-compensated defect complexes such 
as [Cu−

Zn + Zn+Cu] and [V−
Cu + Zn+Cu]. The deep levels are pas-

sivated by these defect complexes and as a result, the recom-
bination rate is reduced in the PV device.

It has been reported that CZTS only has a p-type character-
istic because CuZn shallow acceptor defects are highly stable 
according to defect formation energy calculations [17]. For all 
the reasons mentioned above and others, CZTS might be an 
ideal candidate to produce thin film solar cells, which might 
replace CIGS in a decade’s time. Various techniques such as 
evaporation [18], sputtering [19], pulsed laser deposition [20], 
chemical vapor deposition [21], spray pyrolysis [22], spin-
coating [23], and electrochemical deposition [24] have been 
reported for the growth of CZTS absorber films. Among these, 
the sputtering technique is extensively preferred due to the 
availability of the thickness control of the metallic precursor, 
the large area growth occurring at one time, and the reproduc-
ible fabrication. In the literature, a CZTS solar cell with the 
highest efficiency (ɳ  =  9.4%) has been grown by a sputtering 
technique [9]. In this research as well, the magnetron sput-
tering technique was used for the first stage of the growth of 
CZTS films.

Since the electronic performance of semiconductor devices 
depends highly on their crystal structures, deviations from sto-
ichiometry and the existence of several phases in the material, 
knowledge of structural and compositional characteristics of 
CZTS absorber films is very important for understanding their 
device properties. For that reason, we have studied and pre-
sented such characteristics of our CZTS films in detail. The 
optical properties of the CdS buffer layer is also highly impor-
tant in terms of absorption within this layer. Thus, the thick-
ness dependence of optical properties of the CdS buffer was 
investigated by depositing CdS on a soda lime glass (SLG) 
substrate.

The particular objective of this research is to build a clear 
understanding of the effect of the CdS buffer layer thickness 
on the photoconversion efficiency of CZTS-based solar cells.

2. Experimental methods

2.1. Absorber layer preparation

In this study, Mo-coated SLGs were used as substrates. 1 μm 
thick Mo back contacts were deposited in bilayers by a DC 
magnetron-sputtering technique from two-inch-targets of 

J. Phys. D: Appl. Phys. 51 (2018) 275501



A Cantas et al

3

Mo with a purity of 99.95%. The Mo-coated SLG substrates 
were cleaned by ultrasonication in acetone, ethanol, and dis-
tilled water for 5 min each, and then exposed to N2 plasma 
for 15 min at a 100 W RF bias. CZTS absorber layers with 
thickness between 1.2 and 1.4 μm were grown by a two-step 
process. In the first step, metallic precursors were depos-
ited sequentially by a multi-target DC magnetron-sputtering 
system on Mo-coated SLG substrates. Our multi-target DC 
magnetron-sputtering system consists of two-inch targets of 
Cu (99.999%), Sn (99.999%), and Zn (99.99%), and 41 W, 
40 W, and 20 W DC powers were used for each target in 
the respected order during a growth. The target-to-substrate 
distance was fixed at 8 cm. For the deposition of each metal 
layer, the substrate holder was rotated towards the related 
target. Before the sputtering, the vacuum chamber was evacu-
ated down to about 10−6 Torr pressures by a turbo molecular 
pump. Heating was not applied to the substrates during the 
sputtering. After reaching the required pressure levels, a con-
stant flow rate of 30 sccm Ar gas was let into the chamber 
using a mass flow controller during the deposition process. 
The operating pressure was 1.5  ×  10−2 Torr. Before the actual 
growth, a pre-sputtering was performed for 5 min to remove 
contaminations from the surfaces of the targets. Since the 
thickness of each metallic precursor layer plays an impor-
tant role in the formation of a particular CZTS compositional 
structure, the thickness of each metallic layer was deter-
mined using the molecular weight and density of each ele-
ment before the deposition. Therefore, the thickness of each 
metallic layer was adjusted as 175, 165 and 290 nm for the 
Cu, Zn and Sn layers, respectively, to obtain a 630 nm thick 
metallic precursor. These thicknesses were chosen by consid-
ering the Cu-poor and Zn-rich composition which has been 
reported for the highly efficient CZTS-based solar cells in the 
literature. The stacking order of the precursor was selected as 
SLG/Mo/Cu (120 nm)/Sn/Zn/Cu (55 nm) in order to decrease 
the Sn loss and to prevent ZnS phase formation at the surface 
of the absorber layer during the sulfurization.

The second step was followed by a heat treatment of metallic 
precursors under a sulfur atmosphere. This step is called the 
sulfurization process and it is used to convert metallic stacks 
of CZT to the CZTS absorber film. The sulfurization proce-
dure was performed in a Lindberg/Blue M furnace under an 
Ar atmosphere (figure 1(a)). The Cu–Zn–Sn (CZT) precursor 
was placed at the center of a quartz tube in the furnace while 
the 600 mg sulfur powder (99.98%) was placed 18 cm away 
from the precursor in the quartz tube. Sulfurization occurred 
as a result of the reaction between the evaporated sulfur and 
the hot metallic precursor. 100 sccm Ar, which was controlled 
using a MKS 647C mass flow controller, was used as a car-
rier gas while the pressure inside the quartz tube was kept at 
atmospheric pressure during the sulfurization.

