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Quaternary chalcogenides as transport layers in solid-state DSSC: a feasibility study
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Four chalcogenide compounds: copper zinc germanium sulfide (CZGS), copper zinc
germanium selenide (CZGSe), copper barium tin sulfide (CBTS), and copper manganese tin
sulfide (CMTS) were proposed as hole transport layer (HTL) in dye-sensitized solar cell
(DSSC). The DSSC structure comprises fluorine-doped tin oxide (FTO) as the top electrode,
zinc oxysulfide (ZnOS) as the electron transport layer (ETL), N719 dye as the light absorber,
chalcogenides as the HTL, and gold (Au) as the back electrode. By utilizing the SCAPS 1-
D simulator, the optimal thicknesses for ZnOS, HTL candidates and N719 dye were
determined to be 50 nm, 200 nm, and 700 nm, respectively. Among the materials studied,
CZGSe demonstrated the highest power conversion efficiency (PCE) at 12.11%, followed
by CZGS and CBTS at 12.02%. In contrast, CMTS exhibited a significantly lower PCE of
4.25%, indicating its limited suitability for DSSC applications. The DSSC exhibited stable
performance, with PCE fluctuations constrained within 0 to 0.4%, even as the hole transport
layer (HTL) varied in thickness between 50 nm and 300 nm. Comparative analysis with
published simulation and experimental studies supports the promising potential of
quaternary chalcogenides in solid-state DSSC applications.
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1. Introduction

Solar energy, recognized as a sustainable and abundant power source, has garnered
significant attention in recent years, driven by the continuous decline in fossil fuel reserves and the
urgent need for cleaner, renewable alternatives to meet global energy demands. In tropical countries,
the abundance of sunlight throughout the year further promotes the adoption of solar energy. One of
the key technologies harnessing solar power for electricity generation is solar cells. Generally, there
are three generations of solar cells, each with distinct features. In the first generation, which is a
silicone-based solar cell, it can be categorised as mono and poly-crystalline. It is the most established
and widely used solar cells, accounting for most of the commercial market. Thin-film solar cells of
the second generation encompass materials such as gallium arsenide, cadmium telluride, and
amorphous silicon. In contrast, third-generation technologies include dye-sensitized, perovskite, and
organic solar cells [1].

The dye-sensitized solar cell (DSSC) emerged in 1991, pioneered by O'Regan and Gritzel
[2]. This innovation provided an alternative route for solar energy harvesting. It consists of an
electron transport layer (ETL) that accommodates a monolayer of photosensitizer, accompanied by
an electrolyte and a counter electrode. Since then, it has attracted significant research interest and
rapid development due to its huge advantages, including economical in costs, adaptable architectures
and less-complex fabrication [3-4]. In a typical DSSC, ruthenium-based dye, which is commonly
used as sensitizer, absorb sunlight and generate excited electrons, contributing to electrical energy
generation. These electrons complete the circuit by moving through the ETL, front contact, external
load, and back electrode, eventually being restored by the redox electrolyte [5]. Due to its advantages
in terms of optical properties, abundance and non-hazardous, titanium dioxide (TiO:) has been
widely used as the ETL in DSSCs [6-8]. Alternatively, various metal oxides have been researched
and applied as the ETL to address the problem of hysteresis-related energy losses and limited device
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lifetimes. Studies by Korir and co-workers [6], Shixuan and co-workers [9] and Haoliang et al. [10],
have demonstrated the viability of zinc oxysulfide (ZnOS), zinc oxide (ZnO), and tin oxide (SnO2)
as ETL materials in DSSCs.

The main element that makes the DSSC recyclable is the electrolyte. Research on the tri-
iodide redox pair, disulphide/thiolate redox couple, and other organic-based redox couples [11-13]
have extensively demonstrated the usage of standard liquid electrolyte in DSSC. However, as noted
by Wu and co-workers [14], liquid electrolytes are prone to issues such as solvent volatilization,
leakage, photodegradation, and counter electrode corrosion. These elements collectively pose
significant challenges to the durability and sustained performance of DSSC. Consequently, various
efforts have focused on substituting liquid-based redox electrolytes with solid-state alternatives,
commonly referred to as the hole transport layer (HTL). In a prior study, Korir and his colleagues
replaced the liquid electrolyte with copper thiocyanate (CuSCN), a solid-state p-type material [15].
However, as viable alternatives to the conventional liquid electrolyte, Li et al. [8] suggested
combining copper iodide (Cul), polymeric-based Spiro-OMeTAD and p-type copper thiocyanate
(CuSCN). Another effort by Chakraborty and his colleagues [16] had utilised a polymer doped
graphene oxide as a possible electrolyte substitution in solid-state DSSC.

