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Abstract

The performance limitations of single-absorber perovskite solar cells caused by spectral losses can
be reduced by adopting dual-absorber architectures capable of harvesting a broader solar spectrum.
In this study, a lead-free dual-absorber device employing Cs,CuSb,Cl;, and Sr3Sbls as
complementary absorber layers is theoretically investigated using Solar Cell Capacitance Simulator in
1D simulation tool. The effects of absorber thickness, defect density, and doping concentration on
photovoltaic performance are systematically analyzed.

The optimized dual-absorber device achieved a maximum theoretical power conversion efficiency
(PCE) of 35.22%, which is higher than the 30.11% obtained for the single-absorber Cs,CuSb,Cl;,
device under near-ideal defect conditions. Under realistic defect densities, the simulated device
exhibited a PCE of 21.19%. The results identify absorber defect density as the dominant factor
governing device performance due to trap-assisted recombination. A temperature-dependent
analysis was also performed to evaluate realistic operating conditions. These findings provide
simulation-guided insights for the design of stable and efficient lead-free dual-absorber perovskite
solar cells.

Categories: Advanced Materials, Materials Engineering, Energy Efficiency and Conservation
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Introduction

Within just a decade, perovskite solar cells (PSCs) have shown great potential, outperforming market-dominant silicon
photovoltaics. The perovskite materials possess an ABX3 type chemical structure, where A and B represent a univalent

and a divalent cation, respectively, and x signifies a halide ion [1,2]. Besides having superior optoelectronic attributes,
including a high panchromatic light absorption coefficient [3], an adjustable bandgap [2], low excitonic binding energy
[4], and extended charge carrier diffusion lengths [5], these properties can also be tuned by substitution of their
constituent ions, and thereby making them suitable for advanced applications [6]. Recent research findings have
demonstrated a record power conversion efficiency (PCE) of over 26% for single-junction PSCs [7]. However, these high
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performing-materials contain lead (Pb) as the divalent cation, which is hazardous from an environmental aspect [8]. As an
alternative approach, the Pb2* ion can be replaced by SnZ* or Ge2+, but the oxidation tendency of these cations, owing

to elevated energy levels of the 5s and 4s orbitals, influences the durability of PSCs [9]. Therefore, non-toxic low-

dimensional (2D and 0D) perovskites were synthesized by using heterovalent Bi** and Sb3* substitutes for Pb?*.
However, non-ideal optoelectronic properties, such as an indirect band gap and low carrier mobilities, limit their practical
application in optoelectronic devices [10-13]. Subsequently, the double perovskite structure A,BB'X¢, where A represents

a monovalent cation, B denotes a monovalent metal ion, B’ correspond to a trivalent metal ion, and X is a halide ion, has

garnered significant attention as a promising candidate obtained by replacing Pb%* with a monovalent and trivalent
cation [14,15]. Despite exhibiting high structural stability and non-toxicity, the indirect wide band gap of these
materials obstructs their widespread applicability in photovoltaics [16].

Concurrently, layered double perovskite-structured materials have emerged as novel contenders, where the intrusion of a
divalent transition metal ion in the double perovskite structure disrupts the 3D network and leads to the formation of
layered structure [17]. Vargas et al. synthesized earth abundant and non-toxic Cs;CuSb,Cl;, (CCSC) layered double

perovskite material, having a band gap of ~ 1 eV [18]. However, the bulk material possesses an indirect band gap and a
higher electron effective mass. Later, Wang et al. reported fabrication of single-layer CCSC nanocrystals having a direct
band gap (1.6 eV) and lower electron effective mass. Moreover, unlike Pb-halide perovskites, CCSC demonstrates stability
in various polar solvents. While CCSC dissociates into Cs3Sb,Clg, Cs,CuCly and SbCls at 210°C, the degradation is

reversible under high humidity and low temperature conditions [17]. Still, the material exhibits superior optoelectronic
properties, thermal and chemical stability compared to conventional hybrid lead halide perovskite materials. Recent
studies emphasize the design and optimization of CCSCNCs based PSCs [19]. Despite notable performance gains, spectral
losses still limit the efficiency of single junction devices, leaving considerable room for further advancement pathways.
This limitation has enabled the exploration of double-absorber structures, facilitated a broader solar spectrum absorption
and thereby mitigating energy losses. In this regard, Sr3Sbls, having direct band gap of ~1.31 eV, can be chosen as