Figure 1(b) shows the temperature variation of the sulfuri-
zation process. The furnace was heated to 270 °C in five min 
at a constant rate and kept at this temperature for three min 
to ensure the formation of binary phases such as CuS, ZnS 
and SnS2 which contribute to the formation of the CZTS struc-
ture. Then, the temperature of the furnace was raised to 550 °C 
within five min. A thermocouple was located at the center of the 

tubular furnace, so it was possible to measure the temper ature 
in the middle of furnace. When the middle of the furnace was 
550 °C, the point (18 cm away from the middle of the furnace) 
where the sulfur powder was placed was at a lower temper-
ature. Using both a high amount of sulfur powder (600 mg) and 
placing the sulfur box at the edge of the furnace (the sulfur box 
was located within the furnace but very close to the outlet of 
the furnace), the sulfurization took place for 45 min. At the end 
of the sulfurization, when the furnace was opened it was seen 
that the melted sulfur still existed. Therefore, the sulfurization 
of CZTS metallic precursors occurred at 550 °C for 45 min.

Subsequently, the CZTS films were naturally cooled down. 
Four different CZTS absorber layers were fabricated under the 
same deposition and sulfurization conditions. CZTS absorber 
films were named with sample numbers from 1 to 4. Film 
analyses were performed after the sulfurization process.

The crystalline structures of the CZTS and CdS films were 
analyzed by a Philipps X’Pert Pro x-ray diffractometry (XRD) 
system with a Cu Kα radiation source (λ  =  1.5406 Å) with 
a step size of 0.03° and a step time of 1.1 s. For the micro-
structural characterization, a high-resolution confocal micro-
Raman spectroscopy (S&I, MonoVista, employing a Princeton 
Instruments, Acton SP2750 0.750 m Imaging Triple Grating 
Monochrometer) was used in the back-scattering geometry 
with a spectral resolution of about 1 cm−1 at room temper-
ature. An argon ion laser operating at 488 nm (100 mW) and 
514 nm (100 mW) was used as the Raman excitation source 
while a HeNe laser with 632.8 nm of 20 mW power was also 
employed at times to probe the vibrational modes of the CZTS 
films to analyze their compositional structure. The system 
also includes an Olympus BX51 microscope with a computer 
controlled XYZ stage under the objective. For all the CZTS 
films, 50×  and 100×  objectives, giving spot sizes near 3 μm 
in diameter were used. The spectral data was collected with a 
CCD detector at about 0.5 cm−1 max resolution in the visible. 
A rough scan was carried out using a 150 gr mm−1 grating 
first then a high-resolution measurement followed by a 600 
gr mm−1 grating. Occasionally we performed measurements 
with a 1800 gr mm−1 grating to see any fine structure. Since 
our phonon peaks were very broad, we did not need 1800 gr 
mm−1 grating scans since they were time consuming. The 
Raman spectrometer was calibrated by adjusting the main 
phonon peak of a standard Si sample to 520 cm−1 (at room 
temper ature) via an internal offset feature of the system. The 
top view of the CZTS and CdS films and the cross-sectional 
images of the device structure were taken by a FEI-QuantaFEG 
250 scanning electron microscope (SEM). The atomic ratios 
of the CZTS and CdS films were determined by energy disper-
sive spectroscopy (EDS; Oxford X-act) which was attached to 
the SEM. Surface topography was imaged with 5 kV accel-
eration voltage at different magnifications under high vacuum 
with an Everhart Thornley detector (ETD) and three-spot size 
whereas the cross-section images were taken with 5 kV accel-
eration voltage, with a backscatter electron detector (BSED) 
and five spot size under low vacuum.

EDS measurements were taken with 15 kV acceleration 
voltage having 1000x magnification with a 20 μm scaling 
under high vacuum (HV). X-ray photoelectron spectroscopy 
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(XPS; SPECS Phoibos 150 3D-DLD) was used to identify 
the core electronic states and hence, the quantity of constit-
uent elements. XPS measurements of the CZTS films were 
performed with a monochromatic Mg Kα radiation source 
(hν  =  1254 eV) with a power of 200 W and take off angle of 
45°. The analyzer pass energy, the step size, dwell time and 
the spot size were set to 30 eV, 0.05 eV, 2 s and 2 mm, respec-
tively, for high-resolution spectra.

2.2. CdS buffer layer preparation

Prior to fabricating solar cells to analyze the properties of 
the CdS buffer layer, it was coated on a SLG substrate by the 
chemical bath deposition (CBD) technique. The bath solution 
contained 1.2 ml of 0.5 M cadmium acetate (Cd(CH3CO2)2), 
6 ml of 2M ammonium acetate (NH4CH3CO2), 7 ml of 0.5 M 
thiourea SC(NH2)2, and 12 ml of 14.4 M (25% of NH3 solu-
tion) ammonium hydroxide (NH4OH) and 270 ml of de-ionized 
water. The CdS buffer layers were deposited at 85 °C for 45, 
60, 75 and 90 min. The thickness calibration of the CdS films 
occurred by depositing CdS thin films on SLG substrates by the 
CBD technique. A spectroscopic ellipsometer (SE) was used to 
determine the thickness and optical properties of the CdS films 
deposited on the SLG substrates. Spectroscopic ellipsometry is 
an optical technique, which is a suitable to determine the thick-
ness of semiconductor films [25]. Psi (Ψ) and Delta (Δ) are the 
ellipsometric parameters which measure the phase and ampl-
itude changes of incident light, respectively. In order to define 
the thickness of the grown film, an appropriate optical model 
was constructed, and measured and modeled ellipsometric 
data were fitted [26]. As an optical model for the CdS films, 
the generalized oscillator (gen-osc) function, which is suitable 
for semiconductor film, was used. CdS films were modeled 
using five oscillators. The surface roughness was modeled as a 
Bruggeman effective approximation (BEMA) layer. With this 
layer, it was assumed that the top layer of the film consists of 
a 50% void and 50% CdS film. The thickness and optical con-
stants i.e. refractive index n, and extinction coefficient k, were 
extracted as outcomes of the fitting procedure.

