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Abstract

CuSCN is a low-cost inorganic HTL with potentially better ambient stability than Spiro-
OMEeTAD according to literature. This study explores copper(l) thiocyanate (CuSCN) as a
hole transport layer (HTL) to replace the conventional organic material Spiro-OMeTAD
in antimony selenosulfide (Sb,(S,Se)3) solar cells. Numerical simulations performed with
the Afors-het software reveal that the device structure FTO/CdS/Sb,(S,Se);/CuSCN/Au
incorporating CuSCN achieves improved interfacial energy band alignment. Specifically,
the valence band offset (VBO) is reduced to —0.2 eV, which substantially enhances hole
extraction efficiency and suppresses interface recombination. Through systematic opti-
mization of key structural parameters, including the absorber layer thickness (350 nm), the

012 cm~3), the device

CuSCN layer thickness (9 nm), and its p-type doping concentration (1
attains a maximum power conversion efficiency (PCE) of 12.03%. This work provides a
theoretical foundation and a viable device design strategy for developing low-cost, highly

stable, and efficient Sb,(S,Se); solar cells.

Keywords: Sb;(S,Se)3; CuSCN; hole transport layer (HTL); AFORS-HET

1. Introduction

The continued reliance on fossil fuels has precipitated a dual crisis of energy scarcity
and environmental degradation, marked by rising atmospheric CO, levels and accelerating
climate change. In response, renewable energy sources have become a global priority, with
solar energy standing out due to its virtually inexhaustible supply, widespread availability,
and minimal environmental impact [1-6]. Photovoltaic technologies, which directly convert
sunlight into electricity, offer a scalable and increasingly cost-effective solution. Although
crystalline silicon solar cells currently dominate the market with efficiencies exceeding
26%, their fabrication requires high-temperature processing and ultra-high purity materials,
leading to substantial energy consumption and manufacturing costs [7,8]. These limitations
have spurred intense research into thin-film solar cells (TFSCs), which promise lower
material usage, reduced thermal budgets, and compatibility with flexible substrates.

Among thin-film technologies, perovskite solar cells have attracted enormous interest,
achieving laboratory efficiencies above 26% while offering advantages such as bandgap
tunability and solution processability [9]. Nevertheless, their practical deployment is
hindered by inherent instability toward moisture, oxygen, light, and heat, as well as the
toxicity of lead [10,11]. These persistent challenges underscore the urgent need for alter-
native absorber materials that combine high efficiency, earth-abundant constituents, and
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long-term stability. Antimony selenosulfide (Sb(S,Se)s) has emerged as a highly promis-
ing candidate in this regard. Its bandgap can be continuously tuned from 1.1to 1.7 eV
by adjusting the S/Se ratio, enabling optimal spectral matching to the solar spectrum.
Coupled with a high absorption coefficient exceeding 10° cm~! and excellent ambient
stability, Sby(S,Se); offers a compelling balance of optoelectronic performance and material
robustness [12-15]. Theoretical calculations based on the Shockley-Queisser limit suggest
that single-junction devices could achieve efficiencies exceeding 30% within the optimal
bandgap range, indicating substantial room for improvement [16,17].

To date, high-efficiency Sb,(S,Se); solar cells have predominantly relied on the organic
hole transport layer (HTL) Spiro-OMeTAD in planar heterojunction architectures. Various
strategies, including nano-rod texturing, alkali metal doping, and additive engineering,
have been employed to boost device performance [18-20]. However, these approaches
only partially mitigate the fundamental drawbacks of Spiro-OMeTAD, namely its high
cost, low conductivity, and susceptibility to degradation under ambient conditions [21,22].
These limitations motivate the search for alternative HTLs that can deliver superior perfor-
mance while maintaining low cost and high stability. CuSCN is a low-cost inorganic HTL
with potentially better ambient stability than Spiro-OMeTAD according to literature [23].
Copper(I) thiocyanate (CuSCN) presents a compelling alternative. As an inorganic p-type
semiconductor with a wide bandgap of 3.6 eV and high transparency in the visible range,
CuSCN exhibits excellent chemical and thermal stability. Its hole mobility, approximately
25 cm?/V's, is several orders of magnitude higher than that of Spiro-OMeTAD, and its
work function of roughly 5.3 eV aligns favorably with the valence band of Sb,(S,Se)s.
These properties suggest the potential for efficient hole extraction with minimal interfa-
cial losses [24,25]. Despite these attractive characteristics, the application of CuSCN in
Sb,(S,Se)s solar cells remains under-explored, and the underlying device physics governing
its performance has not been systematically elucidated. CuSCN is a low-cost inorganic
HTL based on reported material prices and scalable deposition methods [25-27].

