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A B S T R A C T   

Antimony sulfide (Sb2S3) and thin crystalline silicon (c-Si) are considered suitable top- and bottom-cell candi-
dates for tandem solar cells (TSCs), owing to their natural abundance, non-toxicity, cost-competitiveness, and 
complementary bandgaps. The current work proposes and investigates a two-terminal (2T) monolithic Sb2S3/Si 
thin film TSC via TCAD simulation. The Sb2S3 cell, with a bandgap of 1.7 eV, is utilized as a top sub-cell, and the 
bottom sub-cell is utilized by a thin c-Si cell having a bandgap of 1.12 eV. The calibrated standalone top and 
bottom cells provide a power conversion efficiency (η) of 4.31% and 14.26%, respectively. Upon incorporating 
the two cells into a 2T Sb2S3/Si monolithic TSC, the resultant tandem cell achieves an η of 10.10% implying that 
the top cell should be optimized in order to get a tandem efficiency higher than the bottom cell. Thus, the Sb2S3 
cell is optimized by designing the cell without the organic hole transport layer (HTL) (resulting in an np het-
erojunction) and engineering the conduction band offset (CBO) between the electron transport layer (ETL) and 
the Sb2S3 absorber. Then, the tandem structure is optimized starting from the ETL thickness and doping con-
centration. Also, the impact of changing the absorber defect density and the series resistance of the top cell on the 
TSC performance is investigated to demonstrate the maximum available η. At reduced defect density and series 
resistance, the overall efficiency of the tandem cell is improved to 19.51%. Furthermore, we explored the impact 
of top and bottom absorber thicknesses on TSC working metrics. At the designed matching point, the tandem 
efficiency is enhanced to 23.25%, and Jsc also boosts to 17.24 mA/cm2. The simulation study is intended to 
provide a tandem configuration that is based on an all-thin-film design which may be suitable for applications 
like wearable electronics due to its flexibility. All TCAD simulations are performed using the Silvaco Atlas 
simulator under standard one Sun (AM1.5G, 1000 W/m2) illumination.   

1. Introduction 

One of the technical solutions for reducing the cost of photovoltaic 
(PV) power generation is to increase solar cell efficiency by designing 
tandem solar cells with several absorption layers and complementary 
bandgaps [1–4]. Schematically, tandem devices can be designed in 
either 2T, 4T, or 3T configurations. The 2T tandem configuration com-
bines wide and narrow bandgap p-n junctions which serve as the top and 
bottom cells, respectively. The two sub-cells are electrically connected 
via an interlayer known as the recombination layer or tunneling junc-
tion. However, although the two cells of the 4T tandem device are 
internally separated, they are coupled to combine their full output 
power [5]. E. Warren et al. [6] recently presented a hybrid tandem 
photovoltaics configuration known as a 3T tandem configuration. 

Despite its simplicity of fabrication, external wiring on the front and rear 
of the solar cell stack is required. For cost-effective applications, the 2T 
arrangement is preferred due to its reduced fabrication steps. Yet, the 
top cell of the 2T device is manufactured atop the bottom, making the 
synthesis process more challenging [7]. Moreover, selecting the top and 
bottom sub-cells concerning their bandgaps is critical to the perfor-
mance of both 2T and 4T architectures. The theoretical analyses that 
have been published offer a guided direction for the choice of optimal 
bandgap sub-cells. In this context, a 2T monolithic tandem configuration 
with 1.7 eV top and 1.12 eV bottom cells can accomplish a high con-
version efficiency of up to 40% [8]. 

In addition, tandem cells have been utilized commercially for a wide 
range of absorbers, from relatively inexpensive hydrogenated amor-
phous silicon (a-Si:H) to high-performance III-V group materials [9,10]. 
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However, the stability of a-Si:H under light coverage is restricted by the 
inevitable Staebler-Wronski effect [11] caused by the generation of deep 
defects that form recombination centers within the material [12]. 
Furthermore, despite having a high η over 30% [13], such as 
triple-junction solar cells with an η of 37.9% [14], III-V tandem cells’ 
wide range of applications, such as concentrator PVs [15] or space ap-
plications [16], are constrained by their expensive and complex pro-
duction procedures [17,18]. Similarly, despite Pb-based perovskites’ 
outstanding performance in both single- and multi-junction solar cells, 
their high toxicity and intrinsic instability deflect researchers’ attention 
away from exploring and investigating other environments’ benign and 
stable counterparts [19]. As a result, developing wide bandgap, envi-
ronmentally friendly, benign fabrication conditions and highly-efficient 
photovoltaic materials for future tandem solar cells are extremely 
important. 

