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Abstract

The performance of the Cu,ZnSnS, based solar cell is investigated using a simulation program
called Solar Cell Capacitance Simulator (SCAPS). The cell structure is based on Cu,ZnSnS, (CZTS)
compound semiconductor as the absorber layer, n-doped and un-doped (i) zinc oxide as the window
layer, In,S; as the buffer layer. We study the influence of the defect density, carrier density, thickness of
the CZTS absorber layer, working temperature, In,S; buffer layer thickness and its carrier density on
the cell performance. The simulation results illustrate that the optimal layer thickness is from 2500 to
3000 nm for the absorber layer, and that in the range of 20 to 30 nm for the buffer layer. Besides,
controlling the CZTS defect density under 1 x 10" cm™ is very necessary for high efficiency CZTS
cells. The increased working temperature has a strong influence on the solar cell efficiency and the
temperature coefficient is calculated to be about -0.17%/K. An optimal photovoltaic property has been
achieved with an efficiency of 19.28% (with J,.=23.37 mA/crnZ, Voe=0.958 V and FF =86.13%). All
these simulation results will give some important guides for feasibly fabricating higher efficiency
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CZTS solar cells.
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1. Introduction

Over recent years, a good amount of efforts have
been made to study the Cu,ZnSnS, based thin-film solar
cells [1-7]. Cup,ZnSnS, is a quaternary semiconductor
with excellent photovoltaic properties such as high ab-
sorption coefficient over 10* cm™, and a direct band gap
value about 1.4—1.5 eV, which is very close to the opti-
mum band gap value of the single-junction solar cells.
Moreover all the chemical elements in CZTS are non-
toxic and abundant. In comparison with other thin film
solar cells, CZTS based solar cells are gradually becom-
ing excellent low-cost alternatives [8]. They have been
fabricated using many kinds of techniques, such as elec-
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troplating [4], thermal evaporation [5], and co-sputtering
[6]. At present, the best CZTS solar cell has been ob-
tained using the structure of Al/ZnO:Al/ZnO/CdS/CZTS/
Mo/SLG with an efficiency of 8.4% [7], (11.1% [9] with
the Se-containing Cu,ZnSn(S,Se),). However, the CdS
buffer layer can cause serious pollution and absorption
loss due to its low band gap. It is necessary to substitute
the CdS buffer layer for other nontoxic and wider band
gap materials. Among them In,S; is one of the most
promising candidate materials because of its stability
and higher band gap in comparison with CdS [10,11]. V.
G. Rajeshmon et al. have reported an efficiency of 1.85%
on the CZTS cell with In,S; buffer layer [12]. However,
when compared with some other solar cells (e.g. CIGS
based solar cells), which have been studied extensively
[13], the understanding of the CZTS/In,S; heterojunc-
tion solar cells is relatively limited. In order to improve
the CZTS cell efficiency and fully understand the perfor-
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mance of cells, it is necessary to systematically investi-
gate the influence of the basic factors in the performance
of the cells.

Numerical simulation is an efficient way to predict
the effect of changes in material properties, assess the
potential merits of cell structures and then optimize the
structure of cells. At present, there is lack of numerical
simulation report about the CZTS/In,S; heterojunction
solar cells. Therefore, in this work, a numerical simula-
tion based on SCAPS is performed to investigate the ef-
fect of CZTS layer defect density, carrier density, thick-
ness, In,S; thickness and operating temperature on the
cell performance. Finally, the optimized parameters for
the CZTS/In,S; heterojunction solar cells with an effi-
ciency of 19.28% have been obtained in our numerical
simulation.

2. Methodologies

SCAPS-1D is an one-dimensional solar cell simula-
tion software that developed at the Department of Elec-
tronics and Information Systems of Gent University,
Belgium [14]. It is generally developed for polycrystal-
line thin-film devices. In comparison with other simula-
tion softwares, SCAPS has the largest number of AC and
DC electrical measurements including short circuit cur-
rent density (J.), fill factor (FF), open circuit voltage
(Vee), conversion efficiency (Eff), quantum efficiency
(QF), spectral response, generation and recombination
profile, which is based on the hole and electron continu-
ity equations together with Poisson equation. All these

condition and also at different illuminations and temper-
atures. The good agreements between the experimental
results and the SCAPS simulation results motivate us to
use the simulation tool in this work [15-17].