In this study, we employ numerical simulations using the AFORS-HET software to
investigate the potential of CuSCN as an HTL in Sb,(S,Se); solar cells. We systematically
compare CuSCN against the conventional Spiro-OMeTAD HTL, optimize key structural
and electrical parameters including absorber thickness, HTL thickness, and HTL dop-
ing concentration, and analyze the physical mechanisms governing device performance
through energy band diagrams, carrier transport, and recombination dynamics. The results
provide a theoretical foundation and practical design guidelines for developing low-cost,
highly stable, and efficient Sb,(S,Se)3 solar cells.

2. Numerical Methods and Device Modeling

All numerical simulations in this study were performed using AFORS-HET (v2.5) (Au-
tomat for Simulation of Heterostructures), a widely validated simulation platform developed
at Helmholtz-Zentrum Berlin. AFORS-HET is specifically designed for modeling hetero-
junction solar cells and solves the coupled semiconductor equations self-consistently under
steady-state conditions using the finite difference method. The software provides a physics-
based description of carrier statistics, transport, and recombination dynamics, and it allows for
flexible definition of material parameters, layer structures, and operating conditions [27,28].

The device architecture investigated in this work consists of a multilayer structure:
fluorine-doped tin oxide (FTO) as the front transparent conducting electrode, cadmium
sulfide (CdS) as the electron transport layer (ETL), antimony selenosulfide (Sb,(S,Se)3) as
the p-type absorber, copper(I) thiocyanate (CuSCN) as the hole transport layer (HTL), and
gold (Au) as the back contact. The baseline structure using Spiro-OMeTAD as the HTL was
also simulated for comparison. Layer thicknesses and material parameters were adopted
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from experimental and theoretical literature, as summarized in Tables 1 and 2 [29-35]. The

series resistance and shunt resistance of the simulated device are listed in Table 3.

Table 1. Material parameters of each layer used in numerical simulations.

Parameters FTO Cds Sb,(S,Se)3 Spiro-OMeTAD CuSCN
Thickness (nm) 230 62 350 90 20
€r 9 10 14.38 3 10
x (eV) 458 45 4,01 2 1.7
E; (eV) 3.7 24 1.49 3 3.6
Nc (em—3) 2.2 x 108 2.2 x 1018 2.2 x 1018 2.5 x 1018 2.2 x 10Y
Ny (cm—3) 1.8 x 101 1.8 x 10¥ 1.8 x 1020 1.8 x 1010 1.8 x 1018
te [em? /Vs] 20 100 14 1.0 x 10~% 100
tp [em?/Vs] 10 25 2.6 2.0 x 1074 25
N4 (em™3) - - 1.0 x 1014 5.0 x 1018 1.0 x 101?
Np (cm—3) 1.0 x 1020 4.0 x 107 - - -
%, [em/s] 1.0 x 107 1.0 x 107 1.0 x 107 1.0 x 108 1.0 x 107
v}y, [em/s] 1.0 x 107 1.0 x 107 1.0 x 107 1.0 x 10'® 1.0 x 107
Table 2. Bulk defect parameters of materials used in numerical simulations.
Defect Sb(S,Se)s Spiro-
Parameters FTo Cds Defect 1 Defect 2 OMeTAD CuSCN
Single Single Single Single Single Single
Type
acceptor donor acceptor acceptor acceptor donor
N (cm~3) 1.0 x 101 1.0 x 10 1.3 x 1014 1.0 x 10° 1.0 x 1018 1.0 x 10°
e (cm?) 1.0 x 10715 3.0x 1071 1.99 x 10714 1.99 x 10714 1.0 x 10715 1.0 x 10715
oy, (cm?) 1.0 x 10715 20x 10714 1.99 x 10~14 1.99 x 10~ 14 1.0 x 10715 1.0 x 10715
Table 3. Photovoltaic performance of Sby(S,Se)s thin-film solar cells with different hole transport
layers.
Parameters Voc (mV) Jsc (mA/cm?) FF (%) PCE (%) Rs (Q-cm?) Rgp, (Q-cm?)
Spiro-OMeTAD 904.2 20.78 44.27 8.315 55 1500
CuSCN 933.8 22.98 56.03 12.03 32 2000

