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A B S T R A C T

Solar cell research has always been an attraction by virtue of its clean and green status. However, to overcome
the implications of high cost and moderate efficiency, there has always been fierce competition to search al-
ternative approach for designing efficient solar cells with optimal performance-cost ratio. Recently, antimony
sulfide (Sb2S3) has received substantial attention as an absorber in thin film solar cells due to earth abundance,
low cost, non-toxic property and high optical absorption. Still, its performance could not match Si based cells. In
this work, we adopted two-stage simulation approach to design Sb2S3 absorber based heterojunction solar cell to
enhance efficiency. Initial simulation for configuration optimization was done considering thickness, defect
density, recombination (radiative, Auger) effect, carrier density of the Sb2S3 absorber layer. Buffer layer
thickness and absorption coefficient optimization was taken up. Further, series and shunt resistance of the device
as well as conduction band offset (CBO) at absorber/buffer interface was also optimized at initial stage only. In
the next level of simulation, efficiency enhancement was achieved by optimizing optimal back contact metal
work function, absorber layer band gap grading and temperature. The aforesaid two-stage optimization yielded
efficiency ~24.81%, which is higher than conventional thin film solar cell. The optimal solar cell structure
configuration, for Sb2S3 absorber solar cell, suggested a positive CBO of 0.26 eV (e.g.; ZnS buffer layer), a back
contact metal work function of 5.1 eV (e.g.; Mo, Au) and band gap grading window ~1.31 to 1.62 eV.

1. Introduction

Si is the most preferred material in ‘first generation’ solar cell with
an ultimate power conversion efficiency (PCE) ~26.7% (Green et al.,
2019). Though now commercially available, Si based technology still
has inherent weakness of low indirect band gap (~1.12 eV) (Tiedje
et al., 1984) and lower optical absorption (Green et al., 1984). It is
mandating thick absorber layer (~500 μm) (Thali et al., 2019) and
hence high production cost. In contrast, inorganic thin film, i.e.;
“second generation” solar cell materials like CdTe and CIGS have effi-
ciency 22.1% (Green et al., 2019) and 23.5% (Green et al., 2019) re-
spectively. The lower abundance of In, Ga and Te and inherent toxicity
of Cd are the main hindrance in large-scale commercialization of solar
photovoltaic (SPV) cells based on these material combinations. Kes-
terite (e.g. Cu2ZnSnS4) and perovskite (e.g. ABO3) have recently been
proposed and intensively studied as an absorber layer materials for the
‘third generation’ solar cell. However, PCE of kesterite is unable to
overcome the hurdle of 12.6% (Green et al., 2019) efficiency due to its
inherent secondary phase, bulk defects, band tailing etc. On the other
hand, the toxicity of lead (Pb) and inherent intrinsic instability of

perovskites are presently affecting perovskite solar cell technology
(Giraldo et al., 2019; R. Wang et al., 2019).

With little modification in structure, proper selection of absorber
aimed at band gap tailoring and lattice matching, in recent years,
semiconductor materials such as Sb2S3, Sb2Se3 and Sb2(S1-xSex)3 have
received increasing attention for design and development of a stable
planar heterojunction solar cell. Further, they have advantages of
abundance in earth crust as element, low annealing temperature
~400 °C (X. Wang et al., 2018), remarkable stability against moisture
and temperature (X. Wang et al., 2019), direct band gap, high ab-
sorption coefficient (~105 cm−1), non-toxic and p-type conductivity
(Kondrotas et al., 2018; Li et al., 2019). In addition, Sb2S3 and Sb2Se3

are nearly isomorphous and hence better control of secondary phase is
feasible compared to kesterite compound that contain at least four
elements. Despite these advantages, very scanty reports on experi-
mental and theoretical aspects of these materials are available in the
literature. The reported experimental efficiency for a number of SPV
configuration (Table 1) lie in the range of 1.27% − 7.5%.

Even though a number of reports on Sb2S3 absorber based solar
photovoltaic (SPV) cells (Table 1), covering simulation and
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experimental approach have appeared in literature, none of them could
address both the materials and design parameter optimization to its
state-of-the-art completeness conforming to real time requirements of
developing materials selection criteria for creating an optimal device
structure. Therefore, the gap between theoretical/simulated prediction
for device efficiency and experimentally obtained efficiency is always
wider enough. Consequently, experimental validation of simulated
prediction always becomes an unrealistic and unpragmatic target in-
stead of becoming a complementary tool. The primary reason, most of
the times, can be ascribed to the fact that a simulation work merely
covers one or two parameters, either material or design, to predict ef-
ficiency. The same is true in most cases in literature reports of Table 1.
The unattended issues for optimization, for example, in the case of
Sb2S3 absorber based device structure are; (i) conduction band offset
(CBO) at Sb2S3/buffer layer junction, (ii) interfacial recombination
parameter at Sb2S3/buffer layer junction, (iii) lattice match with buffer
layer (CdS, TiO2) at the front contact, (iv) back contact metal work
function thus the Schottky barrier height at the back contact Sb2S3/Au,
(v) absorber band gap grading etc. As a results, high diode ideality
factor (~2) and large dark current (reverse saturation current) is 10−6

mA/cm2 exist at junction (Yuan et al., 2017). So, simulation studies of
Sb2S3 single junction solar cell with appropriate buffer layer require a
fresh visit and analysis.