The preceding discussion clearly shows that Sb2S3 is one of the most 
appropriate top cell candidates for next-generation TSCs owing to its 
desired broad bandgap of 1.7 eV [20], intrinsic stability [21,22], 
non-toxicity, and less expensive constituent elements. As well, it has 
been theoretically shown that combining c-Si as a bottom sub-cell along 
with a top sub-cell whose material bandgap is 1.72 eV in a 2T TSC, an 
efficiency near 43% can be reached [23]. Consequently, Sb2S3, whose 
bandgap is 1.7 eV, can be a proper top cell partner combined with an 
optimal bottom cell like silicon in TSCs. A few studies have recently 
investigated Sb2S3 as a top cell in Si-based TSCs [24–26]. In 2016, Gao 
et al. [26] presented the first study on Sb2S3 as a top absorber, in which 
they deposited Sb2S3 on n-type Si-substrates using reactive sputtering at 
350 ◦C. They concluded that Sb2S3 meets all requirements for a potential 
top sub-cell in silicon-based TSCs. Recently, a tandem cell based on 
Sb2S3 and Sb2Se3 as top and bottom cells was fabricated and an η of 
7.93% was reported which surpasses the independently top Sb2S3 and 
bottom Sb2Se3 cells [27]. This experimental study proves the suitability 
of Sb2S3-based solar cell as a top cell of TSC and establishes a proof of 
concept. 

The c-Si is an exceptional bottom cell candidate owing to its high 
efficiency, low bandgap of 1.12 eV, cost-competitiveness, natural 
abundance, non-toxicity, and robustness stability. In addition, it needs a 
top cell candidate with a bandgap of 1.6–1.9 eV, as reported in tandem 
device design [28]. Furthermore, recent improvements have brought 
c-Si solar cells’ efficiency up to a record 26.8% [29,30], which is getting 
close to its theoretical efficiency limit of 29.56% [31]. Recent attempts 
have been made to achieve flexible PV cells by fabricating thin c-Si with 
substrates that are thinner than 50 μm [32–37]. The resultant thin c-Si 
cells shows excellent price competitiveness, high flexibility, and are, in 
addition, lightweight [34]. Moreover, thin c-Si cells can be fabricated 
using conventional silicon solar cell processing steps, which is expected 
to be commercialized quickly [37]. 

This paper proposes a TSC that combines Sb2S3 (1.7 eV) and thin film 
c-Si (1.12 eV) materials for the top and bottom sub-cells, respectively. 
Devices based on these materials are considered environmentally 
friendly solar cells, besides their low processing cost. Using all thin film 
layers results in flexible tandem that may be used in some applications 
like wearable electronics. Before the simulation of our proposed TSC, the 
two standalone sub-cells are calibrated versus experimental studies by 
applying the appropriate geometrical and physical parameters to vali-
date the simulator. Next, the Sb2S3 top cell is optimized by designing the 
cell without HTL to avoid its organic issues and tuning the CBO between 
the ETL and the Sb2S3 absorber. Then, optimization steps are carried out 
to design the tandem for maximum possible efficiency. The first step is to 
optimize the ETL thickness and doping concentration. Further, the effect 
of changing the absorber defect density and the series resistance of the 
top cell on the TSC performance is investigated. Furthermore, the impact 
of varying the thicknesses of the top and bottom absorbers on the TSC is 
also explored to highlight the potential paths for promoting tandem 
efficiency. 

2. Simulation methodology and device structure 

2.1. Silvaco Atlas simulation methodology 

A variety of software is available to investigate the performance of 
single junction or tandem solar cells, including Silvaco [38,39], SCAPS 
[3,40], AMPS [41], COMSOL [42], and wxAMPS [43]. In this study, the 
simulation study was performed using the Silvaco 2-D Atlas simulator. 
The operating principle of this simulation package is based on solving 
semiconductor transport equations along with Poisson’s equation 
self-consistently through a defined grid [44]. The physical models 
inserted in Atlas must be properly selected. This study includes the 
primary physical models utilized to design a given TSC structure. SRH 
recombination is predominant in Sb2S3 cells because of the considerable 
recombination observed in Sb2S3 films with high defect density [45,46]. 
Besides, Auger recombination (AUGER) is enabled to account for 
recombination occurring in the regions of high doping. In addition, the 
Fermi-Dirac statistics (Fermi), optical recombination (OPTR), and 
concentration-dependent mobility (CONMOB) models are invoked. 

Regarding the optics part, first, the optical intensity profiles inside 
the solar cell are estimated using an illuminated input source which is 
AM1.5. Then, photogeneration rates are calculated given the intensity. 
After that, the photogeneration rates are coupled into the continuity 
equations’ generation terms. There are two models that are used 
concurrently at each bias in optoelectronic device simulation, namely 
the optical ray tracing and photogeneration models. Regarding the first 
model, the optical intensity is evaluated based on the real refractive 
index, while for the photogeneration model, the extinction coefficient is 
used to compute the carrier density [47,48]. The generation at a given 
point is computed by evaluating the integral of the generation rate as 
presented in the Supplementary Materials. More details about the 
modeling and numerical techniques can be found in Ref. [49]. 

