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Abstract
The focus of this study is the characterization of  Cu2ZnSn(S,Se)4 (CZTSSe) thin films and fabrication of CZTSSe solar cell in 
superstrate configuration. In this work, superstrate-type configuration of glass/ITO/CdS/CZTSSe/Au was entirely fabricated 
by totally vacuum-based process. CZTSSe absorber layers were grown by RF magnetron sputtering technique using stacked 
layer procedure. SnS, CuSe and ZnSe solid targets were used as precursors and no additional step like the selenization process 
was applied. The structural and morphological properties of deposited CZTSSe layers were analyzed using X-ray diffraction 
(XRD), Raman scattering, scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy analysis (EDS) 
measurements. The optical and electrical properties of the CZTSSe thin films were investigated by UV–Vis spectroscopy, 
Hall-Effect and photoconductivity measurements. In addition, the device performance of the fabricated superstrate solar 
cell was examined.

1 Introduction

Copper-zinc-tin-sulfo selenide  Cu2ZnSn(S,Se)4 (CZTSSe) 
semiconductor has attracted more attention in recent years 
due to the similarity of its crystal structure with Cu(In,Ga)
Se2 (CIGSe) as well as its earth-abundant, low-cost constitu-
ent elements [1, 2]. CZTSSe is considered as a promising 
absorber material with its high absorption coefficient above 
 104  cm−1, tunable direct band gap and p-type conductiv-
ity [3, 4]. Commonly, CZTSSe thin film based solar cells 
are fabricated in substrate configuration with a hole col-
lecting molybdenum (Mo) back contact, which is the well-
known configuration of CIGS technology [5]. However, the 
reported conversion efficiencies of CZTSSe based solar cells 

are much lower than those of CIGSe based ones, so far [6]. 
Various techniques have been applied to deposit CZTSSe 
thin film layer such as sputtering [7, 8], thermal evaporation 
[9–11], electrodeposition [12], sol–gel [13], spray pyrolysis 
[14] and hydrazine-based solution method [15]. The cur-
rent highest cell efficiency of CZTSSe based solar cell was 
reported as 12.6% using hydrazine-based solution method, 
which is not suitable for large-scale production since hydra-
zine is an extremely toxic and reactive chemical [15, 16]. 
On the other hand, reported power conversion efficiencies 
utilizing other production methods remain below 10%. The 
gap between the performance of CIGS and CZTSSe based 
solar cells could be related to some interface problems such 
as the aggressive reaction between the CZTSSe absorber 
layer and Mo back contact layer during thermal process-
ing [5]. This leads to an undesirable Schottky barrier at the 
CZTSSe/Mo interface [16, 17]. High interface recombina-
tion and high series resistance have been reported as other 
problems limiting the device performance [1, 18]. Consid-
ering the high efficient CdTe solar cells in superstrate con-
figuration, it is believed that superstrate configuration can 
be used to tackle some of the above mentioned problems 
of CZTSSe solar cells [16]. When compared with substrate 
configuration, superstrate configuration has several potential 
advantages such as reduction in material consumption and 
process time since it requires thinner window and absorber 
layers. It also offers a more suitable way of construction of 
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tandem cell applications [19, 20]. In addition, the focus of 
research related to kesterite solar cells has recently shifted 
to superstrate-type configuration [1, 5, 16, 21].

In this study, CZTSSe thin film based solar cells were fab-
ricated in superstrate configuration. CZTSSe thin films were 
deposited by RF magnetron sputtering. Following the char-
acterization of deposited CZTSSe thin films, device charac-
terization of CZTSSe based solar cells was carried out. As a 
result, fabricated CZTSSe based solar cell exhibited illumi-
nation photo response with  Voc = 77 mV,  Jsc = 2.45 mA/cm2.