Quaternary chalcogenides, also known as kesterite is a subset of chalcogenide and contain
four different elements, which typically include metals and chalcogens (Group 16 of periodic table).
They have been previously used as solar cell absorbers, as demonstrated by Qing et al. [17], Benmir
et al. [18] and Messei et al. [19]. These materials are promising for solar applications due to huge
advantages which include cost-effective, naturally abundant, and structurally stable [20].
Meanwhile, these chalcogenides have been previously applied as a transport layer in perovskite solar
cell application. For instance, work by Bouhjar et al. [21] on copper zinc tin sulfide (CZTS) HTL
and copper zinc tin selenide (CZTSe) which was simulated by Dixit and colleagues in 2023 [22].
Additionally, simulation work by Khan and co-workers [23] on lead-free perovskite solar cells had
adopted the HTL based on several chalcogenide compounds which include CZTSe, copper nickel
tin sulfide (CNTS), copper ferum tin sulfide (CFTS), and CZTS. Some studies have also
demonstrated the effectiveness of chalcogenide compounds as counter electrodes in dye-sensitized
solar cells (DSSCs) [24-25]. As per our understanding, research on employing quaternary
chalcogenide as an HTL for DSSCs remains unexplored. In this study, we aim to investigate the
feasibility of this class of material, motivated by its prior success in perovskite solar cells.

This paper will briefly explain on the possible application of four chalcogenide compounds
as the solid-state HTL in DSSC. The proposed structures will be based on N719 dye as the light
absorber and ZnOS as the ETL. SCAPS 1-D, widely used in solar cell simulation research and
proven to yield promising results [26-27], will be employed for the numerical simulation of the
proposed structure. Its reliability in producing consistent outcomes further supports its selection for
this study. Although this study is based solely on simulations, the promising findings may provide
critical perspectives for refining and advancing solid-state DSSC technology.

2. Simulation methods

In this work, the SCAPS 1-D simulator [28] will be our primary tool for solving the hole
concentration, electron concentration, and electrostatic potential in the solar cell analysis. The
electrostatic potential analysis, which is one-dimensional (1-D) with respect to the spatial
coordinate, requires solving Poisson's equation in equation (1), while the electron and hole
continuity equations are represented by equations (2) and (3) and (4) and (5), respectively. The
internal generation of the solar illumination model in this work occurs at AM 1.5 G (1000 Wm™).

d2p(X) OE
=== ==t NS = NE () & Ny ()] (1)

a]
—a—;’+G—Up(n,p)=0 )



553

0
Jp = anpE +qDp = 3)
Un o _
ox T G—-U,(n,p)=0 @)
[7]
Jn = qiinE + qDn 5 (5)

The stated parameters in equations (1-5) are described as: Relative permittivity is
represented by &, electric potential by ¢, hole current density by J,, electron-hole generation rate by
G, elementary charge by q, recombination rates by U, /U,, electron density by #, electron diffusion
coefficient by D,, hole diffusion coefficient by D,, hole density by p, ionized donor density by Np",
ionized acceptor density by N,', electron current density by J,, electron mobility by u,, and hole
mobility by u,.

A cross-sectional depiction of the DSSC design is displayed in Fig. 1. Within this
arrangement, fluorine-doped tin oxide (FTO) serves as the transparent conductive electrode, while
ZnOS is utilized as the ETL. For the hole transport layer candidate, four quaternary chalcogenides:
copper zinc germanium sulfide (CZGS), copper zinc germanium selenide (CZGSe), copper barium
tin sulfide (CBTS), and copper manganese tin sulfide (CMTS) are integrated with an N719 dye,
which serves as the photosensitizer. Gold (Au) is to serve as the basis for a counter electrode. Table
1 provides an overview of the materials, and their corresponding properties incorporated into our
simulation. The selection of these properties was based on reputable literature sources [6, 29-30].
Meanwhile, Figs. 2(a—d) depict the energy level diagrams for the layer interfaces, which were
developed using the initial layer dimensions specified in Table 1. The valence band offset (VBO)
and conduction band offset (CBO) have been calculated based on the use of Anderson’s Rule [31],
which further justifies the selection of ZnOS as the ETL and the proposed quaternary chalcogenide
candidates as the solid-state HTL.
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Fig. 1. Basic architecture of proposed DSSC.
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Table 1. Properties of materials used in solid-state DSSCs with chalcogenide candidates.