It should be pointed out here that, to construct a 2T TSC, the inter-
connect between the two sub-cells should be Ohmic. This can be ach-
ieved by either a tunnel junction or thin layers in the order of 1 nm of 
Silver or Gold [50]. Also, the interconnection can be developed by an 
indium oxide layer which was experimentally validated to be effective 

Table 1 
Basic parameters of the Sb2S3 and thin c-Si solar cell layers.  

Parameters Top Cell Bottom Cell 

FTO TiO2 Sb2S3 Spiro- 
OMeTAD 

n+
Si 

p Si p+
Si 

Thickness (μm) 0.5 0.03 0.125 0.2 0.1 20 0.2 
Energy gap (eV) 3.5 3.2 1.7 3.17 1.12 1.12 1.12 
Electron affinity 

(eV) 
4 4.26 3.70 2.05 4.05 4.05 4.05 

Relative 
permittivity 

9 9 7 3 11.7 11.7 11.7 

Electron 
mobility 
(cm2/Vs) 

20 20 0.8 2 × 10− 4 Default values 

Hole mobility 
(cm2/Vs) 

10 10 0.2 2 × 10− 4 

CB effective 
density of 
states (cm− 3) 

2.2 
×

1018 

2 ×
1018 

3 ×
1019 

2.2 ×
1018 

2.8 
×

1019 

2.8 
×

1019 

2.8 
×

1019 

VB effective 
density of 
states (cm− 3) 

1.8 
×

1019 

1.8 
×

1019 

7 ×
1019 

1.8 ×
1019 

1 ×
1019 

1 ×
1019 

1 ×
1019 

Shallow donor 
concentration 
ND (cm− 3) 

2 ×
1019 

1 ×
1016 

– – 1 ×
1019 

– – 

Shallow 
acceptor 
concentration 
NA (cm− 3) 

– – 1 ×
1015 

2 × 1019 – 1 ×
1015 

1 ×
1020 

Reference [54] [55] [56, 
57] 

[55] [61] [61] [61]  
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for both electrical and optical behavior [51]. In our simulation, a lum-
ped resistance is added as an interlayer such that the current flows across 
the two sub-cells of the TSC without substantial constraint [52]. 

2.2. Calibration of two sub-cells 

A heterojunction top Sb2S3 cell having an n-i-p structure is given 
presented on a practical configuration of a fabricated solar cell that 
contains the same transport layer materials [53]. A lightly doped 

Fig. 1. (a) Basic structure including design parameters and (b) Energy band diagram after contact at the dark condition of Sb2S3-based cell. (c) Illuminated J–V and 
(d) EQE curves of both simulated and experimental Sb2S3 cells [53]. 

Fig. 2. (a) Basic structure including design parameters, and (b) Energy band profile after contact at the dark condition of a thin c-Si cell. (c) Illuminated J–V and (d) 
EQE curves of both simulated and experimental thin c-Si cells [60]. 
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p-Sb2S3 film is sandwiched between lightly doped n-TiO2 and 
p+-Spiro-OMeTAD layers to create a heterojunction solar cell and 
extract photoexcited electron-hole pairs. The experimental steps of the 
fabricated Sb2S3 are performed firstly by preparing a diluted CS2 in an 
ethanol precursor solution and followed by dissolving the low-cost 
Sb2O3 and Sb-source in the solution. The produced Sb2S3 film had a 
lateral grain size up to 12 μm which is achieved through spin-coating 
and annealing at 300 ◦C for 2 min. More details about the processing 
steps and conditions as well as the electrical characterization are found 
in Ref. [53]. 

Fig. 1(a) and (b) depict the top cell’s device design and energy band 
diagram. The key parameters of cell layers derived from previously 
published studies are summarized in Table 1 [54–58]. In addition, 
Defect parameters in the cell layers and at the interfaces (TiO2/Sb2S3 
and Sb2S3/Spiro-OMeTAD) are presented in Table S1. The work function 
of the FTO (transparent conducting top contact) is set to 4 eV, whereas 
that of the rear Au contact is taken to be 5.1 eV. A parasitic series 
resistance (Rs) is fitted at 10 Ω cm2 to match the experimental results 
[59]. Upon utilizing the listed parameters, the illuminated current 
density-voltage (J-V) along with the external quantum efficiency (EQE) 
characteristics of both simulated and experimental Sb2S3 cells [59] are 
presented in Fig. 1(c) and (d). The simulated cell gives: (Jsc = 12.91 
mA/cm2, Voc = 0.636 V, FF = 52.45%, and η = 4.31%). These PV pa-
rameters well match the reported experimental parameters, as shown in 
the inset of Fig. 1(c), implying that the simulation model employed in 
Silvaco Atlas software has been validated. 