In this work, having analyzed the state-of-the-art limitations of the
prior work reported in literature so far, we attempted a comprehensive
simulation based on experimentally available parameters in the litera-
ture database considering all aspects desirable for material and design
optimization for optimal performance of the device structure based on
low cost, earth abundant and non-toxic material components. Based on
experimental parameters reported in literature, a two stage modelling
approach for creation of single junction solar cell was taken up using
SCAPS-1D simulation tool. It would be fair to mention at this stage that

SCAPS-1D simulation tool does not consider crystalline orientation of
the material components while formulating junction comprising ab-
sorber and buffer layers for solar cell design. Still the predictions for
planar and bulk heterojunction solar cell structure using this tools
yields result that agrees well with experimental values of efficiency
(Table 2). Some recent works on; (a) CuIn1-xGaxSe2 (CIGS) absorber
(Bauer et al., 2017), (b) Cu(In, Ga)Se2 (CIGS) absorber (Heise et al.,
2017), (c) Cu(In, Ga)Se2 (CIGS) absorber (Schleussner et al., 2013), (d)
CH3NH3PbI3 (MAPbI3) absorber (Ahn and Lee et al., 2016), (e) Cu2ZnSn
(S, Se)4 (CZTSSe) absorber (Wei et al., 2016), (f) CdTe absorber (Lamb
et al., 2017) reported in literature have confirmed this validity. So,
without any loss of generality, we can use this tool for simulating single
junction planar structure for solar photovoltaic (SPV) cells. The Sb2S3

absorber, used for simulation studies in the present work, is a one di-
mensional ribbon having crystalline phase orientation (hk1). It is also
known as stibnite.

The undertaken simulation work assumes that; (a) band gap asym-
metry between absorber and buffer layers (Egbuffer > Egabsorber) is es-
sential, (b) band alignment at absorber/buffer junction should have
spike to annul the effect of conduction band offset at absorber/buffer
junction in order to enhance the performance parameters, (c) appro-
priate and optimal work function of back contact metal is desirable to
ensure Ohmic response instead of Schottky contact at metal/semi-
conductor junction, (d) band gap profiling in absorber is mandatory to
facilitate carrier collection via effective enhancement of diffusion
length of charge carriers, (e) two tier modeling, i.e.; two levels (primary
and secondary) of simulation, considering all relevant materials and
design parameters are essential prior to predicting efficiency and im-
plementing design structure for fabrication (f) to generalize the ap-
proach, few case studies (three distinct devices structure with Sb2S3 as
absorber and TiO2, CdS and ZnS as buffer layer in the present studies)
need to be analyzed for consistency check and experimental validation.

Table 1
Survey on Sb2S3 absorber based solar cell.

Device Structure VOC (V) JSC (mA/cm2) FF (%) Eff. (%) Reference

Simulated
AZO/ZnO/CdS/Sb2S3/Au 1.23 20.15 83.1 20.6 (Courel et al., 2019)
Se grading Sb2S3 solar cell 0.935 34.38 28.16 (Vigil et al., 2018)
Experimental
FTO/CdS/Sb2S3/Ag 0.6 6.12 35 1.27 (Escorcia-García et al., 2014)
FTO/CdS/Sb2S3/Au 0.54 9.14 47.48 2.20 (K. Wang et al., 2018)
FTO/TiO2/Sb2S3/P3HT/Au 0.616 8.12 45.9 2.3 (You et al., 2015)
FTO/CdS/Sb2S3/Au 0.588 10.92 46.77 3.02 (Chen et al., 2017)
ITO/CdS/Sb2S3/Au 0.71 10.8 45.5 3.5 (Yuan et al., 2016)
FTO/TiO2/Sb2S3/Spiro-OmeTAD/Au 0.632 12.93 52.43 4.3 (Wang et al., 2017)
FTO/TiO2/Sb2S3/P3HT/Ag 0.605 7.41 43.2 1.94 (Kamruzzaman et al., 2016)
FTO/TiO2/Sb2S3/P3HT/Ag 0.730 11 50.5 4.06 (Zimmermann et al., 2015)
FTO/TiO2/Sb2S3/P3HT/Au 0.670 14.92 58.04 5.77 (Kim et al., 2014)
FTO/TiO2/Sb2S3/PEDOT:PSS/Au 0.548 13.9 67.7 5.1 (Gödel et al., 2015)
FTO/TiO2/Sb2S3/PCPDTBT/Au 0.616 15.3 65.7 6.18 (Im et al., 2011)
FTO/TiO2/Sb2S3(Se treated)/Au 0.69 15.3 51.2 5.4 (Deng et al., 2019)
FTO/mesoporous-TiO2/Sb2S3/PCPDTBT/Au 0.711 16.1 65 7.5 (Choi et al., 2014)

Table 2
Compares between experimental and simulation efficiency.

Material component parameters from experimental reference Efficiency (η)

Combinations Thick-ness
(µm)

Band Gap
(eV)

Electron affinity
(eV)

Carrier density
(cm−3)

Dielectric permittivity
(ɛr)

Series (RS) & shunt (RSh)
resistances (Ω)

Expt. Simul.