2  Experimental details

In this study, The CZTSSe based solar cells were prepared 
in superstrate-type architecture utilizing indium tin oxide 
(ITO) coated glass substrates with the sheet resistivity of 
10 Ω/sq. Before the cadmium sulfide (CdS) deposition, 
ITO coated glass substrates were subjected to a sequence of 
ultrasonic cleaning steps (acetone, isopropanol and DI water 
for 10 min. each). Subsequently, samples were dried in  N2 
atmosphere. CdS layers were deposited on ITO coated glass 
substrates at room temperature using thermal evaporation 
with CdS (99.99%) powder as the source material. The base 
pressure of the evaporation chamber was about 5 × 10−6 Torr 
during the deposition and the thickness of CdS layers was 
about 100 nm. Then, SnS, CuSe and ZnSe precursor lay-
ers for CZTSSe were deposited on both glass substrate and 
CdS/ITO/glass using RF magnetron sputtering technique. 
CZTSSe/glass samples were used for material the charac-
terization of deposited CZTSSe films. The RF power applied 
for SnS (99,99%), CuSe (99.99%) and ZnSe (99.99%) targets 
was 80 W in a typical sputtering run. The optimized depo-
sition order was determined as SnS/CuSe/ZnSe/SnS/CuSe/
ZnSe/SnS stacked layers in order to eliminate the metallic 
behavior on the top surface of film. The substrate tempera-
ture was kept at 150 °C and the chamber pressure was nearly 
6 × 10−3 Torr during the deposition of precursors under 6 
sccm Ar flow. After the deposition process, samples were 
subjected to post-annealing at 350 °C under  N2 atmosphere 
for 30 min. Then, Au was thermally evaporated as a back 
contact using Cu hard masks with dots of 500 µm radius.

To investigate the morphological and compositional prop-
erties of deposited films, Quanta 400 FEG model scanning 
electron microscopy (SEM) equipped with energy disper-
sive X-ray spectroscopy analysis (EDS) system were used. 
The X-ray diffraction (XRD) measurements were performed 
using a Rigaku Miniflex XRD system equipped with a CuKα 
radiation source. Raman scattering measurements were car-
ried out by using a Horiba-Jobin–Yvon iHR550 imaging 
spectrometer with the three-grating monochromators and a 
laser with the wavelength of 532 nm used as an excitation 
source. Dektak 6 M profilometer was used to measure the 

thickness of thin film layer. The optical characterization of 
the CZTSSe thin film on glass substrate was performed by 
Perkin-Elmer Lambda 45 spectrophotometer. Hall-effect 
measurement was carried out to determine the electrical 
properties of the film by using Nanomagnetic Hall Effect 
system at a magnetic field strength of 0.9 T. In addition, 
temperature dependent conductivity measurements in the 
temperature range of 100–340 K were performed by using 
different illumination intensity in between 20 and 115 mW/
cm2 with the help of a Janis liquid nitrogen cryostat and 
Lake-Shore 331 temperature controller. External quantum 
efficiency (EQE) measurement of the CZTSSe solar cell 
were carried out by Bentham PVE 300 system. The cur-
rent–voltage characteristics of the device were measured 
using computer controlled Keithley 2400 sourcemeter under 
dark and illumination of an AM 1.5 global spectrum.