2.3. Solar cell device fabrication

For solar cell fabrication, window layers consisting of i-ZnO 
and Al doped ZnO (AZO) were deposited on SLG/Mo/CZTS/

CdS layer stacks. The window layers of i-ZnO and AZO 
were deposited using single targets by RF and DC magnetron 
sputtering, respectively. 40 nm ZnO and 300 nm AZO layers 
were sputtered with pure argon at around 10−3 Torr operation 
pressure. The solar cells were completed by contacting with 
silver epoxy on the AZO window layer. The active area of the 
cells was determined by scribing the regions. According to 
the CZTS absorber layer used and the CdS buffer layer thick-
ness, the devices were denoted by cell numbers from 1 to 4 
(from thickest to thinnest CdS layer). The device performance 
of the SLG/Mo/CZTS/CdS/ZnO/AZO solar cells was inves-
tigated using the current–voltage (I–V) measurement system. 
A Keithley 2182A Source Meter and Labview program were 
used to obtain I–V characteristics at room temperature. The 
calibration of our system was done using a Newport 91192 
model 300 W solar simulator under ambient conditions (1 kW 
m−2, AM 1.5G illumination, room temperature).

3. Results and discussions

3.1. CZTS absorber layer characterizations

3.1.1. XRD. CZTS has two types of crystal structure which 
are named as kesterite (I-4 space group) and stannite (I-42m 
space group). Since it is a quaternary compound and forms 
from a solid-state reaction between Cu2SnS3 and ZnS, it is 
possible to detect secondary and ternary remaining phases at 
the end of the growth process. These phases might be ZnS, 
Cu2−xS, Cu2SnS3, SnS, SnS2, and Sn2S3. Except for ZnS and 
Cu2SnS3, all of these phases can be determined by XRD.

However, due to ZnS, Cu2SnS3, and CZTS having similar 
crystal structures, it is very difficult to confirm their existence 
or co-existence in a sample, merely by the XRD technique 
[27]. Figure 2 shows the XRD patterns of some of the CZTS 
films we produced as described above. Since all three CZTS 
films we show in figure 2 have the same growth param eters, 
as expected, their XRD patterns are also the same which 
reflects the reproducibility of the CZTS films. We can gen-
eralize this statement to all other CZTS films we produced 
in the same way whose XRD data are not shown here. All 
films show some peaks of kesterite CZTS (JCPDS 26-0575) 
namely, Cu2SnS3 (JCPDS 027-0198) and/or ZnS (JCPDS 
05-0566) at 28.50°, 32.99°, 47.33°, 56.17° and 58.97°. 
However, all films show characteristic peaks of CZTS along 

Figure 1. (a) Sulfurization system, (b) temperature variation of sulfurization process.
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(2 0 2), (1 0 3), (2 1 1), (1 0 5), (2 2 4), (0 0 8) and (3 3 2) crystal-
lographic directions at 37.0°, 29.67°, 37.96°, 44.99°, 58.97°, 
69.23° and 76.44°, respectively (JCPDS 026-0575) which 
shows that the examined films contain kesterite CZTS struc-
tures. In addition to kesterite CZTS, the existence of ZnS and/
or Cu2SnS3 cannot be ruled out. From the patterns of figure 2, 
the Cu2SnS3 (CTS) diffraction peaks can be found at 2θ values 
of 42.5° and 50.9°, corresponding to the (2̄ 2̄ 8) and (3̄ 1̄ 9) 
orientations, respectively (JCPDS 027-0198). It is possible to 
observe a CZTS with a mixture of ZnS and Cu2SnS3 [28]. 
The Cu2S phase which has a diffraction peak at 45.8° [28], 
was not detected in any of our samples. The XRD patterns 
of all films exhibit a diffraction peak at 40.5° which is the 
strongest peak of Mo (1 1 0) (JCPDS 042-1120) coming from 
the back contact. But this peak position also corresponds to 
MoS2 at 40.99°, which has its strongest peak at 14.4° (JCPDS 
024-0515) but this value is outside the measurement region of 
our XRD spectrometer. The diffraction peak at around 73.60° 
might correspond to the (2 0 5) diffraction peak of MoS2 at 
73.66° (JCPDS 037-1492) and the (2 1 1) diffraction peak of 
Mo at 73.68° (JCPDS 042-1120).

In the XRD spectra, additional peaks which are not related 
to CZTS, ZnS and Cu2SnS3, or any other related secondary 
phase were detected for all films. The peak observed at 26.03° 
is attributed to the strongest diffraction peak of MoO2 along 
the (1̄ 1 1) plane (JCPDS 032-0671). The peak detected at 
36.30° might be due to a (2 0 0) MoO2 peak reported to be 
at 36.77° (JCPDS 032-0671) or a (1 0 1) ZnO peak at 36.25° 
(JCPDS 036-1451). Prior to the deposition of metallic precur-
sors, the Mo-coated SLG substrates were cleaned to get rid of 
native oxides.

Since Mo is a transitional metal, it is not possible for it 
to resist oxidation when it is in its natural state, i.e. it can 
easily oxidize. Because not all deposition and characterization 
processes were performed in the same system, Mo might be 
oxidized before placing the substrate into the magnetron sput-
tering system. Nevertheless, beneficial effects of the MoO2 
interlayer on the PV performance of CIGS and CZTSe solar 
cells have been reported [29]. The formation of the MoO2 

interlayer increased the open circuit voltage (VOC) and FF 
when it exists at a certain amount. For the CZTS, it has been 
reported that the increase in the oxygen content at the Mo back 
contact reduces the Mo–S interaction and decreases the MoS2 
interlayer formation. Thus, the PV characteristic of CZTS is 
improved by reducing series resistance (RS). Therefore, a 20–
30 nm thick MoO2 interlayer may improve the back contact 
interface by reducing the MoS2 formation [29].