Sb2S3/TiO2 Sb2S3 1.3a 1.7a 3.7b 5.72 × 1015c 7.08c RS = 1 & 7.5 8.63
TiO2 0.07a 3.2b 4.2b 1017d 32d RSh = 1 K

References: a = (Choi et al., 2014); b = (X. Wang et al., 2018; K. Wang et al., 2018); c = (Vigil et al., 2018); d = (Kanoun et al., 2019)
Sb2S3/CdS Sb2S3 0.7 1.7 3.7 4.7 × 1015 31 RS = 18.5 & 3.5 5.83

CdS 0.06 2.4 3.98 1017 9 RSh = 315.5

Reference: (Yuan et al., 2016).
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2. Simulation methodology

Numerical simulation has been performed using one dimensional
solar capacitance simulator (SCAPS-1D) version 3.3.06 (Burgelman
et al., 2000; Decock et al., 2012). SCAPS-1D has advantage over other
simulation tools because it enables calculation of parameters like band
gap, electron affinity, dielectric permittivity, carrier concentration,
carrier mobility, absorption coefficient etc. that can be graded further
using this tool (Burgelman et al., 2013; Haddout et al., 2019). To ex-
plore the influence of one or a few parameters to the solar cell char-
acteristics the batch-setup facility in the SCAPS simulation tool has
been used. A brief scheme of simulation methodology is shown below in
the operation flow chart.

We have performed simulation for the “Back contact/Absorber
layer/Buffer layer/Front contact“ configuration. Materials physical
properties (Table 3) have been taken as input parameters for simula-
tion. The simulation for device design has been carried out for opti-
mization at two levels. In level I optimization, primary focus has been
to evaluate and identify the range of desirable parameters such as (a)
thickness of the Sb2S3 absorber layer, (b) thickness and absorption
coefficient of the buffer layers (ZnS, CdS, TiO2), (c) defect density, re-
combination (radiative, Auger) effect, carrier density of the Sb2S3 ab-
sorber layer, (d) series and shunt resistances of the device, (e) con-
duction band offset (CBO) at absorber/buffer interface. Results after
Level I optimization i.e. baselining are compared with experimentally
reported efficiency on device structure selected in this work. Still, the
simulation was not considered complete even though simulated and
experimental efficiency was found little closer in one case (Sb2S3/TiO2)
and just one fourth in the other (Sb2S3/CdS) selected combination of
single junction photovoltaic cell.

So, the second stage (Level II) of the simulation considering back
contact metal work function (Φm), band gap grading of the absorber
layer has been considered. The results obtained after two distinct levels
of simulation implementation, has yielded an optimal result in terms of
efficiency thereby predicting design parameters for high performance
along with developing a criteria for materials selection and design of
device structure at the process stage.

3. Results and discussion

The central focus of this work is to carry out complete optimization

of earth abundant, cheaper material component based solar photo-
voltaic (SPV) cell. Implementation of a broad based optimization,
considering both materials and design parameters has enabled to obtain
a set of criteria for real time device design at an optimal efficiency. The
two levels of optimization carried out in this work using SCAPS-1D tool
is briefly summarized below:

Level I: Initial optimization of desirable parameters such as (a)
thickness of the Sb2S3 absorber layer, (b) thickness and absorption
coefficient of the buffer layers (ZnS, CdS, TiO2), (c) defect density, re-
combination (radiative, Auger) effect, carrier density of the Sb2S3 ab-
sorber layer, (d) series and shunt resistances of the device, (e) con-
duction band offset at absorber/buffer interface has been done for the
baseline configuration of Sb2S3 absorber based solar cell. This stage is

referred to as ‘baselining’.
Level II: Enhancement of efficiency by utilizing techniques of (a)

work function optimization, (b) band gap grading of the Sb2S3 absorber
layer are performed in Level II. The combination of Sb2S3/ZnS is having
optimal performance among all the absorber/buffer combinations in
the level I. So Sb2S3/ZnS combination is taken up for optimization of
efficiency by work function optimization and band gap grading of Sb2S3

absorber layer. The band gap grading is performed utilizing Se in-
corporation in Sb2S3 where with Se incorporation band gap decreases;
from Sb2S3 (1.62 eV) to Sb2(S1-xSex)3 (1.31 eV) (Yang et al., 2015).

3.1. Level I optimization – baselining

At this initial stage, parameters optimization with respect to ab-
sorber layer thickness, absorption coefficient (α) and thickness of buffer
counterpart, radiative recombination coefficient (cm3/s) vis-à-vis ab-
sorber thickness, auger recombination current density (mA/cm2) with
respect to Sb2S3 acceptor concentration, defects density of bulk and
absorber/buffer interface, series resistance (RS) and shunt resistance
(RSh) has been performed for the baseline configuration of Sb2S3 ab-
sorber based solar cell with different buffer layers having wide band
gap and n-type carrier density. The electron transition feasibility with
respect to Sb2S3 absorber layer is shown in Fig. 1(a). The proposed
device structure is shown in Fig. 1 (b).

3.1.1. Absorber layer thickness optimization vis-à-vis buffer layers
The optimization for the absorber layer thickness, with each buffer

(ZnS/CdS/TiO2) combining aimed to achieve an optimal device
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structure performance characteristic, estimated in terms of improved
open circuit voltage (VOC), short circuit current density (JSC), fill factor
(FF) and efficiency (η), has been obtained. The optimal thickness of the
absorber layer is ~1.5–1.8 μm for Sb2S3/ZnS combination whereas for
Sb2S3/CdS and Sb2S3/TiO2 combinations, performance parameters at-
tain saturation with absorber thickness window is 2–4 μm. Results are
shown in Fig. 2 (a–c). Further, device structure design and material
parameters (VOC, JSC, FF and η) exhibit better match in sulphide buffer
(ZnS, CdS) based combination with Sb2S3 absorber thickness than in
oxide (TiO2) based combination in the present studies. However, poor
fill factor for Sb2S3/TiO2 structure is clearly visible among the three
under study.