A homojunction bottom c-Si cell having a n+-p-p+ configuration, on 
the other hand, is calibrated against the experimental thin c-Si cell, 
yielding the following performance parameters: (Jsc = 29.60 mA/cm2, 
Voc = 0.617 V, FF = 77.90%, and η = 14.30%) [60]. The first step in the 
experimental processes of the fabricated c-Si bottom cell was firstly to 
etch a 380 μm Czochralski grade n-type crystalline silicon wafer to 
produce a 20 μm thin c-Si substrate. The emitter and back surface field 
(BSF) regions were then created by employing the spin-on-dopant 

technique. Finally, Al electrodes were defined by using a thermal 
evaporator. More details about the manufacturing and characterization 
steps can be found in Ref. [60]. 

Fig. 2(a) and (b) depict the cell design and energy band diagram of 
the n+pp+-Si bottom cell. The essential parameters of cell layers are 
summarized in Table 1 [61]. In addition, carrier mobility and carrier 
lifetime within cell layers are based on default values incorporated in 
Atlas. The illuminated J-V and EQE characteristics of both simulated and 
experimental c-Si cells are obtained as presented in Fig. 2(c) and (d). The 
cell gives the following performance factors: (Jsc = 29.66 mA/cm2, Voc 
= 0.615 V, FF = 78.16%, and η = 14.26%), indicating an insignificant 
difference between our simulation results and experimental data [60] 
and also validating the simulation model employed in Silvaco Atlas 
software. 

2.3. Conventional Sb2S3/Si tandem cell 

This subsection presents a 2T monolithic conventional Sb2S3/Si 
tandem cell. Fig. 3(a) depicts the cell’s suggested structure, indicating its 
design parameters. As mentioned herein, in a 2T monolithic tandem cell, 
the two cells are coupled through a tunnel junction [62,63] or an 
interface layer (transparent conductive oxide or a very thin metallic 
film) [64–66] that performs as a recombination layer. The current 
flowing in a TSC is controlled by the smaller current transporting 
through either the front or the back sub-cell. Therefore, the current 
matching situation must be provided to minimize the current loss. 
Additionally, a broad bandgap absorber is required regarding the top 
sub-cell, as explained herein. Therefore, our design adopts an Sb2S3 solar 
cell having a bandgap of 1.7 eV as a front cell along with the thin c-Si. 
The conventional TSC is simulated using Atlas under AM1.5G illumi-
nation, and the simulation results are displayed in Fig. 3(b) and (c). The 
cell performance metrics are (Jsc = 13.61 mA/cm2, Voc = 1.23 V, FF =
60.55%, and η = 10.10%). The Voc of the TSC is nearly equal to the sum 
of Voc of the individual sub-cells, while its current is governed by the cell 

Fig. 3. (a) Schematic illustration indicating the design parameters, (b) the illuminated J–V characteristics, and (c) EQE curve of a conventional Sb2S3/Si tandem cell.  
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with the smallest current among the two cells. 

3. Results and discussion 

As seen in the previous section, there is a significant deterioration in 
tandem performance which is attributed to recombination losses due to 
bulk defects in the Sb2S3 absorber layer; thus, Voc is reduced, which is 
the dominant bottleneck of high-performance antimony chalcogenide 
solar cells [67]. Furthermore, interface defects are typically caused by a 
mismatch lattice between the TiO2 buffer layer and the Sb2S3 absorber 
layer. Thus, the recombination defects at the Sb2S3/TiO2 interface [68] 
would sacrifice the photocarriers. Therefore, the Sb2S3 top cell has to be 
optimized, especially for conduction band offset (CBO), before 

incorporating it in a 2T monolithic Sb2S3/Si tandem cell. 

3.1. Initial enhancement of Sb2S3 top cell 

The principal role of ETL and HTL is to ease the extraction of pho-
togenerated carriers from the absorber layer to both contacts. None-
theless, interface defects at the Sb2S3 interfaces promote electron and 
hole recombination and degrade overall solar cell performance [69,70]. 
To improve Sb2S3 top cell performance while avoiding the technological 
and financial challenges associated with HTL, we continue to design the 
cell without an HTL and with a ternary compound ETL. So, the cell is 
designed as an HTL-free cell meaning that it is an np heterojunction 
instead of the conventional nip structure. This configuration implies that 
the p-absorber (Sb2S3 in our case) will serve as both an absorber and as a 
hole transporting layer without the need for an extra layer. 