It is apparent from the XRD patterns that all the samples 
have good crystallinity and exhibit preferential orientation 
along the (1 1 2) direction with a strong peak at 28.5° which 
belongs to the kesterite CZTS. The average crystallite size for 
the strongest CZTS peak along (1 1 2) was calculated using 
Debye–Scherrer’s formula given as [30]

D =
0.9 λ

βcosθ
. (1)

Here, D is the average crystallite size (diameter), the 
number 0.9 is the particle shape factor for spherical particles 
(it depends on the shape of the crystalline particles), λ is the 
wavelength of the Cu-Kα line (λ  =  0.154 06 nm), β is the full 
width at half maximum (FWHM) of the selected diffraction 
peak, and θ is the Bragg’s angle. Since the FWHM of the 
(1 1 2) plane is approximately the same for all samples, the 
calculated crystallite sizes are about 50 nm.

3.1.2. Surface morphology and composition. The surface 
morphology of our CZTS films denoted with numbers 1, 2, 3 
and 4 were imaged by a SEM, as shown in figure 3. From fig-
ure 3, it is seen that all the films have similar surface structures 
due to the same growth process.

Even though the CZTS films were quite dense, they showed 
inhomogeneous grain distribution. From the similarities of the 
surface images and atomic compositions, we can conclude that 
our films are reproducible under the same growth parameters.

The elemental composition of the CZTS films has been 
characterized by EDS measurement. The detected atomic 
concentrations of each constituent elemental and atomic 
ratios of Cu/(Zn+Sn), Zn/Sn, and S/metal are given in table 1. 
Because each element composition changes independently 
from the others, it is hard to tell if the films are ‘Cu-poor’, 
‘Zn-rich’ etc. When the S element reacts with the metallic 
precursor, the amount entering the reaction is based on the 
quantity of the metal elements and their valence value such 
as Cu(I), Sn(IV) and Zn(II). Since they are not independent 
from each other, the atomic percent ratio of Cu/(Zn+Sn) 
and Zn/Sn is commonly used to describe the composition of 
CZTS films. In the literature, the experimental results indi-
cate that Cu-poor (Cu/(Zn+Sn) ~ 0.8–0.9) and Zn-rich (Zn/
Sn ~ 1.1–1.2) compositions are favorable for highly-efficient 
CZTS-based thin-film solar cells. Cu-poor and Zn-rich com-
position is desirable to prevent the formation of a detrimental 
Cu2S phase, CuZn and CuSn defects, and (CuSn  +  SnCu) and 
(2CuZn  +  SnZn) defect complexes [1]. The electrical property 
of CZTS films is also associated with ZnSn and SnZn defects. 
For electrically high quality CZTS absorber films, it is nec-
essary to increase the formation of ZnSn acceptors and to 

Figure 2. XRD patterns of CZTS sample numbers 1, 2 and 3.
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diminish the SnZn donors. This might be possible when the 
Zn/Sn ratio is higher than 1 [31].

According to table  1, all CZTS films have generally a 
Cu-poor and Zn-rich composition despite little deviations 
from each other.

3.1.3. Raman spectroscopy. As mentioned previously, the 
XRD technique is not adequate alone for the characterization 
of the structures of CZTS films. Due to the near exact matches 
in the diffraction spectra of CZTS, Cu2SnS3, and ZnS, an 
additional characterization tool is necessary to identify these 
phases. Raman spectroscopy is a widely used technique for 
structural characterization.

It gives vibrational, electronic or rotational internal energy 
levels of a solid, liquid or gas as the difference between the 
monochromatic exciting light energy and the scattered light 
energy. In a typical Raman spectrum, such excitations are 
displayed as an intensity versus photon energy (difference 
between incoming and scattered) spectrum. For solid samples 

especially, as for our films, the observed Raman peak posi-
tions and their intensities of vibrational (phonon) excitations 
in particular depend strongly on the elemental composition of 
the solid and are strongly sensitive to the existence of defects 
in them [32]. In CZTS, the vibrational mode A, which is 
assigned to the vibrations of sulfur anions in kesterite CZTS, 
is a characteristic Raman active mode. It generally gives two 
Raman peaks at 286–287 and 337–338 cm−1.

Figure 4(a) shows the Raman spectra of all CZTS films 1 
to 4 in the spectral region of interest. All of them exhibit very 
similar broad Raman peaks (bands). The most intense peak 
lies between 330 and 331 cm−1. When structural defects exist, 
peak broadening and a shift of the A mode to a lower frequency 
side of the Raman spectrum are observed [33]. Although the 
main A symmetry mode is due to the vibrations of S anions 
only, the statistical disorder in the nearest Cu and Zn cations is 
the main cause of the observed widening in the Raman peaks 
of this mode [34]. This is a commonly encountered case in the 
literature and the band observed between 330 and 331 cm−1 

Figure 3. SEM surface microstructure of CZTS sample numbers 1, 2, 3 and 4.

Table 1. The elemental and compositional ratios (%) of CZTS films determined by EDS.