3.1.2. Absorber and buffer layer thickness optimization w.r.t. Absorption
coefficient (α)

Absorption of solar radiation by device structure holds the key for
energy conversion efficiency. Absorber layer and also the buffer layer
intrinsic property pertaining to absorption capability play a critical
role. Further, solar irradiation absorption by these layers and their
thickness determines the separation of electron hole pair produced after
absorption of light and also their collection at the respective electrodes.
Therefore, optimization for the absorption coefficient and thickness of
the absorber and its buffer counterpart is an essential requirement for
an efficient device. Uniform absorption coefficient is ~105 cm−1 for the
absorber layer at its optimal thickness for each of the device structures,
obtained previously in Section 3.1.1 in this work, has been considered
as the benchmark for optimizing corresponding buffer layer thickness.
Results of the simulation are presented in Fig. 3(a-c). It shows that SPV
cell efficiency is strongly dependent on absorption coefficient and
thickness of the buffer counterpart. Subsequently, considering a range
of absorption coefficient (α) for solar radiation, absorption capability of
the buffer layers over a possible range of values vis-à-vis its thickness
has been optimized in all the three cases. Results confirm that an op-
timal thickness of buffer layers 50–90 nm with α ~ 104 –105 cm−1 for
ZnS, 50–120 nm with α ~ 104 cm−1 for CdS, 50 nm with α ~ 104 cm−1

and 50–100 nm with α ~ 103 cm−1 for TiO2. Clearly, sulphide based
buffer layer such as ZnS & CdS provide adequate flexibility in buffer
layer thickness over a high range absorption coefficient. On the other

hand, absorption limits are fixed and lower in the case of TiO2 buffer
with Sb2S3 absorber.

3.1.3. Radiative recombination coefficient optimization
Recombination is a natural effect and major detriment in the design

of an efficient SPV cell. Both the radiative and auger recombination,
therefore, need to be at minimal level. Radiative recombination coef-
ficient in the range of 10−7 to 10−15 has taken for simulation w.r.t.
absorber layer thickness. Fig. 4 (a–c) show that optimal range of ra-
diative recombination coefficient of the order of 10−9 to 10−15 yields
better efficiency of device structure comprising Sb2S3 absorber with
three different buffer layers. However, η is the best for ZnS and least for
TiO2 buffer.

3.1.4. Auger recombination optimization
Simulation has been carried out on acceptor concentration of the

absorber layer in the range of 1010 to 1017 cm−3 to evaluate effect on
efficiency and auger recombination current density. Results are shown
in Fig. 5 (a–c). It is clear that auger recombination current density effect
has no role on efficiency at acceptor concentration lower than ~1016

cm−3. It comes into picture when acceptor concentration is higher than
1016 cm−3.

3.1.5. Bulk and interface defect (s) density optimization
Defects in Sb2S3 is theoretically studied by the (Tumelero et al.,

2016). They have reported two types of native point defects which
pertaining sulpher vacancies (VS) and antisite defects SbS (antimony in
a place of a S atom) in the bulk Sb2S3 absorber with details in the
Table 3. If not controlled, these defects act as the recombination centres
affecting performance of the device. So, in this simulation study all
possible defects are incorporated perhaps for the first time to the best of
my knowledge from literature survey. The bulk defects density varied
from 1010 to 1017 cm−3 for optimizing SPV cell performance para-
meters in each of the three cases in this study. Fig. 6 (a–c) shows that
performance parameters are severly affected by defect density beyond
its critical limits 1015 cm−3. (Choi et al., 2014) showed that the bulk
defects density can achieved of the order of 1014 cm−3 by thioaceta-
mide (TA) treatment. However it is always recommended that bulk

Fig. 1. (a) Schematic diagram of the electronic transition feasibility of the expected device. (b) Schematic diagram of the single junction solar device structure “Front
contact/buffer counterpart/absorber layer/back contct” used to perform simulation to get output performnace.
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defects that also act as trap centres for charge carriers should be much
below critical limit. Further, in this simulaiton interface defect density
has also been optimized for the three combinations. The optimal esti-
mated interface defect density are 1010 to 1015 cm−3 with ZnS buffer
layer, 1010 to 1013 cm−3 for CdS and 1010 to 1011 cm−3 for TiO2 buffer
layer respectively. Results are shown in Fig. 7 (a–c). Therefore, ZnS and
CdS provide adequate felxibility w.r.t. interface defect density window
for Sb2S3 absorber layer in sharp contrast to that of TiO2.