The electrostatics and carrier transport within the device are governed by three fun-
damental equations solved simultaneously. The electron and hole current densities are

expressed as [28]:
aEF aEFp
Jn= WinnTxn) ]p = qupp ox 1)

In these equations, ], and ], are the electron and hole current densities, respectively.
The symbol g is the elementary charge. y, and y), are the electron and hole mobilities. n
and p are the electron and hole concentrations. Er, and Ep, are the quasi-Fermi levels for
electrons and holes, respectively.

Poisson’s equation relates the electrostatic potential to the space charge distribution [28]:

d , d¢ q _

Here, ¢ is the electrostatic potential. ¢ is the relative permittivity of the material. ¢

is the vacuum permittivity. N, and N/} are the ionized acceptor and donor densities,
respectively. n; and p; are the trapped electron and hole concentrations in defect states.

The continuity equations for electrons and holes describe the generation, recombina-

tion, and transport of carriers [28]:
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In these equations, G is the photo-generation rate. R, and Ry, are the net recombination

®)

rates for electrons and holes, respectively. E, is the electric field along the x direction.
Dy, and D, are the diffusion coefficients for electrons and holes, which are related to the
mobilities through the Einstein relation D = ukgT /g, where kg is Boltzmann's constant and
T is the absolute temperature.

On the right-hand side of the continuity equations, G is the photo-generation rate, cal-
culated from the incident photon flux and the wavelength-dependent absorption coefficient
of each layer. R, and Ry, are the net recombination rates for electrons and holes. In this
work, the Shockley—Read-Hall (SRH) model is employed as the dominant recombination
mechanism, with the recombination rate given by [28]:

np —n?
Tp(n+n)+w(p+p1)

Rsru = (4)

Here, T, and 1, are the electron and hole lifetimes, respectively. 7; is the intrinsic
carrier concentration. 71 and p; are statistical factors that depend on the energy level
of the recombination centers relative to the intrinsic Fermi level. Radiative and Auger
recombination mechanisms are also included in the simulations, though their contributions
are secondary under the operating conditions considered.

Figure 1 illustrates the two simulated device structures used in this study. Using
AFORS-HET, we extracted key device performance metrics including current-voltage (J-V)
characteristics, external quantum efficiency (EQE), energy band diagrams, electric field
distributions, carrier generation and recombination profiles, and the spatial distribution of
electrostatic potential. The photovoltaic parameters, namely open-circuit voltage (Vc),
short-circuit current density (Jsc), fill factor (FF), and power conversion efficiency (PCE),
were derived from the J-V curves.
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Figure 1. (a) Model diagram of a Sb,(S,Se); device with Spiro-OMeTAD as the HTL, (b) model
diagram of a Sby(S,Se); device with CuSCN as the HTL, (c) band diagram of a Sb,(S,Se)s device with
Spiro-OMeTAD as the HTL, (d) band diagram of a Sb,(S,Se); device with CuSCN as the HTL. (The
dotted lines are used to distinguish each layer of the device).
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3. Result and Discussion
3.1. Performance Comparison of CuSCN and Spiro-OMeTAD as HTLs

Figure 1a,b illustrate the two simulated device structures investigated in this study,
specifically the conventional heterojunction using Spiro-OMeTAD as the HTL and the
proposed heterojunction structure employing a CuSCN layer. Tables 1 and 2 summarize
the key parameters of these structures [35-40]. The comparative data in Table 3 show that
the device using CuSCN as the HTL exhibits improvements in all photovoltaic parameters.
Figure 1c,d show the energy band diagrams of Sb,(S,Se); solar cells with different HTLs. As
shown in Figure 1c, the valence band offset (VBO) of the device with Spiro OMeTAD as the
HTL is approximately 0.5 eV. In contrast, the VBO of the Sb,(S,Se); solar cell using CuSCN
as the HTL is as low as approximately 0.2 eV (Figure 1d). This indicates that CuSCN and
Sb,(5,5e)3 achieve superior band alignment. A smaller VBO directly reduces the barrier
for holes at the absorber/HTL interface, thereby lowering the interface recombination
velocity [38,39]. According to the thermionic emission diffusion theory, the hole current
density across the interface is proportional to [40]:

Ji o< exp(~220) ®)

where AE, is the valence band offset. Reducing AE, from 0.5 eV to 0.2 eV increases the hole
extraction current by more than an order of magnitude. Furthermore, the reduction in VBO
suppresses the accumulation of holes at the interface, which would otherwise enhance SRH
recombination via interface trap states. In addition to the valence band, the conduction
band offset (CBO) also plays a role. For CuSCN, the electron affinity is 1.7 eV, creating a
large conduction band spike (approximately 2.3 eV) relative to Sby(5,Se)3 (electron affinity
4.01 eV). This large spike effectively blocks electrons from reaching the back contact, thus
reducing parasitic recombination at the Au electrode. In contrast, Spiro-OMeTAD has an
electron affinity of 2.0 eV, still forming a large barrier but with less favorable hole transport
properties due to its lower mobility. Therefore, the combination of a reduced VBO and a
strong electron blocking barrier makes CuSCN a superior HTL.

To further verify the consistency between the simulated J-V characteristics and the
spectral response, we calculated the external quantum efficiency (EQE) of both devices.
Figure 2 shows the simulated spectral response (SR) of the Sb,(S,Se)s solar cells using
CuSCN and Spiro-OMeTAD as HTLs. Over the entire wavelength range from 300 nm
to 900 nm, the CuSCN-based device exhibits a higher SR, especially between 450 nm
and 750 nm, which is the main absorption region of Sb,(S,Se);. The integrated Jsc from
the SR of the CuSCN device is 22.96 mA /cm?, which is in excellent agreement with the
J-V result (22.98 mA /cm? in Table 3). For the Spiro-OMeTAD device, the integrated Jsc
is 20.75 mA/cm?, also consistent with its J-V value (20.78 mA /cm?). This good match
confirms the reliability of our simulation model. The higher SR of the CuSCN device is
attributed to the reduced valence band offset (0.2 eV) and suppressed interface recombina-
tion, as discussed in Figure 1c,d. These results further support that CuSCN is a superior
HTL for high-performance Sb,(S,Se); solar cells.
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Figure 2. Simulated external quantum efficiency (EQE) spectra of Sb»(S,Se)3 solar cells using CuSCN
and Spiro-OMeTAD as hole transport layers. The integrated Jsc values are 22.96 mA / cm? (CuSCN)
and 20.75 mA /cm? (Spiro-OMeTAD), which are consistent with the J-V results in Table 3.

3.2. Tuning CuSCN Parameters and Exploring Underlying Mechanisms
3.2.1. Dependence of Device Performance on Absorber Layer Thickness

To determine the optimal balance between light absorption and charge collection,
the influence of the Sb,(5,Se); absorber layer thickness was first simulated over a range
from 100 nm to 600 nm. As shown in Figure 3a, with increasing Sb,(S,Se); thickness, the
open circuit voltage (Voc) gradually decreases from 995.5 mV to 920.6 mV, while the short
circuit current density (Jsc) continuously increases from 12.96 mA /cm? to 25.57 mA /cm?.
Figure 3b shows that the fill factor (FF) decreases from 71.11% to 48.68% with increasing
Sby(S,Se)s thickness, a decline primarily attributed to increased series resistance from the
thicker absorber layer and enhanced bulk recombination [39]. Overall, as the Sb,(S,Se)s
thickness increases from 100 nm to 350 nm, the power conversion efficiency (PCE) rises
from 9.18% to 12.03%. Beyond 350 nm, the PCE continuously decreases to 11.46% with
further thickness increase. To reveal the physical mechanism, we analyze the depletion

014

region and carrier collection efficiency. The absorber layer is lightly p type (1 x 10 cm~3),

and the junction is formed with n-type CdS. The depletion region width W in the absorber

_ [2e5(Vhi — V)
W=, N (6)

where V; is the built-in potential. For a doping concentration of 1 x 104 ecm~3, the

is given by [40]:

depletion width is on the order of several hundred nano-meters. At a thickness of 100 nm,
the entire absorber is depleted, resulting in a strong electric field across the whole layer.
This strong field minimizes bulk recombination but also leads to incomplete absorption of
long wavelength photons because the absorption depth at the band edge is around 500 nm.
As thickness increases to 350 nm, a quasi-neutral region emerges near the back side. Photo-
generated carriers in this region must diffuse to the depletion edge. The diffusion length L,
for holes in Sb,(S,Se); is estimated as [40]:

Ly = /Dy 7)
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Figure 3. Relationship between the thickness of Sby(S,Se); and (a) Voc and Jsc, and (b) FF and PCE;
band diagrams for Sb;(S,Se); layers with thicknesses of (¢) 100 nm, (d) 350 nm, and (e) 600 nm.