CZTS film

Atomic (%)

Cu/(Zn+Sn) Zn/Sn S/metalCu Zn Sn S

#1 20.96 13.48 11.09 54.47 0.85 1.22 1.20

#2 20.33 13.41 11.36 54.90 0.82 1.18 1.22

#3 20.72 13.57 11.33 54.37 0.83 1.20 1.19

#4 20.78 13.58 11.20 54.40 0.84 1.21 1.19
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is assigned to a partially disordered kesterite (PD-KS) phase 
which is detected in the non-stoichiometric films [35]. The 
existence of disorder in the Cu and Zn sublattices may change 
the symmetry of a CZTS crystal from kesterite to disordered 
kesterite. The peak at nearly 331 cm−1 is observed mostly in 
the Cu-poor CZTS films with a high concentration of intrinsic 
structural defects. These defects are Zn antisite defects in the 
place of Cu atoms (ZnCu) and Cu vacancies (VCu). In addi-
tion, the peak seen at 331 cm−1 has been reported to be due 
to the presence of local structural inhomogeneity within the 
disordered cation sublattice [36]. By using a neutron diffrac-
tion technique, Schorr et al, demonstrated the existence of the 
PD-KS structure by examining the Cu and Zn atoms lying ran-
domly at the Cu+Zn (0 0 1) layers [37].

Being neighbors on the periodic table, Cu and Zn atoms 
have an equal number of electrons and the same atomic form 
factors, hence x-ray techniques cannot differentiate Cu+ and 
Zn2+ layers [37].

Raman spectroscopy, on the other hand, is an adequate 
technique to detect this disorder especially since Raman 
phonon peaks depend mostly on the atomic masses as well 
as bond strengths which are different for different type of 
atoms even in the same lattice environment. In order to obtain 
a more quantitative analysis, the fitting procedure was only 
applied to the peaks in the Raman spectrum of CZTS film 1. 
For the deconvolution process of experimental Raman scat-
tering of CZTS film 1, the Lorentzian line shape function 
was used. During the fitting, the peak positions were let to 
change in order to get the best match with the experimental 
data. Figure  4(b) shows the results of our fitting procedure 
where the individual Lorentzian peak functions are displayed 
with different colors and their sum is indicated by the con-
tinuous red line. The calculated total peak function (the red 
line) matches very well with the experimental Raman spec-
trum (solid black spheres). The deconvolution procedure was 
quite successful when we assumed that the intense and broad 
spectral region consisted of two major peaks (one at around 
331 cm−1 and the other at around 337 cm−1).

However, crystallization of CZTS in the kesterite structure 
with some amount of disordered kesterite phase is quite pos-
sible. Although the main Raman peak of CZTS should be at 
about 337–338 cm−1, our peak fitting result indicated that the 
main peak position was at 330.7 cm−1 for film 1. In addition to 
the PD-KS peak, all films also have two strong peaks at about 
286–288 and 337–338 cm−1 which are assigned to the main 
vibrational A symmetry modes of KS CZTS. The presence 
of these peaks indicate that the CZTS films in this work are a 
mixture of two CZTS phases: namely, PD-KS and KS, which 
is not very unusual for non-stoichiometric compositions. Since 
the E and B modes include both anion and cation vibrations, 
they show longitudinal and transverse optical mode (LO-TO) 
splittings. The CZTS film 1 also exhibits a peak at 250 cm−1 
which is attributed to the B mode of longitudinal optical vibra-
tion (B(LO)) vibration of KS CZTS [38]. The peak which was 
observed directly at 270 cm−1 and better resolved as a result 
of the deconvolution was attributed to the A vibration mode of 
KS CZTS [39]. The CZTS film 1 has its major Raman peak 
at 307.8 cm−1. The theoretical calculations of Guc et al and 
Khare et al reported this mode as the B(TO) vibration of KS 
CZTS with a peak at 307.6 cm−1 [33, 39]. The shift between 
the calculated and the experimental peak positions might be 
based on the LO-TO splitting [39].

A peak at 320 cm−1, which was not well resolved in the 
Raman spectrum of CZTS film 1 but which was identified 
from our peak fitting results has been observed experimentally 
elsewhere and was assigned to the B(LO) vibration mode of 
KS CZTS in [33].

The peak detected at 352 cm−1 might be attributed to the 
ZnS secondary phase or to the B mode of transverse optical 
vibration (B(TO)) mode of KS CZTS [33] or to the tetragonal 

Figure 4. (a) Raman spectra of CZTS films 1 to 4, (b) theoretical fit to Raman spectrum of CZTS film 1. The black spheres show the 
experimental data; Lorentzian curves in different colors represent the synthetic peaks of the spectrum, and the red line gives the envelope of 
the synthetic peaks.

Table 2. Peak fitting results of main XPS core levels of CZTS film 1.

Sample
Cu 2p3/2 
(eV)

Zn 2p3/2 
(eV)

Sn 3d5/2 
(eV)

1st S 2p3/2 
(eV)

2nd S 
2p3/2 (eV)

CZTS #1 932.0 1021.8 486.4 161.7 162.2
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Cu2SnS3 (CTS) [40]. Although the main vibration modes 
of CZTS exhibited intense Raman peaks, the presence of a 
ZnS secondary phase cannot be ruled out. The formation of 
a ZnS secondary phase is quite possible in the CZTS films 
with Zn-rich and Cu-poor composition. In addition, our fitted 
spectrum gave another contribution at about 368 cm−1 for all 
samples which was associated with the E(LO) mode of KS 
CZTS [41]. From the peak observed at 475 cm−1 in the Raman 
spectra of all CZTS films, the formation of a Cu2S phase was 
also evident which supports the XRD analyses spectra. Based 
on the results of the Raman analysis, we can conclude that the 
producing CZTS films in a non-stoichiometric composition 
will cause disorder in the lattice.