3.1.6. Series and shunt resistance optimization vis-à-vis device performance
Series and shunt resistance play very significant role on the per-

formance parameters of SPV device. These two parameters, in fact,
determine junction characteristics and its implication on performance.
At this stage, during simulation, all optimized parameters in the earlier
sections such as; absorber and buffer thickness, Sb2S3 acceptor con-
centration, buffer donor concentration, bulk defects in absorber mate-
rial, defects concentration at Sb2S3/buffer interface etc. were kept fixed
at its optimal value. RS and RSh were varied in the range of 0–10 Ω cm2

and 100–2000 Ω cm2 respectively during simulation in all the three
cases of device structure Sb2S3/ZnS, Sb2S3/CdS and Sb2S3/TiO2 in this
study. Results of the optimal series resistance (RS) and shunt resistance

Fig. 2. (a–c) Effect of the thickness of the absorber layer on the performance
parameters device for Sb2S3/ZnS, Sb2S3/CdS and Sb2S3/TiO2 combination re-
spectively.

Fig. 3. (a–c) Effect of the thickness and absorption coefficient of the buffer
layer on the performance parameters of the device for Sb2S3/ZnS, Sb2S3/CdS
and Sb2S3/TiO2 combination respectively.

Fig. 4. (a–c) Effect of the radiative recombination (Rr) coefficient (Coeff.) with
respect to absorber layer thickness on the efficiency of the device for Sb2S3/ZnS,
Sb2S3/CdS and Sb2S3/TiO2 combination respectively.
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(RSh) values observed as a function of device performance parameters
(VOC, JSC, FF and η) in Sb2S3/ZnS device structure is presented in the
Fig. 8 and for the Sb2S3/CdS, Sb2S3/TiO2 device structures (Fig. S1-S2).
It is seen that in the case of Sb2S3/ZnS VOC has very little dependence on
series resistance (RS) and JSC has small dependence on the shunt re-
sistance shown in Fig. 8. This behavior is more or less identical in the
case of other two structures also (Fig. S1-S2). On the other hand, RS and
RSh are playing a significant role in limiting the fill factor (FF) values
thereby reducing it much below its ideal value of unity. This is shown in
the Fig. 8(c). This factor has alone contributed, therefore in lowering
the efficiency of Sb2S3 absorber solar cell structure with all the three
buffers to a level much below predicted earlier in literature considering
only a few parameters while performing optimization. The results are
shown in the Fig. 8 (d) for Sb2S3/ZnS and in the Fig. S1(d)–S2(d) for
Sb2S3/CdS, Sb2S3/TiO2 device structures respectively. It is also noted
from experimentally reports RS and RSh for Sb2S3 based solar cells are of
the order of 6–40 Ω cm2 and 125–856.35 Ω cm2 respectively as re-
ported by (Tamilselvan et al., 2019; K. Wang et al., 2018; Wu et al.,
2019). The conventional thin film solar cell like CIGS has RS and RSh of
the order of 0.17–0.49 Ω cm2 and 880–2710 Ω cm2 respectively
(Jackson et al., 2011). In this work, though input values for RS and RSh

were 1 Ω cm2 and 1000 Ω cm2 employed respectively during simula-
tion, their optimal values came to be 1 Ω cm2 and 1700 Ω cm2 giving
thereby an optimized FF ~ 78.69% for Sb2S3/ZnS.

3.1.7. Optimization for conduction band offset at absorber/buffer interface
This optimization is strongly depedent on band alignment between

absorber and buffer layer and hence very important for controlled
charge flow across junction with adequate control over interfacial re-
combination. The charge flow through Sb2S3/buffer junction in SPV
depends primarily on the alignment of energy level of the two

components. Any mismatch between the energy band in SPV will give
rise to a band offset that in turn depend on the difference of
( Sb S buffer2 3 ) present the conduction band offset (ECBO) at the junc-
tion, where χ is the electron affinity. There are two types of config-
urations at the junction one is type-I and other one type-II. In type-I
hetero junction the photo-generated electron flow from absorber to
buffer layer faces a barrier (or Spike) when ( Sb S buffer2 3 ) is positive.
In contrast, in type-II heterojunction, a cliff will be present at the
junction when ( Sb S buffer2 3 ) is negative. In the present work, con-
duction band offset (CBO) optimization for all the three device struc-
tures comprising Sb2S3 absorber with buffer layers ZnS, CdS, TiO2

having different electron affinity have been simulated using electron
affinity (χ) in Table 3 and keeping all parameters at its optimal level as
obtained previously in Sections 3.1.1–3.1.6 for the device. Results on
band gap alignment are shown in Fig. 9 (a–c). Presence of negative CBO
~ − 0.5 eV and − 0.2 eV for the Sb2S3/TiO2 and Sb2S3/CdS is con-
firmed by cliff at the respective junctions in the hetero structure (Fig. 9
(b) and (c)). In contrast, a spike ~ + 0.26 eV (positive CBO) appears to
Sb2S3/ZnS heterojunction shown in Fig. 9 (a). An electron affinity of
buffer layer lower than of the absorber Sb2S3 results type-I interface
with positive CBO thereby favoring charge flow across junction with
adequate control over interfacial recombination. The mechanism re-
lated to spike and cliff type CBO affecting SPV cell performance para-
meters is schematically shown in Fig. 10 (a–b). It is clear that for cliff
type CBO, the electron hole recombination is energetically favorable
while for spike type CBO it makes difficult for an electron to recombine
due to an effective e-h separation. Electron-hole recombination there-
fore will occur easily for the cliff type CBO compared to spike type CBO
due to lower effective separation of the quasi-fermi level for the cliff

Fig. 5. (a–c) Effect of the acceptor concentration on auger recombination (Ar)
current density and efficiency of the device for Sb2S3/ZnS, Sb2S3/CdS and
Sb2S3/TiO2 combination respectively.