Based on typical mobility and lifetime values, L, is approximately 300 nm. At 350 nm,
the diffusion length is comparable to the quasi-neutral region thickness, allowing efficient
collection of carriers generated near the back contact. Beyond 350 nm, the quasi-neutral
region becomes thicker than the diffusion length, leading to increased recombination losses.
Figure 3c—e show the energy band diagrams at different thicknesses. As thickness increases,
the slope of the bands in the depletion region becomes shallower because the same built-in
potential is distributed over a larger distance. The electric field magnitude decreases, which
reduces the drift velocity and increases the transit time, making carriers more susceptible to
trap-assisted recombination. The optimum thickness of 350 nm represents a tradeoff where
the depletion region still provides sufficient field-assisted collection while the quasi-neutral
region does not exceed the diffusion length.

3.2.2. Effect of CuSCN Thickness on Device Performance and Interface

The CuSCN layer thickness (dc,scn) critically modulates the band alignment at the
Sby(S,Se)3 /CuSCN hetero-interface and the carrier transport dynamics across the back
contact. Figure 4a,b present the evolution of photovoltaic parameters as dc,scy increases
from 1 nm to 20 nm. The performance exhibits a sharp rise in Vpoc (from 905 mV to
933.8 mV), FF (from 46.78% to 56.03%), and PCE (from 9.70% to 12.03%) as the thickness
approaches 9 nm, followed by saturation beyond this value. The underlying mechanism
is unequivocally identified through an analysis of the heterojunction band alignment and
the thickness-dependent tunneling probability, supported by the energy band diagrams
in Figure 4c—e.
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Figure 4. Relationship between the thickness of CuSCN and (a) Voc and Jsc, and (b) FF and PCE;
band diagrams for CuSCN layers with thicknesses of (¢) 1 nm, (d) 9 nm, and (e) 50 nm.

For an ultrathin CuSCN layer (dcysen < 5 nm), the film is discontinuous, leading to
direct physical contact between the Sb,(S,Se); absorber and the Au back electrode. The
corresponding band diagram (Figure 4c) shows a sharp downward bending of the valence
band at the Sby(S,5e)3/Au interface, indicating strong Fermi-level pinning and a high
density of interface trap states (Dj;). This configuration forms a Schottky junction at the
Sb,(S,Se)s/ Au interface, characterized by a large valence band offset (AEv =~ 0.5 eV). The
absence of a CuSCN interlayer eliminates the electron blocking barrier, allowing photo-
generated electrons to tunnel or thermionically emit into the metal. This electron leakage
current increases the dark saturation current density (Jy), which directly reduces the open

circuit voltage through [40]:

VOC = nklln(]sic + 1)
q Jo

Furthermore, the direct metal absorber contact introduces severe Fermi-level pinning
and a high density of interface trap states (Dj;), which act as Shockley—Read-Hall (SRH)
recombination centers. The interface recombination velocity for holes (S,) is expressed
as [40]:

®)

©)

A high S, (exceeding 10° cm/s) drastically reduces the hole extraction efficiency and

Sp = UpvthDit

degrades the fill factor. When dc,scn increases to 9 nm, a continuous and structurally
uniform CuSCN film forms. The band diagram in Figure 4d reveals a well-defined het-
erojunction with a minimal valence band offset of approximately 0.2 eV, creating a nearly
barrier-free pathway for hole extraction. Equally important is the large conduction band
offset (AEc =~ 2.3 eV), which acts as a robust electron blocking layer. However, in the
ultrathin regime, electrons can still tunnel through the CuSCN layer via direct tunneling.
The tunneling probability (T) is exponentially dependent on thickness [40]:

2dcyscN

T o exp(— W V2miAE.) (10)
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Atdcyscy = 5 nm, T is approximately 1072 to 1073, leading to measurable electron
leakage. At dcyscy =9 nm, T decreases to below 1079, effectively suppressing parasitic
electron transport. This suppression of leakage current concurrently reduces Jp and en-
hances Vpc. The hole transport within the CuSCN layer itself is governed by the interplay
between drift and diffusion. For a heavily doped p-type CuSCN (N =1 x 10" cm™3),
the depletion width at the CuSCN/Au interface is given by Equation 6. With such high
doping, Weyscn is only a few nano-meters. When d¢,scy is smaller than Wc,scn, the entire
CuSCN layer is fully depleted, resulting in a strong built-in electric field across the layer.
Depending on the polarity of the metal work function (Au, 5.1 eV) relative to the CuSCN
valence band (5.3 eV), this field can either assist or slightly impede hole flow. At 9 nm, a
quasi-neutral region emerges near the metal, allowing diffusion-dominated transport with
minimal resistance. The series resistance contribution from CuSCN is [40]:

dcuscN (11)

R — ZCuSCN
SHTL = g, pA

For p, =25 cm?/V-s and p=Nyp=1x 10! cm—3, the conductivity is high. Thus,
increasing dc,scn from 9 nm to 20 nm raises R y7r by only a negligible amount (on the order
of 0.01 Q-cm?), which does not affect FF. The band diagram at 20 nm (Figure 4e) is nearly
identical to that at 9 nm, confirming that the electrostatic potential distribution within
the HTL has stabilized. Finally, the interface recombination at the Sby(S,5e);/CuSCN
heterojunction is minimized when the CuSCN layer is thick enough to decouple the
absorber from the metal-induced gap states (MIGS) of Au. The saturation of all photovoltaic
parameters for dc,scy > 9 nm, as shown in Figure 4a,b, confirms that at this critical
thickness, the band alignment has stabilized, the interface trap density has reached its
minimum, and the electron tunneling current has become negligible. Therefore, 9 nm is
identified as the optimal CuSCN thickness, balancing complete coverage, minimal leakage,
and low series resistance. Although the optimal CuSCN thickness is identified as 9 nm,
depositing such a thin pinhole-free film via solution processing may be challenging. We
confirm that increasing the CuSCN thickness to 30 nm or 50 nm does not degrade device
performance (PCE remains ~12.0%), because all electrical benefits saturate beyond 9 nm
and the additional series resistance is negligible. Hence, a thicker CuSCN layer (e.g.,
30-50 nm) is recommended for experimental fabrication to ensure full coverage without
sacrificing efficiency.

3.2.3. Effect of CuSCN Doping Concentration on Band Structure and Carrier Extraction

In addition to layer thickness, the doping concentration of the CuSCN HTL (N4)
fundamentally determines the Fermi-level position, the depletion width at the CuSCN/Au
interface, the contact resistance, and the electrostatic potential distribution within the
transport layer. Figure 5a,b present the device performance as N4 increases from 10!°> cm 3
to 10* cm 3. All photovoltaic parameters improve monotonically: Vo rises from 905 mV
to 933.8 mV, Jsc increases slightly from 22.9 to 22.98 mA /cm?, FF improves from 46.15%
to 56.03%, and PCE increases from 9.56% to 12.03%. Saturation occurs at N = 10" cm 3.
The underlying mechanisms are elucidated through doping-dependent band alignment,
depletion region dynamics, and carrier transport physics, supported by the energy band
diagrams in Figure 5¢,d.
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and PCE; energy band diagrams corresponding to CuSCN doping concentrations of (c) 10'° cm =3
and (d) 101 cm—3.

The CuSCN layer forms a junction with the Au back contact. For a p-type semiconduc-
tor, the depletion width W¢yscn is given by Equation (6). At a low doping concentration
(Na =10 em™3), Weusen exceeds the actual CuSCN thickness (20 nm), resulting in full de-
pletion of the entire HTL. The corresponding band diagram (Figure 5c) reveals an upward
slope of the valence band edge (E,) from the Sb,(5,Se); interface toward the Au contact.
—%(ddi”) that points from

the metal toward the absorber. Such a field directly opposes the drift of photo-generated

This upward slope corresponds to a built-in electric field E =

holes, which must travel from the absorber to the metal. The effective barrier for hole
extraction is therefore increased by the potential drop across the depleted CuSCN, leading
to hole accumulation at the Sb,(S,Se)3 /CuSCN interface. The accumulated holes increase
the local hole concentration ps at the interface, which enhances the Shockley—Read—-Hall
(SRH) recombination rate. The interface recombination velocity S, is given by Equation (9).
The recombination current density is [40]:

Jree = qu(Ps - pSO) (12)
where ps is the equilibrium hole concentration. An elevated p; directly increases [y, raising
the dark saturation current density Jo. The open circuit voltage then follows Equation (8).
Thus, a low N4 degrades V¢ through enhanced interface recombination. Moreover, the
upward band slope creates a potential barrier A® = [ Edx that holes must overcome,
effectively reducing the collection efficiency and further lowering [sc. The specific contact
resistance p. at the CuSCN/Au interface is governed by the barrier height ¢ and the
doping concentration. For thermionic field emission, which dominates for moderately to
heavily doped semiconductors, p. is given by [40]:

2. /€
Pc = qA*TeXp( qﬁ

M 4’3)
Ny

(13)
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where A* is the effective Richardson constant. At N4 = 10*° cm ™3, pc is high, contributing
significantly to the total series resistance R;. As N, increases to 10! cm~3, the exponential
factor in Equation (13) decreases dramatically, making p. negligible and the contact quasi
ohmic. The series resistance contribution from the CuSCN bulk is given by Equation (11).
At high doping, this term also becomes negligible.

When Ny reaches 10Y ecm ™3, W, shrinks to only a few nano-meters, and a quasi-
neutral region emerges adjacent to the metal. The band diagram in Figure 5d shows a
nearly flat valence band across the entire HTL thickness. Under this flat band condition,
the built-in field opposing hole transport is eliminated. Holes move by diffusion alone, and
the diffusion current density is [40]:

Ap
dcuscN

Jp = ﬂIDP% ~qDp (14)

With a high hole mobility (u, = 25 cm?/V-s) and a thin layer (20 nm), the diffusion-
limited transport is highly efficient. The elimination of the parasitic field also reduces the
effective series resistance, as mentioned. The flat valence band prevents hole accumulation
at the Sby(S,5e)3/CuSCN interface, reducing ps and thus [ from Equation (12). This
suppression of interface recombination lowers Jy and further improves Vc. The saturation
of all photovoltaic parameters at Ns = 10" cm~3 indicates that further doping increase
does not yield additional benefits. In fact, excessively high doping (above 10! cm~3) could
introduce adverse effects such as Auger recombination, where the recombination rate scales
as Cpp?n or Cyn?p, or reduced mobility due to ionized impurity scattering. However, within
the simulated range, the optimal concentration is unambiguously 10! cm~3. This value is
practically achievable in CuSCN through extrinsic doping or copper vacancy engineering,
providing a clear guideline for device fabrication. In addition to the band alignment and
depletion effects discussed above, we also examined potential trade-offs associated with
such a high doping level. At a doping concentration of 10! cm~3, Auger recombination
and ionized impurity scattering are present but do not limit device performance. The
Auger lifetime (1078 5) exceeds the SRH lifetime and carrier transit time. The hole mobility
(25 cm?/V-s) already accounts for scattering losses and remains adequate for efficient
transport. Doping above 102’ cm~3 would likely degrade mobility and efficiency, but this
range is beyond our optimal value.

3.2.4. Effect of Operating Temperature on Device Performance

To evaluate the operational stability and thermal tolerance of the optimized
Sby(S,Se)3 /CuSCN solar cell, we simulated the temperature dependence of key photo-
voltaic parameters over a range of 280 K to 370 K, as shown in Figure 6. As the temperature
increases from 280 K to 370 K, the open-circuit voltage (Voc) decreases monotonically from
950 mV to 770 mV. This behavior is primarily attributed to the temperature dependence
of the intrinsic carrier concentration (ni) and the dark saturation current (Jy), following
Equation (8), where Jj increases exponentially with temperature [37]. Conversely, the
short-circuit current density (Jsc) exhibits a very slight increase from 22.97 mA/ cm? to
23.06 mA /cm?. This minor enhancement is due to the narrowing of the bandgap (Eg) at
elevated temperatures, which extends the absorption edge to longer wavelengths, albeit
with a weaker effect compared to Voc. The fill factor (FF) shows a gradual improvement
from 55.5% to 60.5% with rising temperature. This counter-intuitive trend can be explained
by the enhanced thermal emission of trapped carriers, which effectively reduces the series
resistance (Rs) and improves carrier collection efficiency in the defective absorber layer.
Consequently, the power conversion efficiency (PCE) decreases from its peak of 12.02% at
280 K to 10.2% at 370 K. The decline in Vo outweighs the slight gains in Jsc and FF, leading
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to a net negative temperature coefficient of approximately —0.055% /K. This coefficient is
comparable to conventional thin-film solar cells, indicating acceptable thermal stability for
practical application.
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Figure 6. Relationship between the temperature and (a) VOC, (b) JSC, (c) FF and (d) PCE of solar cells.