Properties FTO ZnOS N719 dye CZGS CZGSe CBTS CMTS
Thickness(nm) 400 50 400 200 200 200 200
Bandgap (eV) 4.5 2.83 2.93 1.8 1.4 1.9 1.6
Affinity (eV) 4.0 3.6 3.9 3.67 4.1 3.6 435

Dielectric 9 9 30 10 8.42 5.4 9

Permittivity
DOScp (cm ) 2.2x10"% | 2.2x10'8 2.4x10%° 2.2x10'8 2.2x101% | 2.2x10'% | 2.2x10!8
DOSys (cm™) 1.8x10" | 1.8x10'8 2.5x10%° 1.8x10Y 1.8x10" | 1.8x10" | 1.8x10%

e (cm?/Vs) 20 100 5 60 60 30 0.16

h (cm?/Vs) 10 25 5 20 20 10 0.16

Acceptor
Concentration 0 0 1x10" 1x10" 1x10 | 1x10™ | 1x10"
(em™)
Donor
Concentration 2x10"° 2x10'8 0 0 0 0 0
(em™)
Defect Density 0 1x10™ 5x10'6 1x10™ 1x10™ 1x10™ 1x10™
(em™)
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Fig. 2. Energy band diagrams of the designed solid-state DSSC.

We shall change the N719 dye's thickness in the first stage of this study from 50 to 900 nm.
With the thickness of the HTL chosen at 200 nm, this modification will aid in determining how the
N719 dye absorber affects the functionality of our proposed chalcogenide-based DSSC.
Furthermore, we will adjust the chalcogenide thickness within the range of 50-300 nm and assess
the efficiency parameters of the DSSC while maintaining a fixed thickness for the photosensitizer
and ETL. The performance of our suggested structure will then be compared with solid-state DSSC
structures (simulation and experimental based) that have been previously proposed [6, 32-36]

3. Results and discussion

Using the parameters from Table 1, simulations were conducted on four chalcogenide
candidates: CGZS, CGZSe, CBTS, and CMTS. It is worth noting that the thicknesses of these
chalcogenides and ZnOS were fixed at 200 nm and 50 nm, respectively, for this simulation. Fig. 3
illustrates the impact of N719 dye thickness variations (50-900 nm) on the simulated power
conversion efficiency (PCE).

It is observed that up to 250 nm, the values for CZGS, CZGSe, and CBTS increase
proportionally with dye thickness before stabilizing at 650 nm and beyond. CMTS, on the other
hand, shows significant fluctuations in PCE between 50 and 400 nm before stabilizing at 700 nm
and beyond. Fundamentally, the number of photo-generated electrons captured by ZnOS in its
conduction band should increase substantially as the dye thickness grows. However, the results
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indicate that beyond a certain threshold, further increases in dye thickness may not significantly
impact the simulated PCE. Since a thickness of 700 nm closely aligns with the stable PCE values
for all kesterite candidates, it is adopted as the optimal N719 dye thickness in this study.
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Fig. 3. PCE variation with N719 dye thickness for constant HTL thickness.

Secondly, we adjusted the HTL thickness within the range of 50-300 nm, maintaining the
N719 dye and ZnOS thicknesses at fixed values of 700 nm and 50 nm, respectively. Fig. 4 presents
the simulation results, which indicate that within this range, variations in chalcogenide thickness
result in an essentially stable PCE. The percentage changes for CZGS, CZGSe, CBTS, and CMTS
are 0%, 0.14%, 0%, and 0.4% respectively. This finding suggests that DSSC operation remains
stable across a range of HTL thicknesses. Notably, it aligns with previously reported studies on solid-
state HTLs for DSSCs, such as the work by Korir and his co-workers [15] on CuSCN electrolytes.
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Fig. 4. PCE variation with chalcogenide thickness.