Fig. 6. (a–c) Effect of bulk defects density on the performance of the solar
device for Sb2S3/ZnS, Sb2S3/CdS and Sb2S3/TiO2 combination respectively.
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type CBO resulting in lower VOC. Opposed to this, a small value of
positive CBO or spike type band alignment will still facilitate transport
of photo-generated electrons via tunneling process (Huang et al., 2013).
However, mobility of holes is not favored through spiked CBO. A re-
lation between recombination current and CBO is shown in Fig. 10 (c).
It is observed that recombination current is lowest for the positive
conduction band offset ~0–0.4 eV. This result, therefore, suggests that
this range of positive CBO is optimal favoring higher efficiency ~19%
in type-I heterojunction with 0.26 eV positive CBO for Sb2S3/ZnS in the
present study. So, for practical applications, ZnS could be a good buffer
layer for Sb2S3 absorber based solar cell provided optimal criteria de-
termined in this study is adopted for practical design. Complete result
for all the three device structures in the present study obtained after
level I optimization is presented in Table 4.

Further, after level I optimization considering parameters such as;
(a) thickness of the Sb2S3 absorber layer, (b) thickness and absorption
coefficient of the buffer layers (ZnS, CdS, TiO2), (c) defect density, re-
combination (radiative, Auger) effect, carrier density of the Sb2S3 ab-
sorber layer, (d) series and shunt resistances of the device, (e) con-
duction band offset at absorber/buffer interface, the results (Table 4) so
obtained on performance parameters suggest that Sb2S3/ZnS is the
better among all three configurations. It is seen that the efficiency of
single junction solar cell based on Sb2S3/TiO2 combination approaches
close to its experimental reported efficiency (Choi et al., 2014) whereas
in the case of Sb2S3/CdS combination it is nearly one fourth of ex-
perimental efficiency (Yuan et al., 2016). Such a difference in simulated
and experimental efficiency of Sb2S3/CdS combination can be attrib-
uted to limitations of the experiment that needs to be improved along
with improvement in fabrication process at each stage of design im-
plementation. However, no experimental work on Sb2S3/ZnS combi-
nation has yet been taken up. We are working currently on its experi-
mental part also and it will be reported separately.

Fig. 7. (a–c) Effect of Interface defects density on the efficiency of the solar
device for Sb2S3/ZnS, Sb2S3/CdS and Sb2S3/TiO2 combination respectively.

Fig. 8. (a–d) The effect of series and shunt resistance on the open circuit voltage (VOC), short circuit current (JSC), Fill Factor (FF) and Efficiency of the solar cell
device for Sb2S3/ZnS combination.
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3.1.8. Simulation of Sb2Se3 as an absorber layer
We have also simulated selenide counterpart of Sb2S3 as an ab-

sorber, i.e.; Sb2Se3 absorber. Bandgap of Sb2(S1-xSex)3 can be tuned
from 1.08 eV (for x = 1) to 1.62 eV for x = 0). The optimum band gap
of the absorber layer for single junction solar cell is in the range of
~1.3–1.4 eV. Therefore, we may check the efficiency for Sb2Se3 as
absorber layer replacing Sb2S3 using buffer layers in the three config-
urations in the present studies. The simulated efficiency obtained for

Sb2Se3/CdS configuration is 7.05%. The I-V curve and variation of
performance parameters with metal work function is shown in Fig. S3
(a-b) and presented in Table 4. Its combination with other two buffer
layers (TiO2 and ZnS) could not converge. Clearly, the performance of
Sb2Se3 absorber is poor in comparison to Sb2S3 absorber. However, it
remains to be seen if partial substitution of sulphur with selenium can
make any difference on solar cell performance. Such a feasibility has, in
fact, been taken up in the level II of modeling in the present work.

In spite of the results and comparison described above, there are a
number of factors that still require optimization to achieve further
enhancement in efficiency. This has, in fact, been done in level II op-
timization, considering parameters such as high work function back
contact metal and band gap grading of absorber layer for designing an
optimally performing device structure. It is described in the next sec-
tion.

3.2. Level II optimization

In this stage, the previously determining optimal parameters for
each of the device structures in this study have been taken up for fur-
ther optimization of back contact metal work function. At this stage, the
best among the three was opted for band gap grading in the absorber
aimed at maximum absorption for better conversion efficiency.

Fig. 9. The band diagram of the device structure and conduction band offset
(CBO) at absorber/buffer counterpart interface. (a–c) represent device for
Sb2S3/ZnS, Sb2S3/CdS and Sb2S3/TiO2 combination respectively.

Fig. 10. (a–c) The schematic diagram of the cliff and spike type CBO at the
absorber/buffer interface. (a) Shows that interfacial recombination is more
favorable for cliff type junction and (b) shows that interfacial recombination is
negligible for spike type junction. (c) Effect of CBO on the recombination
current and efficiency of the solar device.

Table 4
The performance parameters of the device after level I optimizations.