Since the selectivity of the ETL affects the solar cell performance, 
primarily characterized by energetics and transport features such as 
band alignment and charge carrier mobility, perfect ETL can signifi-
cantly reduce interfacial recombination. An optimum CBO can be ob-
tained by performing a suitable band alignment at the ETL/Sb2S3 
interface [71]. CBO is a crucial factor in determining Voc and cell effi-
ciency, and it is described as 

CBO=ΔEc = χ absorber − χ ETL (1) 

At the interface, there are three options for band alignment. The first 
is a cliff-like band offset by a negative CBO value. A positive CBO spike- 
like band offset is the second encountered condition. Finally, a flat band 
condition derives from the third potential situation for a zero CBO. The 
cliff-like band offset at the interface is well known to cause severe 
interface recombination [72]. Furthermore, a substantial spike-like 
band offset, which signifies a CBO greater than 0.3 eV, may inhibit 
interface carrier transfer [72]. Generally, a flat band or a slight 
spike-like band offset is preferable in thin film solar cells [73]. 

Herein, we apply the ternary compound ZnO1-xSx as an ETL to tune 

Fig. 4. Performance parameters of ZnO1-xSx with different S content.  

Fig. 5. Energy band diagrams of three various cases of CBOs (a) A cliff-like band appears regarding ZnO0.8S0.2/Sb2S3, (b) a spike-like band occurs regarding 
ZnO0.1S0.9/Sb2S3 and (c) almost flat band regarding ZnO0.2S0.8/Sb2S3. (d) recombination rate along the Sb2S3 absorber layer. 
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the interface band alignment. ZnO1-xSx and bilayer ZnO1-xSx/CdS ETLs 
have been used in antimony chalcogenide-based solar cells with prom-
ising results [74]. The variation of bandgap energy (Eg), and electron 
affinity (χ) of ZnO1-xSx with sulfur (S) content were extracted from the 
literature [75], as illustrated in Fig. S1(a) (see Supplementary Materials 
file). In addition, Fig. S1(b) (see Supplementary Materials file) presents 
the variation of ZnO1-xSx CBO with S content. Moreover, the refractive 
index n’ and extinction coefficient κ dependency on wavelength of 
ZnO1-xSx were obtained from experimental data [76,77]. Fig. 4 depicts 
the response of performance metrics to S content. As illustrated in Fig. 4, 
all performance parameters almost follow the same trend for S content 
values less than 80%. They gradually increase with increasing S content 
and almost saturate above S = 60%. Although Voc increases with S >
80%, other parameters decrease significantly in FF. The maximum η is 
attained when S = 80%, resulting in almost zero CBO and hence a flat 
band offset. As a result, ZnO0.2S0.8 is a suitable material for use as ETL in 
the proposed HTL-free sub-cell. 

For a physical explanation of the results shown in Fig. 4, represen-
tative band diagrams of three distinct CBOs are plotted, as well as the 
recombination rate along the absorber, as illustrated in Fig. 5. The first 
CBO is − 0.57eV for ZnO0.8S0.2, which shows a cliff-like band in Fig. 5(a). 
The second one, shown in Fig. 5(b), is 0.31eV for ZnO0.1S0.9 with a spike- 
like band. The last is 0.06eV for ZnO0.2S0.8, which has a nearly flat band, 
as depicted in Fig. 5(c). Although the cliff band case, depicted in Fig. 5 
(a), does not impede the extraction of photogenerated electrons from the 
absorber layer to the front metal, it affects the activation energy asso-
ciated with carrier recombination. In this case, the activation energy (Ea) 
is less than the absorber bandgap (Eg), and thus the primary recombi-
nation process within the solar cell is interfacial recombination losses 
[71,78]. Remarkably, Ea has a direct influence on Voc; thus, Voc is 
decreased for S content values less than 70% (negative CBO values), as 
illustrated in Fig. 4. Conversely, a spike is formed at the 
ZnO0.1S0.9/Sb2S3 interface, as shown in Fig. 5(b). This spike obstructs 
the extraction of photoexcited electrons from the absorber layer toward 
the front metal. When the spike is sufficiently low, it becomes ineffec-
tive, allowing electrons to flow properly towards the contact. However, 
as in the ZnO0.1S0.9/Sb2S3 case, the spike is too high, significantly 
altering the regular flow of electrons toward the front metal. Conse-
quently, the cell’s equivalent series resistance rises, resulting in fill 
factor deterioration (see Fig. 4) [79–81]. Finally, a flat band is formed at 
the ZnO0.2S0.8/Sb2S3 interface, as shown in Fig. 5(c). In this case, no 
barrier obstructs the carrier flow, and Ea is not compromised, resulting 
in a higher Voc value. As a result, the optimum case is the flat band case. 
The recombination rate of three situations is depicted in Fig. 5(d) to 
confirm these findings. ZnO0.2S0.8 has the lowest recombination rate 
along the absorber layer. Therefore, with η = 6.90%, ZnO0.2S0.8 is the 
best selection for the ETL in the proposed HTL-free cell. 