3  Results and discussion

The chemical composition of the absorber film layer was 
determined by EDS analysis and the obtained spectrum 
showed characteristic peaks associated with the constituent 
elements without any impurity content. The relative atomic 
percentage of the elements in the deposited thin film was 
found as Cu:Zn:Sn:S:Se = 20:11:18:25:26%, which indicates 
that absorber layer has in Sn-rich behavior. The crystalline 
nature of this film layer was investigated performing XRD 
and Raman scattering measurements. The XRD profile of 
the CZTSSe thin film was given in Fig. 1a. In this figure, 
three diffraction peaks around angles of 27.9, 46.1 and 54.6 
were observed and these reflections of X-rays were asso-
ciated with the crystalline orientations in the plane direc-
tions of (112), (220) and (312) in a good agreement with 
kesterite CZTSSe structure, respectively (ICDD data #00-
052-0868 CZTSe and ICDD data#00-026-0575 CZTS). 
The Miller indices associated with peaks were also given 
in the figure. XRD pattern of CdS layer was also given in 
the inset of Fig. 1a. It has polycrystalline structure and the 
predominant diffraction peak at 2θ = 26.2o was indexed as 
(111) plane, corresponding to the hexagonal wurtzite phase 
of CdS. The crystalline phase identification and also comple-
mented analysis the existence of possible secondary phases 
in the CZTSSe structure was performed by Raman scattering 
measurements. In literature, the dominant Raman peaks at 
196 and 338 cm−1 correspond to  A1 modes of the CZTSe and 
CZTS structures, respectively [4, 22]. As shown in Fig. 1b, 
the detected peaks at 198 cm−1 and 328 cm−1 could be evalu-
ated as being  A1 mode frequencies of the CZTSSe structure. 
It can be the fact that the shift of  A1 vibration modes is 
observed in the Raman spectrum of CZTSSe structure due 
to the substitution of S by Se. The additional Raman peak 
found at 240 cm−1 is well-matched with the elementary Se 
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contribution to the structure [11]. On the other hand, there 
is no another Raman peak originated by binary or ternary 
phases in the deposited CZTSSe film. The surface morphol-
ogy of the CZTSSe thin film was observed utilizing SEM 
measurement. The obtained top-view SEM image of the 
sample surface indicates a series of close-packed CZTSSe 
grains without any void on the surface of the film (Fig. 2). 
This result can be the indication of well-deposited film sur-
face that positively affects getting solar cell having better 
device parameters. The optical characteristics of the film 
layer were investigated by transmittance(T  ) and reflectance 
( R ) measurements performed at room temperature. In the 
region of interest for photovoltaic applications, the film 
showed a very low optical transmittance below 5% and a 
reflectance of about 15% as presented in Fig. 3a. Based on 
these experimental results, the absorption coefficient ( � ) val-
ues were calculated by using the following equation,   

(1)T = (1 − R)2e−�t

Fig. 1  a The XRD pattern of CZTSSe layer (inset shows the XRD 
pattern of CdS layer), b Raman spectrum of CZTSSe layer

Fig. 2  The SEM surface image of CZTSSe thin film

Fig. 3  a The plot of transmittance and reflectance as a function of 
wavelength, b (αhν)2 vs hν graph for CZTSSe thin film. (Inset shows 
the (αhν)2 vs. hν graph for CdS layer)
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where t is the thickness of the film layer. The α values were 
found above  104  cm−1 in the visible and near-IR region 
which are in a good agreement with the properties of the 
CZTSSe absorber films reported in the literature [23]. 
According to the direct optical transition behavior, the opti-
cal band gap of the film was calculated by Tauc relation,

where A is constant, h� is the incident photon energy, Eg is 
the optical band gap [24]. In the Tauc plot given in Fig. 3b, 
Eg value was found by extrapolating the linear part to the 
energy axis. As a result of linear fitting process, the gap 
value was determined as about 1.43 eV, which is well-con-
sistent with the reported values for CZTSSe [22, 23]. Fur-
thermore, the direct band gap value of the CdS layer was 
found to be 2.42 eV given in the inset of Fig. 3b.

The electrical properties of the CZTSSe thin film struc-
ture were investigated by room temperature Hall-effect and 
temperature dependent conductivity measurements on the 
film layer deposited in Van der Pauw geometry and prepared 
with Au front metal contact evaporation through suitable 
contact geometry. The room temperature resistivity value 
was extracted as 0.57 Ω.cm according to the standard tech-
nique of four-contact van der Pauw method. As a result of 
Hall-effect measurement, CZTSSe film was found in p-type 
semiconductor behavior from the sign of Hall voltage. In 
addition, carrier concentration and mobility of the sample 
were obtained as 3.93 × 1018 cm−3 and 2.77 cm2/V.s, respec-
tively. The temperature variations in the dark conductivity 
( � ) values were shown in Fig. 4. This conductivity profile 
of CZTSSe thin film indicates Arrhenius behavior which 
is an increasing exponential variation with increasing 