The cell structure used in our simulation is n-ZnO:
Al/i-ZnO/n-In,S;/p-CZTS, as shown in Figure 1. This
cell structure consists of two window layers, namely, a
highly conductive n-type Al-doped ZnO (n-ZnO) and an
intrinsic ZnO layer (i-ZnO). The baseline values of the
physical parameters used in the study are all cited from
experimental study, reasonable estimates in some cases
[5,8,18], or literatures, which are summarized in Table 1.
In the simulation we didn’t take the influence of the
shunt resistance and series resistance into consideration.
In each material layer only one type of the single level
defects is introduced in order to make the simulation
model as simple as possible. These defects are all com-
pensating defects that positioned at the intrinsic level
which is close to the midgap. The default operating tem-
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Figure 1. Structure of CZTS solar cell used in the numerical

physical quantities can be calculated in light and dark simulation.

Table 1. Physical parameters used in the simulation

Parameters p-CZTS n-In,S; i-ZnO n-ZnO:Al
Thickness, W (nm) 2500 50 50 200
Relative permittivity 10 13.5 9 9
Electron affinity (eV) 4.5 4.7 4.6 4.6

E, (eV) 1.5 2.8 33 3.3
N, (cm™) 22x10" 1.8 x 10" 22x10" 22x10"%
N, (cm™) 1.8 x 10" 4x10" 1.8 x 10" 1.8 x 10"
Electron mobility (cm*V™'-s™) 100 400 100 100
Hole mobility (cm*V"'.s™) 25 210 25 25
Donor concentration (cm™) 0 1x10" 1x10° 1x10"™
Acceptor concentration (cm™) 1 x 10" 10 0 0
Gaussian defect density (cm™) 1x10" 1x10"™ 1x10" 1x10"™
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perature is set to 300 K and the illumination condition is
set to the global AM.1.5 standard.

3. Results and Discussion

3.1 Effect of CZTS Absorber Thickness

At the start of the simulation, the thickness of the
CZTS layer is changed from 500 nm to 4000 nm to study
the influence of absorber layer thickness in the cell per-
formance, while other material parameters of different
layers are kept unchanged. The cell performance and QE
output with varied CZTS absorber layer thickness are
shown in Figures 2 and 3, respectively. It can be found
from Figure 2 that both the J. and V. of the solar cell are
increased with the increasing thickness of CZTS layer.
This is mainly because that the thicker absorber layer
will absorb more photons with longer wavelength, which
will in turn make a contribution to the generation of elec-
tron-hole pairs. However, almost a linear decrease of Jg.
can be found when the CZTS layer thickness is less than
1000 nm, which can be mainly attributed to the incom-
plete absorption of the incident photons and increasing
recombination of photo-generated carriers at the back
contact, which is located near the depletion region in a
cell with thin absorber layer. Thus, less photo-generated
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electrons can contribute to the quantum efficiency. We
can find out that the solar cell efficiency increases with
the CZTS absorber layer thickness, but it has a much
slower increasing rate when the layer thickness is over
2500 nm, so does the increasing trend of the quantum ef-
ficiency, which means that the thickness of 2500 nm is
enough to absorb most of the incident photons. There-
fore, if one takes the processing times and material usage
into account, fabricating the CZTS solar cells with thick
absorber layer will not be very cost effective. So in the
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Figure 3. Effect of absorbing layer thickness on spectral re-
sponse of the cells.
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Figure 2. The dependence of cell performance on the CZTS layer thickness.
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later numerical simulation, we adopt the CZTS layer
thickness to be 2500 nm.

3.2 Effect of Absorber Carrier Density

The influence of carrier densities (N,4) in the CZTS
absorbing layer on the J-V characteristics of the cells is
illustrated in Figure 4. It shows that the J;. decreases with
increasing absorber doping while V,. increases with it.
The PN junction model can help us explain this phe-
nomenon, which is described by the following equation:
kT

thm——M¢wn (1)