In addition, Fig. 6(a) and (b) depict a comparison between the illu-
minated J–V and EQE curves concerning the initial and the HTL-free 

cells using TiO2, ZnO0.4S0.6, and ZnO0.2S0.8 as ETLs. Their perfor-
mance metrics are listed in Table 2. The results show that when the ETL 
is appropriately designed, there is a significant improvement. A per-
centage rise of about 60% is yielded when ZnO0.2S0.8 is designed as an 
ETL in the proposed HTL-free cell when compared to the initial con-
ventional cell. 

3.2. Tandem cell optimization 

This subsection presents the following optimization steps for a 2T 
monolithic Sb2S3/Si TSC. First, the impact of thickness and doping of the 
top cell ETL on the tandem performance is studied. Then, the effect of 
changing the absorber defect density and the series resistance of the top 
cell on the TSC performance is investigated. Furthermore, we investi-
gated the impact of top and bottom absorber thicknesses on TSC working 
metrics. Finally, we inspected for the current matching point to get the 
maximum available η. Fig. 7 depicts the proposed structure utilized in 
the Sb2S3/Si tandem cell optimization steps. 

3.2.1. Thickness and doping of the top cell ETL 
Changing the conductivity of different solar cell layers is critical in 

cell design. The doping process, which can be p-type or n-type 
depending on the type of dopants, can regulate conductivity. Fig. 8 
describes the variation in tandem performance factors with variation in 
doping concentration and thickness of the top cell ETL. The doping 
density was changed from 1 × 1016 to 1 × 1019 cm− 3 and the thickness 
was varied from 27 to 33 nm, while other parameters were fixed to 
investigate the tandem performance. As indicated in the figure, all 
performance parameters follow the same trend for different ETL thick-
nesses. They gradually increase and become constant beyond a con-
centration of 2 × 1018 cm− 3. Furthermore, the best tandem performance 
is obtained with a 30 nm ETL thickness, whereas other thicknesses 
significantly degrade performance. The best performance is chosen 
when the thickness and doping of the ETL are 30 nm and 5 × 1018 cm− 3, 
respectively. The TSC metrics, in this case, are (Jsc = 14.19 mA/cm2, Voc 
= 1.55 V, FF = 63.50%, and η = 14.15%). 

To physically interpret this enhancement, the electric field 

Fig. 6. A comparison between (a) the illuminated J–V and (b) EQE curves for the initial and HTL-free cells using TiO2, ZnO0.4S0.6, and ZnO0.2S0.8 as ETLs.  

Table 2 
A comparison between the solar cell performance metrics concerning the initial 
and HTL-free cells when utilizing TiO2, ZnO0.4S0.6, and ZnO0.2S0.8 as ETLs.  

Structure Conventional 
TiO2 

HTL-free 
TiO2 

HTL-free 
ZnO0.4S0.6 

HTL-free 
ZnO0.2S0.8 

Voc (V) 0.636 0.644 0.897 0.951 
Jsc (mA/ 

cm2) 
12.91 12.44 13.12 13.23 

FF (%) 52.45 47.46 52.95 54.88 
η (%) 4.31 3.80 6.23 6.90  
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distribution, and the spatial distribution of the electron conductivity at 
the maximum power point (MPP) before and after ETL optimization are 
plotted and shown in Fig. 9. The energy band diagram is also illustrated 
in Fig. S2 in the Supplementary Materials file. As illustrated in Fig. 9(a), 
increasing ZnO0.2S0.8 doping increases the electric field substantially. 
Moreover, to comprehensively represent the carrier separation, the 
electron conductivity is plotted as seen in Fig. 9(b). Carrier conductivity 
is considered a key factor that controls the carrier separation in the solar 
cell [82]. As clarified in Fig. 9(b), increasing ZnO0.2S0.8 doping increases 
the electron conductivity in the ZnO0.2S0.8 and the ZnO0.2S0.8/Sb2S3 
interface resulting in faster separation of photogenerated carriers, lower 
recombination rates, and improved cell performance. So, the enhance-
ment resulting from the high doping is accomplished due to the con-
current improvement of both the electric field as a driving force and the 
conductivity as a source of current magnitude. 

3.2.2. Defect density of the top cell absorber 
Fig. 10 depicts the change in tandem cell performance metrics with 

the variation in bulk defect density of the top cell absorber. The defect 
density varies from 1 × 1012 to 5 × 1016 cm− 3 while maintaining the 
other parameters unchanged. As the figure shows, all performance pa-
rameters follow the same trend. They are constantly up to about 1 ×
1015 cm− 3 and then gradually degraded when increasing the defect 
density beyond this value. The defect density of 1 × 1014 cm− 3 is 
selected and output parameters, in this case, are (Jsc = 14.57 mA/cm2, 
Voc = 1.61 V, FF = 76.43%, and η = 17.86%). This value of defect density 
was already reported in the literature upon the enhancement of fabri-
cation methods [83,84]. This significant improvement in cell perfor-
mance with decreasing defect density is attributed to decreased carrier 
recombination (which means higher diffusion lengths), as shown in 
Fig. 11. The figure demonstrates the recombination rate (R) behavior for 
the absorber layer with various defect densities under short-circuit 
conditions. In addition, the generation rate (G) is depicted to give a 
comparative figure. As expected, as trap density grows, the recombi-
nation rate climbs dramatically, indicating poor performance. Several 
approaches, including trap state passivation in the Sb2S3 absorber layer, 
post-annealing and interlayer passivation, have been used to reduce 
defect density and increase carrier lifetime and Voc [85]. 