(2)(�hv) = A(hv − Eg)
1∕2

temperature. This observed temperature dependent behavior 
was modeled according to the following expression as [25],

where �0T  is the pre-exponential term, T  is the ambient 
temperature, kB is the Boltzmann constant and Ea is the 
activation energy based on thermionic emission model. In 
this analysis, the activation energies were calculated from 
the relation between ln (�) and 1000∕T  and three linear 
regions with Ea values of 9.7 meV for 250–340 K, 2.8 meV 
for 150–200 K and 0.7 meV for 100–140 K regions were 
obtained as inferred from the linear lines in the inset of 
Fig. 4. These energy values can be related to the existence 
of possible shallow trap centers in the structure that can 
take part in the conduction process at specific temperature 
intervals [26, 27]. In addition, the photoconductivity values 
were observed higher than the values in dark condition at 
each illumination intensity and temperature step due to the 
current contribution of excited carriers under illumination. 
As given in Fig. 4, it was found that, at each temperature, 
the conductivity with the photo-excited carriers are directly 
proportional to the illumination intensity and at each illu-
mination, contribution to the conductivity also increases 
exponentially with increase in temperature [28].

The photovoltaic performance of CZTSSe based solar 
cell in superstrate configuration was evaluated under irra-
diation of AM 1.5. The current–voltage curves under dark 
and illumination are given in Fig. 5. This configuration 
could be illuminated from either side. Illumination of 
the solar cell from the glass was labeled as primary illu-
mination while illumination from back side of the solar 
cell was labeled as the secondary illumination. The main 
solar cell parameters were obtained from the primary 

(3)�T = �0T exp
(

−Ea
/

kBT

)

Fig. 4  Temperature dependent dark and illuminated conductivity 
behavior of CZTSSe thin film layer. The inset shows the variation of 
dark conductivity

Fig. 5  J-V graph for ITO/CdS/CZTSSe/Au solar cell under dark and 
illumination. Inset shows the J-V graph of the solar cell at the voltage 
range of 0 and 0.5 V
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illumination. The power conversion efficiency was about 
0.1% with a short-circuit density  (Jsc) of 2.45 mA cm−2, 
open circuit voltage  (Voc) of 77 mV and fill factor (FF) 
of 25%.  Voc value is much lower than of superstrate type 
kesterite solar cells in the literature. Under illumination, 
the series resistance  (Rs) and shunt resistance  (Rsh) were 
found as 16 Ω cm2 and 101 Ω cm2, respectively. The series 
resistance value is much higher than the obtained value 
in the literature [1, 5, 21]. The key limiting factor in the 
efficiency of the CZTSSe solar cell is high  Rs and low 
 Voc values, which is attributed to the poor quality of the 
film, interface recombination and some contact problems. 
In addition, low-response to illumination was observed 
when the solar cell was illuminated from the contact side 
(secondary illumination), as observed from Fig. 5. The 
external quantum efficiency (EQE) of CZTSSe solar cell 
as a function of wavelength was measured and the result is 
given in Fig. 6. Moreover, internal quantum efficiency was 
calculated by using the following expression,  

The maximum value of EQE was found as 11% almost 
at 500 nm which could be attributed to optical absorp-
tion of CdS. Then, the signals decayed abruptly. The short 
circuit current  (Jsc) was calculated 2.3 mA/cm−2 from the 
external quantum efficiency measurement, which is in 
good agreement with the value of  Jsc obtained from the 
current–voltage measurement. In addition, the extrapola-
tion to zero of linear fitting in the plot of [hν.ln(1-EQE)]2 
versus hν gives the band gap energy of CZTSSe at 1.41 eV 
(inset of Fig. 6).

(4)IQE =
EQE

1 − R

4  Conclusion

In this study, CZTSSe thin films were deposited using RF 
magnetron sputtering in which SnS, CuSe and ZnSe binary 
compounds were used as precursors. The XRD and Raman 
spectroscopic analyses indicated the presence of CZTSSe 
compound and no trace of secondary phases detected 
except for elementary Se peak. EDS analysis showed Sn-
rich composition in the deposited films. Band gap energy 
was calculated as 1.43 eV with the help of transmittance 
and reflectance measurements. Then, using the optimized 
CZTSSe absorber layer, CZTSSe based solar cells were 
fabricated in superstrate configuration. The solar cell per-
formance of ITO/CdS/CZTSSe/Au structure was discussed 
using the results of current–voltage measurements under 
dark and illumination with 100mW/cm−2 and quantum effi-
ciency measurement. The best cell efficiency was nearly 
0.1% with  Voc = 77 mV,  Jsc = 2.45 mA/cm2.
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