D
I, = Aqn} (-2 +
L,N, q 0

LeNA

Here A is the quality factor of the diode, /, is the satura-
tion current, n; is the intrinsic concentration, g is the
electronic charge, /; is the light-generated current, 7 is
the temperature, & is Boltzmann’s constant, L is the dif-
fusion length, D is the diffusion coefficient, Np and N,
are the donor and acceptor doping concentrations re-
spectively. The subscripts 4 and e refer to holes and
electrons, respectively. When the absorber carrier den-
sities NV, are increased, the saturation current /, will be
reduced, and then resulting in the increase of the V.
However, the short-circuit current will decrease with
the increasing of carrier densities. This is mainly due to
the fact that the higher carrier densities will enhance the
recombination process and reduce the probability of the
collection of photon-generated electron, and the quan-
tum efficiency of the long wavelength photons will also
be reduced. The photons of long wavelength will be
absorbed deeply in the CZTS layer, therefore, the col-
lected efficiency of the electrons created there are more
dependent on the diffusion effect. In CZTS films, The
resistivity and carrier densities are dependent on the ra-
tio of Cu/(Zn+Sn). The Cu-rich and Zn-poor films have
extremely high carrier densities and low resistivity,
which are not suitable for fabricating solar cells. Higher
efficiency cells can be obtained using Zn-rich, Cu-poor
CZTS absorber layers [3].

3.3 Effect of CZTS Layer Defect Density

In the CZTS solar cells, the defect states can intro-
duce additional carrier recombination centers, they can
enhance the recombination process of photo-generated
carriers, thus leading to the increase of reverse saturation

current density, the reduction of open-circuit voltage,
cell efficiency and short-circuit current. To quantita-
tively analyze the influence of defect states on solar cell
performance, we introduce Gaussian defect states in the
CZTS layer. The defect level is positioned at the middle
of the band gap, the value ranges from 1 x 10°ecm™to 1 x
10" cm™. Figure 5 illustrates the dependence of the pho-
tovoltaic properties of the cell on the defect densities in
the CZTS layer. It can be found that when the CZTS de-
fect density is less than 1 x 10" cm™ the overall cell per-
formance remains nearly unchanged. However, when the
defect density in the CZTS layer is above 1 x 10" cm?,
all the output parameters of the cell are affected strongly,
and they decrease dramatically with the increase of the
defect density. When the defect density reaches 1 x 10"’
cm”, the conversion efficiency is only 3%. The simula-
tion results indicate that, in order to improve the photo-
voltaic characteristics of solar cells, controlling the de-
fect density under 1 x 10" ¢cm™ by improving the process
conditions is very necessary.

3.4 Effect of the Thickness and Carrier Densities

(NVp) in the In,S; Buffer Layer

In our simulation, the influence of In,S; thickness on
solar cell performance is also investigated. The thickness
of In,S; layer is changed from 1 to 140 nm, and simula-
tion results are illustrated in Figure 6. It can be seen that,
although the increase of buffer layer thickness decreases
Jses Voo, FF and Eff, the reduction is not so significant for
FF and V,, as that for J;. and Eff. This phenomenon can
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Figure 4. J-V of cells with different carrier densities in the
CZTS absorber.
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Figure 5. Cell performances with different defect density in the CZTS layer.
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Figure 6. Cell performance with various In,S; layer thicknesses.

be attributed to the photon loss that happens on a thick
buffer layer. That is, as the buffer layer thickness is in-
creased, more incident photons will be absorbed by the
In,S; layer, which will result in a decrease of photons
that can be captured by the absorber layer. Therefore, the

absorbed photons will produce less electron-hole pairs,
thus decreasing the quantum efficiency of the cell, as il-
lustrated in Figure 7. With increasing In,S; thickness, a
drastic drop in the J,. and Eff is observed for thicker
films. And the reason that the thinner buffer layer shows
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higher performance comes from a minimum thickness
of the strained buffer layer appears to be needed to com-
pensate the effect of misfit dislocation due to lattice mis-
match between the In,S; and CZTS. However, for very
thin buffer layer (< 10 nm) a reduction of V., J,. and Eff
is found. Too thin buffer layer may result into leakage
current and too thick one could lead to low carrier sepa-
ration rate. From the above, the optimized and the pre-
ferred buffer layer thickness is in the range from 20 nm to
30 nm for CZTS solar cell in the simulation. Figure 8 il-
lustrates the dependence of the cell efficiency on the
thickness of the buffer layer with different carrier densi-
ties. The carrier densities (Np) is varied from 1 x 10"
ecm™ to 1 x 10" cm™. It shows that the conversion effi-
ciency decreases with the increasing of the carrier den-
sity, due to the reduction of the width of the space charge
region and the decrease of the collection efficiency of the
photo-generated carriers which are induced by a higher
carrier density in the buffer layer.