3.2.3. Series resistance of the top cell 
Solar cells’ parasitic resistances lead to resistive effects, lowering 

their overall performance. The resistance of the cell layers, as well as 

Fig. 7. The proposed structure utilized in the Sb2S3/Si tandem cell optimiza-
tion steps. 

Fig. 8. Variation in tandem performance parameters depending on the variation of an ETL doping concentration and thickness.  

M. Okil et al.                                                                                                                                                                                                                                    



Solar Energy Materials and Solar Cells 253 (2023) 112210

8

metal contact resistances, cause the series resistance (Rs) to appear. The 
fill factor (FF) is the most influenced factor by Rs. Fig. 12 depicts the 
variation in tandem performance parameters as a function of Rs. When 
Rs is increased from 0 (ideal case) to 10 Ω cm2, the Voc and Jsc remain 

nearly unaffected while the FF decreases, resulting in efficiency reduc-
tion. The decrease in FF is due to higher Rs dissipating more power. 
These results confirmed that Rs should be kept low to attain an efficient 

Fig. 9. (a) The electric field distribution, and (b) the spatial distribution of the electron conductivity at the MPP before and after optimization of the top cell ETL.  

Fig. 10. Variation in tandem performance parameters depending on the vari-
ation of the absorber defect density. 

Fig. 11. The generation and recombination rate behavior drawn at the illu-
minated short-circuit condition for the top absorber layer. 

Fig. 12. Variation of tandem performance parameters for different values of 
series resistance. 

Fig. 13. Contour graph of TSC efficiency dependency on the thickness of top 
and bottom absorber layers. 
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cell. The ideal case is chosen to inspect the limit of possible higher ef-
ficiencies utilized by the tandem cell. The solar cell metrics, in this case, 
are (Jsc = 14.58 mA/cm2, Voc = 1.61 V, FF = 83.44%, and η = 19.51%). 

3.2.4. Thickness of top and bottom absorber layers 
Fig. 13 represents a contour graph of TSC efficiency dependence on 

the thickness of both top and bottom absorber layers. To investigate 
device performance, the thickness of the top absorber was increased 
from 75 up to 1000 nm and that of the bottom absorber was increased 
from 20 to 50 μm while the other parameters remained constant. As 
obvious from Fig. 13, there is an inconsiderable effect on η as the 
thickness of the rear absorber grows from 30 to 50 μm and that of the 
front absorber raises from 200 to 1000 nm. As the bottom absorber 
thickness falls below 150 nm, the efficiency gradually decreases from 
20% to 15%. Furthermore, there is no change in η as the bottom absorber 
thickness changes from 20 to 50 μm, while the thickness of the bottom 
absorber layer remains constant below 150 nm. The best performance is 
chosen when thicknesses of top and bottom cells are 200 nm and 30 μm, 
respectively. The solar cell metrics, in this case, are (Jsc = 16.47 mA/ 
cm2, Voc = 1.62 V, FF = 83.88%, and η = 22.31%). 

3.2.5. Current matching point 
In this part, the top cell’s absorber thickness (d) is changed from 200 

to 350 nm, while the bottom c-Si thickness is fixed at 30 μm. Fig. 14(a) 
displays the Jsc variation of the front and rear sub-cells against the 
thickness of the Sb2S3 absorber layer in the front cell, indicating 
considerable dependence on d. As d becomes thicker, Jsc of the top sub- 
cell increases, and that of the bottom sub-cell, in turn, declines. The 
reason is that the thicker the front cell is, the more photon absorption 
occurs, implying lesser transferred light to the bottom sub-cell. A current 
matching point happens at Jsc = 17.24 mA/cm2 and d = 272 nm. Under 
this condition, the performance of the Sb2S3/c-Si tandem cell has been 
simulated where the corresponding J-V curves of tandem, top, and back 
cells are represented in Fig. 14(b). The maximum value of Jsc is 17.24 
mA/cm2 with Voc = 1.63 V and η = 23.25% for the TSC. The values of 
Voc = 1.63 V and η = 23.25% are approximately equal to the sum of 
those of the top cell (Voc = 1.05 V and η = 15.18%) and bottom cell (Voc 