3.1.4. XPS analysis. CZTS film 1 was further analyzed with 
XPS at high resolutions to identify the surface composition 
and chemical bonding states of the constituent elements.

High-resolution spectra of C 1s, S 2p Cu 2p, Sn 3d and 
Zn 2p valence regions were measured in detail and calibrated 
with respect to the C 1s peak at 284.6 eV [19]. In order to 
identify the atomic multivalency of each element in CZTS, 
the high-resolution spectra were de-convoluted. In addition, 
the calculation of atomic concentrations of the constituent ele-
ments were carried out by the CASAXPS software for which 

the area of peaks and sensitivity factors for each element were 
used as parameter variables.

Before the de-convolution, a Shirley-type background 
was subtracted from the high-resolution spectrum of each 
element and a Gaussian–Lorentzian product GL(p) function 
was used in accordance with the theoretical assumptions. 
Due to spin–orbit coupling, the Zn, Cu, S 2p and Sn 3d peaks 
form as doublets of 2p3/2, 2p1/2 and 3d5/2, 3d3/2. The 2p 
spectra was fitted using an I(2p3/2):I(2p1/2) intensity ratio of 
2:1 whereas 3d spectra was fitted using an I(3d5/2):I(3d3/2) 
intensity ratio of 3:2 [19]. During the fitting process, spin–
orbit splitting values and the FWHM value of each coupling 
elements were constrained. However, no constraint on the 
peak positions was applied. The peak fitting results are listed 
in table  2. In figure  5(a), the Cu 2p core level is seen as 
Cu 2p1/2 and 2p3/2 coupled doublets with a peak splitting 
of 19.8 eV, which is indicative of a monovalent copper, Cu 
(I), which is consistent with the literature [42–44]. As a 

Figure 5. High-resolution XPS peak fitting results of CZTS film 1 (a) Cu 2p, (b) Zn 2p, (c) Sn 3d and (d) S 2p valence regions.

Table 3. The surface quantification of CZTS film 1 by XPS.

Sample

Atomic (%)
Cu/
(Zn  +  Sn)

Zn/
Sn

S/
metalCu Zn Sn S

CZTS #1 25.8 19.2 14.9 40.1 0.8 1.3 0.7
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technical note, we have used a GL(90) line shape for the Cu 
2p spectral region. The Cu 2p3/2 peak position was observed 
at 932.0 eV [45] which confirms that the copper is in the  +1 
oxidation state Cu(I). The well-known shake up satellite 
shoulder between 940–945 eV [46], which is a clue about 
the presence of CuO, was not detected, therefore, the Cu2+ 
(Cu(II)) charge state is absent. In the Cu 2p3/2 peak spectral 
region, no peak was detected between 935.0 and 935.5 eV 
indicating the presence of any CuSO4 formation [47]. From 
this, it can be concluded that neither copper oxide nor copper 
sulfate phases were formed on the film surface.

Figure 5(b) shows the peak fittings in the spectral region of 
the Zn 2p valence electrons of CZTS film 1. The Zn 2p spec-
trum was fitted using a GL(90) line shape as well and consists 
of 2p1/2 and 2p3/2 peaks with a double separation of 23.0 eV 
which can be attributed to the bivalent zinc Zn (II) [48]. 
The 2p3/2 peak appeared at 1021.8 eV for the CZTS film 1.  
This peak could be attributed to the existence of Zn2+ [46]. 
The peak position of Zn 2p3/2 might be due to Zn in CZTS or 
Zn in ZnO.

The peak fitting analysis of the Sn 3d core level observed in 
the spectrum of CZTS film 1 (figure 5(c)) was done according 
to a GL(55) line shape. The spectrum showed a 3d3/2 and 
3d5/2 doublet with a peak separation of 8.4 eV. As a result 
of the de-convolution, the Sn 3d5/2 peak was identified at 
486.4 eV which confirmed the existence of a Sn(IV) charge 
state as expected in a CZTS formation [49].

In figure 5(d), the spectrum observed in the range of 160 
to 164 eV was identified as the 2p spectrum of S in metal 
sulfides [50]. This spectrum was resolved into two doublets, 
corresponding to two different phases. During the fitting 
process a GL(75) line shape was used and each S 2p3/2 and 
2p1/2 doublet was constrained to have a binding energy dif-
ference of 1.2 eV. The first detected S 2p3/2 peak at 161.7 eV 
was attributed to a monosulfide S−2 existence [46, 50], as 
expected from a CZTS structure. In the 2p spectrum of S in 
the CZTS film 1, the second 2p3/2 peak of S was detected 
at 162.2 eV which represents a disulfide (S−2

2 ) phase [19] on 
the surface of the film. After the deconvolution process, the 

surface quantification of CZTS film 1 was calculated by the 
following equation:

Cx =

(
Ix�Sx

)
∑

Ii�Si

∗ 100. (2)

Here, Cx, Ix and Sx are the atomic percentage, the peak area 
and the atomic sensitivity factor of an element x which con-
stitutes the sample. Ii and Si are the peak area and the atomic 
sensitivity factor of the ith element inside the sample. The 
quantification of the CZTS surface structure of film 1 is listed 
in table 3.

From the XPS and EDS results, we conclude that the sur-
face composition of the film has a little deviation from its bulk 
form.

XPS characterization confirms that the surface of a CZTS 
film is comprised of Cu, Zn, Sn and S elements. It is also 
interesting to note that the surface of the film tends to be richer 
in Sn, Zn, and Cu than the bulk. The reason for the higher Zn 
concentration at the surface than those the bulk of the CZTS 
film might be due to the presence of a ZnO phase at the film 
surface.