3.5 Optimization of the n-ZnO:Al/i-ZnO/n-In,S;/

p-CZTS Solar Cell

According to the simulation results shown above, in
the range of parameters selected, the optimal photovol-
taic properties with an efficiency of 19.28% (with J,. =
23.37 mA/em?, V,. = 0.958 V and FF = 86.13% ) can be
achieved when the thickness and carrier densities of the
CZTS is 3000 nm and 1 x 10" cm™, respectively, the
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Figure 7. Effect of buffer layer thickness on spectral re-
sponse of the cells.
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CZTS defect density is 1 x 10" cm™ and the carrier den-
sities and the thickness of the In,S; are 1 x 10'7 ¢cm™ and
20 nm, respectively. And other structure parameters are
kept unchanged as shown in Table 1.

3.6 Effects of Working Temperature on CZTS

Solar Cells

Working temperature plays a significant part in the
performance of solar cells. The solar cell panels are usu-
ally installed in the outdoor. Sunlight will cause the heat-
ing of the solar panels, thus increasing the working tem-
perature. So the solar cells often operate at a temperature
which is higher than 300 K. The influences of the work-
ing temperature on the CZTS cell performance have
been investigated using working temperature changed
from 300 K to 450 K. The simulation results in Figure 9
illustrate that the overall cell performance is decreasing
with the increase of the working temperature. Parameters
such as band gaps of the materials, the carrier concentra-
tion, hole and electron mobility would be affected at a
higher temperature, and finally results in a lower cell ef-
ficiency [7]. And the temperature coefficient of the con-
version efficiency is found to be about -0.17%/K. V. de-
creases with the increased temperature because of the
temperature dependence on the reverse saturation cur-
rent. The reverse saturation current is increasing with the
increased temperature, and the increase in the saturation
current decreases the open circuit voltage. The electrons
in the solar cells will gain additional energy when the
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Figure 8. Efficiency of cells with different carrier densities in
the In,S; buffer layer.



Numerical Simulation of Cu,ZnSnS, Based Solar Cells with In,S3 Buffer Layers by SCAPS-1D

300 320 340 360 380 400 420 440 460
Temperature(K)

2290

~%285]

389

23.05

23.00

2295

22.80 |

2275

L L L i L L L L
300 320 340 360 380 400 420 440 460
Temperature(K)

[y

B3

S

.

Fill factor(%)
(=] o
= 5]

@
=]
T

-~
o

—

Efficiency(%)

Temperature(K)

o — 1 L L L L L L
300 320 340 380 380 400 420 440 460

3 L 1 1 A L ' i '
300 320 340 380 380 400 420 440 460
Temperature(K)

Figure 9. The dependence of cell performance on the operation temperature.

operating temperature is increased. So they will become
unstable at higher temperature and are more likely to be
recombined with the holes before they could reach the
depletion region and be collected.

4. Conclusions

In conclusion, the CZTS/In,S; heterojunction solar
cell performance is numerically simulated by using
SCAPS-1D package. The numerical simulations have
been done by adjusting parameters such as the defect
density, carrier density, thickness of the CZTS absorber
layer, working temperature, In,S; buffer layer thickness
and its carrier density to analyze their effects on the cell
performance. The simulations show that the optimized
thickness for the absorbing layer and the buffer layer
should be from 2500 to 3000 nm and 20 to 30 nm, respec-
tively. Besides, controlling the defect density under 1 x
10" em” is very necessary for excellent photovoltaic
characteristics of the solar cells, which can be realized by
improving the process conditions. In the range of cal-
culation, the optimal photovoltaic properties has been
achieved with an efficiency of 19.28% (with FF =
86.13%, V,.=0.958 Vand J,.=23.37 mA/cmz) when the
thickness and carrier density of the CZTS is 3000 nm and
1 x 10" ecm™, respectively, the CZTS defect density is 1

x 10" cm™ and the thickness and the carrier density of
the In,S3 is 20 nm and 1 x 10'7 cm™, respectively. The
temperature coefficient of conversion efficiency is cal-
culated to be about -0.17%/K. The results above will
give some important guide for feasibly fabricating higher
efficiency CZTS solar cells.
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