= 0.58 V and η = 8.07%), signifying minimum energy loss. 
The performance parameters for Sb2S3/Si tandem cells under various 

optimization steps are presented in Table 3. Further, Fig. 15 depicts η of 
the various optimization steps and the improvement percentage in η 
over the previous step. According to the results, the most significant 
effect parameters among the various factors are the optimization of Nt 
and CBO, which provide 36.73% and 28.51% enhancement relative 
percentages, respectively. This highlights the significance of trap state 
passivation in the Sb2S3 film and CBO engineering in reducing defect 
density and avoiding interface recombination, negatively impacting cell 
performance. In addition, Fig. 16 displays the illuminated J-V charac-
teristics and EQE curves of a conventional and a final optimized tandem 
cell. This considerable improvement in tandem performance is attrib-
uted to the overall optimization steps, which attained a maximum η of 
23.25% with a relative percentage enhancement of 130.20% compared 
with the initial TSC. 

Moreover, we investigated the effect of bottom absorber thickness by 
extending it to 50 μm, which is the limit for thin film silicon solar cells 
[32–35]. In this context, the current matching point is evaluated by 
engineering the top cell thickness to get the best tandem performance, as 
illustrated in Fig. S3 in the Supplementary Materials file. In this case, the 
top absorber thickness is varied from 275 to 475 nm resulting in current 
matching point at d = 375 nm. Under this condition, the performance 
metrics of the optimized TSC are (Jsc = 18.04 mA/cm2, Voc = 1.64 V, FF 
= 82.41%, and η = 24.34%). 

Finally, we provide a comparison between our optimized TSC and 
other tandem candidates, as shown in Table 4. Some of the reported 

Fig. 14. (a) Jsc of front- and rear-cells vesus d of top cell absorber film. (b) J-V characterisitcs of tandem-, front-, and back-cells under current matching point.  

Table 3 
A comparison between the performance metrics for Sb2S3/Si tandem cells under 
various optimization steps.  

Cell Structure Jsc (mA/cm2) Voc (V) FF (%) η (%) 

Conventional 13.61 1.23 60.55 10.10 
Optimized CBO 13.84 1.55 60.63 12.98 
Optimized ETL 14.19 1.57 63.50 14.15 
Optimized Nt 14.57 1.61 76.43 17.86 
Optimized Rs 14.57 1.61 83.44 19.51 
Optimized tabs 16.47 1.62 83.88 22.31 
Final Optimization 17.24 1.63 82.73 23.25  

Fig. 15. Calculated efficiency improvements for different cases of tandem cells 
showing the enhancement relative percentage. 
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tandem cells are based on experimental investigations, while others are 
computed numerically, as illustrated in the table. The efficiency of all 
Antimony Chalcogenide TSC has not exceeded the limit of 8% according 
to experimental efforts till now. Moreover, most of tandem cells with 
lead-based perovskite top cell give higher efficiencies than our proposed 
thin film tandem cell; however, the toxicity of such tandems is a serious 
issue that limits their use. One of the main limitations of the Sb2S3 is the 
high level of bulk defects. This limitation has been investigated by many 
research studies [86–88]. It is also obvious from the high value of the 
series resistance that this is a serious limitation of the cell. However, by 
developing appropriate fabrication methods [21,53,83,84,89], both 
limitations can be alleviated to push the efficiency and thereby enhance 
the overall performance of the tandem cells including Sb2S3. 

4. Conclusion 

In our work, a 2T monolithic thin film Sb2S3/Si TSC is presented. The 
proposed design utilizes Sb2S3 having a 1.7 eV bandgap as a front cell, 
while thin c-Si with a 1.12 eV bandgap is incorporated as the bottom 
cell. The calibrated standalone cells versus experimental data give an η 
of 4.31% and 14.26% regarding the top and bottom sub-cells, respec-
tively. Then, the Sb2S3 top cell is optimized by designing an HTL-free np 
heterojunction cell and tuning CBO between the ETL and the Sb2S3 
absorber. Then, we optimize the TSC by inspecting the appropriate ETL 
thickness and doping concentration. Also, the impact of changing the 
absorber defect density and the series resistance of the top cell on the 
TSC performance is investigated to get the maximum available η. At 
defect density of 1 × 1014 cm− 3 and Rs = 0, the efficiency of a 2T 
monolithic TSC is improved from 10.10% to 19.51%. Additionally, we 
have inspected the consequence of the top absorber thickness on TSC 
performance parameters for two cases of bottom absorber thickness (tSi). 
At the designed matching point for each case, the optimum efficiency 
was achieved giving Jsc = 17.24 mA/cm2, and η = 23.25% for tSi = 30 
μm, while Jsc = 18.04 mA/cm2, and η = 24.34% for tSi = 50 μm. These 

results can provide potential routes for advancing low-cost, environ-
mentally friendly, and efficient thin film tandem solar cells which can be 
used in flexible applications. 
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