3.2. CdS buffer layer characterizations

3.2.1. SE. In this study, to determine the thickness (d), refrac-
tive index (n) and extinction coefficient (k) of the CdS thin 
films by a SE, they were grown on SLG substrates for 45, 60, 
75, and 90 min. In order to define the thickness of grown film, 
an appropriate optical model was constructed, and then the 

Figure 6. Constructed optical model and fitting results of ellipsometric data of CdS films for (a) PSI (Ψ), (b) DELTA (Δ). The dashed lines 
represent the measured data whereas the solid lines represent the fitted result.

Table 4. Spectroscopic ellipsometric fitting results of CdS thin 
films.

Deposition time 
(min)

Sample thickness  
(nm)

Roughness  
(nm)

45 85.0 10.0
60 120.0 10.2
75 133.0 10.4
90 148.0 12.1
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measured and modeled ellipsometric data Psi (Ψ) and Delta 
(Δ) were fitted, as given in figure 6.

Figures 6(a) and (b) show the fitting results of Ψ and Δ 
of ellipsometric parameters for CdS films. In figure 6, small 
deviations can be observed between the experimental data 
and the model. This is because of the effect of depolarization, 
which is caused by the roughness and grain boundaries. At the 
end of the fitting of ellipsometric measurements with respect 
to the constructed model, the resulting CdS layer thicknesses 
were in the order of 85.0, 120.0, 133.0 and 148.0 nm for 45, 
60, 75 and 90 min, respectively. The fitting results of a SE 
measurement of CdS films are listed in table 4 below.

As expected, the thickness of grown films increased with 
deposition time but the growth rate was different for each 
15 min period. At the first time of deposition because the source 
materials were sufficiently existent, the ion-by-ion deposition 
process played a more crucial role than the cluster-by-cluster 
deposition process. After a while, due to the amount of source 
materials reduced, the cluster-by-cluster process became more 
dominant than the ion-by-ion process and decreased the depo-
sition rate.

Figure 7 shows the refractive index variation with respect 
to deposition time. The bulk CdS has a refractive index 2.52 at 
2.06 eV photon energy (600 nm wavelength) [51]. The refrac-
tive index of CdS films decreased with the increase in deposi-
tion time.

The extinction coefficient k, was simulated with respect to 
photon energy at the end of the fitting procedure. The extinc-
tion coefficient of a material depends on its absorption. The 
optical bandgap (Eg) of CdS films was determined from 
extrapolating the straight portion of the k versus the hν graph, 
on the hν axis at an absolute minimum of k. Figure 8 shows 
the distribution of the extinction coefficient with respect to 

Figure 7. Refractive index variation with respect to deposition time 
of CdS films at 600 nm wavelength.

Figure 8. Distribution of extinction coefficient of CdS films 
with different thickness. The inset figure gives the bandgap 
determination of CdS films.

Figure 9. XRD spectra of CdS films grown at different deposition 
times.

Figure 10. SEM image of thin CdS film grown on a SLG substrate 
for 75 min by the CBD technique.

Table 5. EDX analyses of CdS thin films prepared using different 
deposition times.

Sample
Atomic%  

Cd
Atomic% 

S
Cd/S  
ratio

Thickness  
(nm)

45 min 57.15 42.85 1.33 85.0
60 min 57.05 42.95 1.33 120.0
75 min 53.68 46.32 1.16 133.0
90 min 52.63 47.37 1.11 148.0
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photon energy and the inset figure demonstrates the bandgap 
determination. The optical bandgap of the CdS films reduced 
from 2.32 to 2.22 eV (from 45 min to 90 min deposition time). 
The reduction in the bandgap energy of the CdS buffer layer 
causes more absorption of incident light in this layer; as a 
result, the solar cell performance is adversely affected.

3.2.2. XRD. The crystallinity of CdS thin films having differ-
ent thicknesses was confirmed by XRD. The crystal structure 
of CdS film can be pure hexagonal or in the cubic phase or a 
mixture of both [52]. In figure 9, all CdS films deposited for 
different time durations exhibited a similar XRD pattern.

Since the most intense diffraction angle position of hex-
agonal and cubic structures matches within 1%, determina-
tion of the exact crystal structure by XRD became difficult. 
The peak observed at 26.7° is given a (0 0 2) phase of hex-
agonal structure [53] whereas at 26.6° it represents the cubic 
structure of the (1 1 1) plane [54]. The second diffraction peak 
was detected at approximately 44.10° for all films; this corre-
sponds to a (2 2 0) reflection of the cubic phase [55]. The third 
peak was encountered from 52.09 to 52.20° which is assigned 
to the (3 1 1) plane of the cubic CdS [55, 56].

3.2.3. Surface morphology and composition. The surface 
morphologies of the grown CdS thin films were monitored by 
SEM image analysis. As an illustration, the surface image of 
CdS film deposited for 75 min is shown in figure 10. CdS thin 
film has many small grains, which cover the substrate surface.

The atomic concentrations of the grown CdS films were 
determined by EDX analyses. Table 5 summarizes the atomic 
concentration and ratio of the Cd and S elements. EDS results 
showed that the all thin CDS films contain a higher amount of 
Cd than S. EDS results showed that a reduction in the Cd/S 
ratio in the solution was observed when the deposition time 
was higher than 60 min. This might be explained by the sedi-
mentation of agglomerated clusters. Since the S vacancy (VS) 
acts as a shallow donor-type crystal defect, excess VS increases 

Figure 11. The SEM cross section of CZTS solar cells from 1 to 4.