Structure VOC (V) JSC(mA/cm2) FF (%) Efficiency
(%)

CBO (eV)

Sb2S3/TiO2 0.6162 24.3100 64.79 9.71 Cliff (−0.5 eV)
Sb2S3/CdS 0.9180 24.3369 72.89 16.28 Cliff (−0.2 eV)
Sb2S3/ZnS 1.0027 24.399 78.31 19.16 Spike (+0.26 eV)
Sb2Se3/CdS 0.4114 40.8374 41.97 7.05 Cliff (−0.2 eV)

Fig. 11. (a) Effect of back contact metal work function on the band diagram of
the device and shows how the near Schottky type junction changes to near
Ohmic type junction depend on the back contact metal work function. (b) Effect
of back contact metal work function on the performance of the solar device.

Table 5
The performance parameters of the device after optimizing back contact metal
work function.

Structure VOC (V) JSC(mA/cm2) FF (%) Efficiency (%)

Sb2S3/TiO2 0.6410 24.4374 75.96 11.90
Sb2S3/CdS 0.9476 24.4393 79.96 18.52
Sb2S3/ZnS 1.0954 24.565 80.60 21.69
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3.2.1. Optimization of back contact metal work function
The performance of SPV device drastically changes due to effect of

back contact metal work function. Ideal requirement is Ohmic contact.
Gold (Au) is widely used as back contact metal for the Sb2S3 solar cell.
Back contact of Sb2Se3 with Au is nearly Ohmic. However, in Sb2S3

absorber, Au back contact creates Schottky type contact due to its p-
type semiconducting property (Deng et al., 2017; Zhou et al., 2014).
Therefore, majority carrier faces a barrier at the back contact thereby
affecting collection charge carrier from the absorber (Sb2S3) layer. To
overcome this, simulation has been performed on the Sb2S3 solar cell
with varying work function of back contact metal in the range
4.6–5.6 eV retaining all other optimal parameters in this study fixed for
all the device combinations. The quantity ( +E(m g )) is the factor of
mismatch at the back junction, where m is the metal work function, Eg
and are the band gap and electron affinity of the absorber layer re-
spectively. To show the effect of back contact metal work function on
band diagram Sb2S3/ZnS combination is opted and the results are
shown in the Fig. 11 (a). It is seen in the Fig. 11 (a) the energy levels of
absorber, bend upwards at the metal contact for the metal work func-
tion values in the range of 4.6–5.4 eV. This type of bending present a
barrier for transport of hole while it energetically favors electron
transporting towards back contact. As a results rate of recombination
becomes large affecting device performance parameters adversely due
to Schottky type contact formation. However, with back contact metal
work function ~5.4 eV, there is the metal absorber contact exhibiting
Ohmic contact response (Fig. 11 (a)). Such an energetically favorable
alignment is optimum condition for solar cell structure to facilitate
unidirectional flow of charge carriers in the device. The effect of back
contact metal work function modification on device performance
parameters is shown in the Fig. 11 (b) and also presented in Table 5. It
is seen that VOC significantly depends on m while JSC and FF has very
little dependence on m. An optimal efficiency is obtained for back
contact metal work function lying in the range of ~5.4–5.6 eV.
Therefore, appropriate selection of back contact metal work function
has great potential to enhance efficiency of solar cells. To meet this
requirement, one has to focus on high work function metals such as Pt
that, in turn, would bring higher cost as an implementation. Therefore,
we need to look at alternative path or techniques to decrease the metal
work function for optimum condition of the device. This issue has been
addressed by adopting absorber layer band gap grading using suitable
element without affecting lattice-matching condition. This is described
in the following Section 3.2.2.

3.2.2. Optimization of band gap grading of the absorber layer
Considering optimal efficiency using high work function metal (Pt)

as the back contact, the device structure Sb2S3/ZnS was opted for fur-
ther optimization based on band gap grading approach. The variation of
the ratio (x) Se/(Se + S), will affect the band gap according to re-
lation; Eg (x) = 0.118x2 −0.662x + 1.621 eV where 0.118 eV was the
bowing parameter (Yang et al., 2015). Vigil et al., 2018 have theore-
tically shown that a variation of the Se/(Se + S) would affect the level
of valence band maximum. Therefore, such tailoring of energy band
diagram creates an additional electric field (ξA) over the absorber layer,
and can expressed as;

=
d E

dx
g

A (6)

where Eg is the band gap variation for the thickness (x) of the absorber
layer due to Se grading. Carrier collection of photoelectrons generated
outside the space charge region (SCR) in homogeneous Sb2S3 now de-
pends only on diffusion. The charge carrier collection probability, PC,
outside the SCR is given by the Eq. (7)

= ePC
x

Ld (7)

where x is the distance from the SCR and Ld is the diffusion length. The

increasing ratio of Se/(Se + S) sets up an additional force (or electric
field) on the hole towards the back contact, this in turn effectively
improves the carrier collection at the back contact. Further, the en-
hanced diffusion length due to effective electric field, L, can be ex-
pressed by the Eq. (8)

= =µ
kT q

LL · ·
/

·h A h
A

d
2

(8)

=L DUsing ( )d h h
1/2 (9)

=µ kT qwe get; · /h (10)

where, µh is the hole mobility, h is the carrier lifetime, Dh is the
diffusion coefficient of hole, k is the boltzman constant, T is the abso-
lute temperature and q is the charge of electron (Lundberg et al., 2005).
From the equation (8), it is clear that carrier collection will be sig-
nificantly enhanced with the additional electric field obtained via Se
grading. Here, it is also noticed that the additional length in the ef-
fective electric field is directly proportional toLd