The performance metrics of the DSSC with our proposed chalcogenide HTL can be analyzed
based on the simulated J-V curves shown in Fig. 5. The curves were generated based on the optimal
thickness values: 700 nm for the N719 dye, 50 nm for ZnOS, and 200 nm for the chalcogenide layer.
The findings highlight that among the examined materials, CZGSe achieves the highest PCE of
12.11%. This performance is associated with an open-circuit voltage (Vo) of 0.8722 V, a short-
circuit current density (Jsc) of 19.53 mA/cm?, and a fill factor (FF) of 71.08%. Conversely, the DSSC
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incorporating CMTS as the HTL demonstrates the lowest PCE of 4.25% and an FF of 40.98%,
supplemented by a V. 0f 0.8947 V and a Js of 11.59 mA/cm?.
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Fig. 5. J-V curves for different HTL candidates.

Fig. 6 illustrates the simulated IPCE (incident photon to current conversion efficiency)
responses for the designed structures. The illumination wavelength was selected within the visible
spectrum range. Evidently, for solid-state DSSCs with CZGS, CZGSe, and CBTS chalcogenides,
the curves increase from an average value of 50% to an optimal average value of 96% at a
wavelength of 360 nm. These findings justify the high PCE values for these HTL candidates. Despite
this, the CMTS curve indicates a much smaller IPCE percentage, with an optimal value of 26.88%
at 540 nm. This simulated result supports the low PCE value for CMTS-based DSSCs. Nevertheless,
we have demonstrated that the adoption of quaternary chalcogenides as solid-state HTLs in DSSCs
improves carrier generation, as minor photon to current conversion was observed up to a wavelength
of 880 nm. This enhancement is particularly notable when compared to solid-state DSSC without

an HTL, such as in the work of Korir et al. [6], where a non-zero IPCE percentage was recorded
only up to 770 nm.
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Fig. 6. IPCE curves for DSSCs with respective HTL candidates.
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In the final section of this study, a brief comparison with previously published work on
solid-state HTL DSSCs is presented. For a fair comparison, a few simulations and experimental
studies have been selected, as summarized in Table 2. Based on these results, our proposed solid-
state DSSC with quaternary chalcogenide candidates demonstrates promising conversion efficiency,
which can be further improved with slight refinements in material selection. Notably, CMTS
exhibited significantly lower PCE compared to other candidates, which may limit its practical
application in solid-state DSSC development.

Table 2. Comparison of conversion efficiency with published work.

Solar cell structure Mode of study PCE [%]
FTO/Ti02/N719 dye/Au [6] simulation 10.22
FTO/ZnOS/N719 dye/Au [6] simulation 11.52

FTO/TiO»/BEHP-co-MEH PPV/PEDOT:PSS/Pt [32] simulation 7.95
FTO/TiO2/BEHP-co-MEH PPV/M00O,Mo00Os/Pt [32] simulation 8.42
FTO/TiO2/N719/Cul/Au [33] simulation 17.72
FTO/Ti02/N719/CuSCN/ Au [33] simulation 16.69
FTO/Ti0»/LEG4 dye/PEDOT/Ag [34] experimental 7.11
FTO/TiO2/N719 dye/PMMA gel/Pt-FTO [35] experimental 4.68
FTO/Ti02/N3 dye/Polymer blend gel/Pt-FTO [36] experimental 543
FTO/ZnOS/N719 dye/CZGS/Au [this work] simulation 12.02
FTO/ZnOS/N719 dye/CZGSe/Au [this work] simulation 12.11
FTO/ZnOS/N719 dye/CBTS/Au [this work] simulation 12.02
FTO/ZnOS/N719 dye/CMTS/Au [this work] simulation 4.25

4. Conclusion

By applying SCAPS 1-D simulator, we investigated the feasibility of four quaternary
chalcogenide candidates: CZGS, CZGSe, CBTS and CMTS as solid-state HTL in DSSCs. These
materials were examined as alternatives to traditional liquid electrolytes, paired with Au as the
counter electrode, FTO as the photoelectrode, N719 dye as the photosensitizer, and ZnOS as the
ETL. Our findings indicate that the highest PCE of 12.11% was achieved with a CZGSe thickness
of 200 nm, along with 50 nm of ZnOS and 700 nm of N719 dye. This finding is additionally
confirmed by QE and J-V characteristics, which indicate light absorption reaching 880 nm in the
case of CZGSe. Additionally, we demonstrated that varying the thickness of the proposed HTLs
between 50 and 300 nm (while maintaining the thickness for other layers) resulted in minimal
fluctuations in PCE, with a variation range of 0% to 0.4%. For comparison, a few published results
have been summarized, further supporting our findings that these quaternary chalcogenides hold
promise as efficient transport layers for solid-state DSSC technology.
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