Figure 12. J–V curve of CZTS solar cells under illuminated 
conditions.
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the n-type nature of CdS [57]. Therefore, a low deposition 
time is desired in terms of solar cell application.

3.3. Device characterizations

Next, we fabricated CZTS thin film solar cell devices with 
a substrate configuration of SLG/Mo/CZTS/CdS/ZnO/AZO. 
The cross-sectional SEM images of these devices are given in 
figure 11. These images show that some of the CZTS layers, 
used for device fabrications, include void formations. In 
the CZTS literature, it is often reported that the voids at the 
Mo-CZTS interface, which are called Kirkendall voids, form 
due to the different interdiffusion velocities of Cu, Zn, and Sn 
elements [58, 59]. From the SEM cross sections of devices 
shown in figure  11, the thicknesses of CdS buffer layers 
deposited for 90, 75, 60 and 45 min were measured as 140.0, 
134.9, 102.5, and 75.5 nm for cells 1 to 4, respectively. SEM 
and SE results showed some variations in CdS buffer layers’ 
thicknesses. The thicknesses of CdS buffer layers in device 
structures were slightly less than the values measured by a 
SE. The reason for this is that the CZTS absorber layer and the 
SLG substrate have different surface structures. Since the sur-
face of SLG is much smoother than that of CZTS, the detected 
thicknesses were slightly different. From the SEM images 
shown in figure 11, the thicknesses of MoS2 interface layers 
were measured as 118.80, 70.35, 86.50 and 48.86 nm for cells 
1 to 4, respectively. This layer occurs due to the sulfurization 
of Mo back contact during the CZTS growth. Figure 12 gives 
some measured J–V curves of corresponding CZTS solar cells 
under light illumination. The parameters obtained from such 
measurements are listed in table 6. As seen in figure 12 and 
table 6, solar cell number 4 with the thinnest CdS (75.5 nm) 
layer exhibited the highest JSC and ɳ values among all the 
devices with CdS buffer layers of 140.0, 134.9, 102.5, and 
75.5 nm thicknesses for cells 1 to 4, respectively.

A straightforward method was used for estimating the series 
(RS) and the shunt resistance (RSH) of a solar cell. Table 6 dem-
onstrates that the RS highly depends on CdS thickness and 
decreases with the increasing thickness of a CdS buffer layer. 
The variations in the electrical characteristics with the buffer 
layer’s thicknesses in all cells are listed in table  6. The VOC 
increases with the decrease in the CdS thickness. However, a 
slight reduction in the VOC was detected for cell 4, having the 
thinnest CdS buffer layer. This might be due to a reduction in the 
shunt resistance (RSH), which results from local imperfections in 
the bulk of CZTS or at the cell surface [60]. As seen in table 6, 
the VOC and FF have similar variations with CdS thickness and 
JSC was boosted from 1.62 to 5.77 mA cm−2 with the thinner 
CdS layer due to the reductions in the absorption loss for short 

wavelength light inside the buffer layer. Finally, by decreasing 
CdS thickness it was calculated that the efficiency value of the 
cell jumped from 0.14 to 0.96%. However, further reduction in 
the thickness of CdS resulted in a poorer PV response for the 
CZTS cell. This might result from an increase in the leakage cur-
rent caused by pinhole formation in the CdS structure.

4. Conclusion

In this research, CZTS absorber layers were grown on 
Mo-coated SLG substrates using a two-stage process. Firstly, 
Cu–Zn–Sn metallic layers were sequentially deposited by a 
DC magnetron-sputtering technique and secondly, they were 
annealed under an Ar  +  S2(g) atmosphere. All CZTS absorber 
layers were prepared in Cu-poor and Zn-rich composition 
which is the desired composition for highly efficient CZTS-
based solar cells. XRD measurements of the CZTS films 
revealed nearly the same diffraction spectra for all CZTS films 
whereby a kesterite formation in all absorber CZTS films was 
clearly observed. The kesterite and PD- kesterite CZTS struc-
tures were further confirmed by Raman analyses of the films. 
CdS, grown using the CBD technique, was used as a buffer 
layer. Optical characterization of CdS films on SLG demon-
strated that the bandgap energy decreased with increment in 
the film’s thickness. This result also caused enhancement of 
absorption in the CdS buffer layer. The SLG/Mo/CZTS/CdS/
ZnO/AZO device structure was fabricated using a CdS buffer 
layer with four different thicknesses. The effect of the CdS 
buffer layer thickness on the PV response of CZTS solar cells 
was investigated from their J–V curves.

According to our electrical measurement results, JSC and 
ɳ parameters were remarkably increased with the decreasing 
CdS thicknesses which might be explained by the reduction 
in the photon absorption losses in the thinner buffer layers. 
Significant improvements in efficiency were obtained for the 
device with the thinnest CdS (~75 nm) buffer layer but any 
further reduction in the CdS layer thickness deteriorated the 
diode properties of the CZTS cell. Thus, the best solar cell we 
produced had a VOC of 390 mV, a JSC of 5.77 mA cm−2, and 
an efficiency of 0.96%.
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Table 6. Diode parameters of CZTS solar cell devices extracted from J–V curves.

Cell CdS thickness (nm) VOC (mV) JSC (mA cm−2) FF (%) ɳ (%) RSH (Ω cm2) RS (Ω cm2)

#1 140.0 255.3 1.62 32.9 0.14 282.2 97.3

#2 134.9 317.0 3.73 33.8 0.40 157.2 55.7

#3 102.5 402.0 2.76 53.8 0.60 692.0 37.3

#4 75.5 390.0 5.77 42.9 0.96 244.4 25.9
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