2. This means if a ma-
terial has already long diffusion length without Se-grading then it will
have much longer diffusion length after Se-grading. Consequently, the
band diagram of the absorber layer on Se- grading in the Sb2S3 solar cell
undergoes modification which is shown in the Fig. 12 (a–d). On en-
hancement of effective diffusion length of hole and unidirectional flow
of charge carrier, the optical absorption automatically increases over a
wide range shown schematically in the Fig. 13 (a). After implementing
band gap grading based optimization, metal work function considering
high cost of Pt as back contact variation for optimal efficiency was
further investigated and the results is shown in Fig. 13 (b). It indicated
an optimal efficiency ~25% obtained for a metal back contact over a
range of metal work function ~5.1–5.3 eV which is compatible with a
number of metals such as Au (4.8–5.1 eV), Mo (5.0–5.1 eV), Ni
(4.8–5.1 eV). So, the cost barrier pertaining to use of Pt as metal back
contact has been overcome with relatively cheaper alternatives and
with enhanced efficiency. It is important to note at this stage that before
selenium grading metal like (Au, Ni, and Mo) makes a Schottky contact
at Sb2S3/metal junction. This was great hindrance for higher efficiency.
Now, with band gap grading in place, metals like Au, Ni, and Mo makes
a good Ohmic contact at Se-graded Sb2S3/metal junction. This is a
noteworthy contribution of the present work and is an outcome of
complete simulation implemented considering large spectrum of ma-
terials and design parameters. The final simulated results are presented
in the Table 6. It is observed that the optimal band gap grading of the
Sb2S3 absorber layer was noted for the ranges 1.31–1.62 eV. It is noted
that the band gap grading enhanced efficiency obtained at level I op-
timization from 19.16% to 24.81% after completion of level II opti-
mization with low work function metal for Ohmic contact. Therefore, it

Fig. 12. . (a–d) The schematic band diagram of the different linear band gap
grading of the absorber layer by varying Se/(Se + S) composition ratio.
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is predicted in general, that efficiency will be higher for the mixed se-
lenide and sulphur phase where the composition Sb2(S1-xSex)3 is such
that the bandgap attain an optimal value (~1.3–1.4 eV). So, bandgap
grading can be exploited as a tool to tune absorption ability of Sb2S3

delivering an optimum performance as a solar cell structure.

3.2.3. Optimization of SPV performance Vis-a vis temperature
In this section, we have discussed the effect of temperature on the

optimized solar cell discussed above. The effect of temperature has been
performed by keeping other optimal parameters fixed in the range of
270 K to 380 K. The variation of performance parameters estimated in
terms of open circuit voltage (VOC), short circuit current (JSC), Fill
Factor (FF) and efficiency (η) with variation of temperature has been
shown in the Fig. S4 (a–d). The energy of the electron increases with
increase of temperature due to corresponding lowering of effective
band gap of semiconductor. However, the electrons with excessive
energy at high temperatures augments recombination with hole thereby
creating recombination current (Green, 2003). It was observed from
Fig. S4 (a) that VOC significantly decreases with temperature because
reverse saturation current increases with increase of temperature. The
effect of temperature on JSC is not significant like VOC. The fill factor
(FF) decreases linearly with temperature due to light-induced de-
gradation shown in Fig. S4 (c) (Green, 2003). It is clear from Fig. S4 (d)
that the efficiency of the device decreases linearly with temperature
because of combined effect of temperature on VOC, JSC and FF. Further,
it was observed that at temperatures below 300 K, efficiency is stable
and becomes maximum ~26.59% at 270 K. So, the ideal range of
temperature, for best performance as per prediction here in this work,
may be 20–25 °C as expected.

4. Summary and Conclusion

In this work, we have undertaken experimentally reported Sb2S3/
buffer layer (like CdS, TiO2) heterojunction solar cell configuration and
attempted to analyze the primary reasons for its lower efficiency. It
came to our notice that the low experimental efficiency traces its origin
to unoptimised band alignment at the Sb2S3/buffer layer junction and
formation of Schottky contact at the Sb2S3/metal junction.
Subsequently, performance optimization was taken up by focusing on
suitable choice of back contact metal work function, band gap grading
of the Sb2S3 absorber layer and a spike-type band alignment at the
Sb2S3/buffer layer junction. In our simulation results, it was noted that
spike-type band alignment at the front contact and high work function
metal at the back contact are essential requirements to enhance device
performance. We also introduced an additional concept of band gap
grading to lower the high work function at metal back contact and
demonstrated an increase in device efficiency at the end of 2nd level
design optimization. With these modifications, the efficiency of Sb2S3/
ZnS solar cell was predicted to be 24.81%, which is almost comparable
to the conventional thin film solar cell. The results confirmed that the
desired optimal architecture of the Sb2S3 absorber based solar cell must
comprise metal back contact with work function ~5.1 eV (e.g. Ni, Mo),
absorber band gap grading in the range 1.31–1.62 eV (varying the ratio
of Se/ (Se + S)), with CBO of 0.26 eV between absorber Sb2S3 and
buffer layer (ZnS).

It is concluded that out of the three solar cell configurations com-
prising Sb2S3 absorber and 3 different buffer layers (TiO2, CdS and
ZnS), the optimal configuration in terms of performance yielding a
spike-type band alignment at conduction band of Sb2S3/buffer junction
is achievable in ZnS buffer. So, it can be a replacement for CdS and TiO2

in optimal experimental design.
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