3.2.5. Influence of Absorber Bulk Defect Density on Device Performance

In the preceding optimization, the bulk defect density of the Sb,(S,Se); absorber was
set to 1.3 x 10 cm~3, representing a relatively high-quality film. To evaluate the impact
of material quality, the defect density N; was varied from 1 x 10 cm ™3 to 1 x 10'® cm3,
while keeping all other parameters at their optimized values (absorber thickness 350 nm,
CuSCN thickness 9 nm, doping 10 cm~3). The results are presented in Figure 7a. As
Nt increases, the power conversion efficiency (PCE) decreases monotonically from ap-
proximately 14.0% to 10.5%. This decline is mainly caused by a reduction in open-circuit
voltage (Voc) and fill factor (FF) due to enhanced Shockley—Read-Hall recombination. The
short-circuit current density (Jsc) shows only a slight decrease because optical generation
is not directly affected by defect density.

3 was then fixed, and the absorber

A more practical defect density of 1 x 10> cm™
thickness was re-scanned from 100 nm to 500 nm. The corresponding PCE values are shown
in Figure 7b. The PCE increases continuously with thickness up to 500 nm, reaching about
12.0% at 500 nm, without a clear peak within this scanned range. This indicates that at this
defect density, the optimal thickness is at least 500 nm, which differs from the low-defect
case where the optimum was 350 nm. The discrepancy may arise from the specific defect
parameters or from an incomplete thickness range (i.e., the true optimum may lie beyond
500 nm). Nevertheless, the key practical implication is that achieving high efficiency (>12%)
requires the absorber defect density to be kept below approximately 1 x 10> cm~3. For
devices with poorer material quality, the expected PCE drops to 8-10%, but CuSCN still
outperforms Spiro-OMeTAD under the same conditions (Table 3).
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Figure 7. (a) PCE of the Sb,(S,Se)3 solar cell as a function of bulk defect density in the absorber layer.
Other parameters are fixed at their optimal values (absorber thickness 350 nm, CuSCN thickness
9 nm, doping 10! cm~3), and (b) PCE as a function of absorber thickness at a fixed bulk defect
density of 1 x 101 cm~3. Other parameters are the same as in (a).

3.3. Limitations and Experimental Validation

We emphasize that this study is purely numerical. Although all input parameters are
extracted from experimental literature, the simulations assume ideal interfaces, uniform de-
fect distributions, and perfect ohmic contacts. Therefore, the predicted optimal parameters
and the PCE of 12.03% should be regarded as theoretically achievable upper bounds rather
than guaranteed experimental outcomes. Actual fabricated devices may exhibit lower
efficiencies due to interfacial recombination, shunt paths, and process variations. Future
work will focus on experimental realization of the optimized CuSCN-based Sb,(S,Se)3 solar
cells to verify the simulation results.

4. Conclusions

Using AFORS HET simulations, we systematically optimized Sb,(S,Se)3 solar cells with
CuSCN as the hole transport layer. CuSCN exhibits a superior valence band offset of only
0.2 eV relative to the absorber, outperforming Spiro-OMeTAD by reducing the hole injection
barrier and suppressing interface recombination. An optimal absorber thickness of 350 nm
balances light absorption and carrier collection, matching the depletion width with the
diffusion length. A CuSCN thickness of 9 nm ensures continuous film formation, eliminates
electron tunneling leakage, and adds negligible series resistance. Increasing the p-type
doping concentration to 10' cm 3 flattens the CuSCN valence band, removes the opposing
built-in field, and enables diffusion-dominated hole transport. These optimizations yield
a peak PCE of 12.03%. CuSCN is therefore a low-cost, stable inorganic HTL, providing a
theoretical basis for high-efficiency Sb,(S,Se)3 solar cells. Long-term stability simulations
or experimental validation of CuSCN under specific environmental conditions (humidity,
oxygen, UV) are planned for future work.
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