bottom absorber owing to its favorable band gap, compositional, and heat stability [20]. Moreover, inorganic metal oxide
layers are the most suitable as charge transport layers due to their stability, earth abundance, high performance, and
manufacturing compatibility. However, prior to experimental fabrication, theoretical modeling of device operational
parameters, such as PCE, short circuit current density (J,.), open circuit voltage (V, ), and fill factor (FF) via optimization of

thickness, defect densities, and doping concentration is highly beneficial to evaluate device performance and feasibility.
In this context, multiple software tools such as, SILVACO ATLAS [21], SETFOS [22], wxAMPS [23], and finite difference time
domain method [24], and others are used for the simulation of solar cells, which generally rely on solving fundamental
second-order differential equations of semiconductors employing appropriate interfacial boundary conditions. Among
all these computational software packages, the Solar Cell Capacitance Simulator in 1D (SCAPS-1D) is widely utilized for
heterojunction and multijunction simulations [25].

The present study employs SCAPS-1D software program to assess the Cs;CuSb,Cl;, and Sr3Sbl; double absorber device
performance utilizing cost-effective inorganic TiO, and Cu:NiO as Electron Transport Layer (ETL) and Hole Transport Layer
(HTL), respectively, with the device architecture of FTO/TiO,/Cs,CuSb,Cl;, /Sr3Sbl3/Cu:NiO/Au. The aim is to evaluate the

influence of dual-layer implementation in improving the device performance relative to the single-layer device structure
under optimized layer parameters. The simulated device exhibited the maximum PCE of 35.22% under optimized values
of thickness, doping, and defect concentrations. In addition, the effect of temperature is also studied, estimating the real-
world operational performance of the designed device.
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Materials And Methods

All simulations were performed under standard AM 1.5G illumination using SCAPS-1D, assuming ohmic contacts and
bulk-limited recombination within the absorber layers. Figure 7 shows the n-i-p structured device architectures
employing Cs4CuSb,Cl;, and Cs4CuSb,Cly,/Sr3Sbls as absorbers. The fluorine-doped tin oxide (FTO) coated glass is

adopted as a transparent conducting substrate owing to its chemical inertness and high thermal stability. The TiO, layer

is implemented as an electron transport (and hole-blocking) layer due to its favorable energy level alignment, high
conductivity, high carrier mobility, and low-temperature processing [26]. Cu-doped NiO (Cu:NiO) is used as the HTL owing
to its stability, high conductivity, and abundance [27].

FIGURE 1: Diagrammatic illustration of n-i-p structured perovskite solar cell device framework

FTO, fluorine-doped tin oxide

In addition, gold (Au) is utilized as back electrode throughout the procedure owing to its high electrical conductivity,

suitable work function, and excellent chemical stability. The standard AM 1.5 solar spectrum at 1000 Wm™ irradiation
intensity is adopted for entire simulation. The charge carrier dynamics in semiconductors is determined by the three

fundamental equations listed below [28].

dy ’y g _
P [p(z) — n(z) + Nj (2) — Ny (z) — ni(z) + pe()] (1)
dn, Ny — Ny dE d’n, dny,
@ T T gt OnTgg By )
dpn Dn — Pno dE d2pn dpn
S _q, 0w, D 2 g&n
e e L PR I ®)

Equation (1) is known as the Poisson equation, where ¥, ¢, and q correspond to the electrostatic potential, the
permittivity of semiconductor material, and the electron charge, respectively. Further, n, p, ND+, and Np~ are the

concentrations of electron, hole, ionized acceptor, and ionized donor, respectively, n; and p; are the trapped electron and
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hole concentrations, and x is position coordinate. The continuity equations governing the transport of electrons and
holes are represented in equations (2) and (3). Here G,, and Gp indicate electron and hole generation rates, Np and p,

correspond to electron and hole concentrations, Npo and p,,, signify electron and hole concentrations at equilibrium in p
and n-regions, T, and T, represent electron and hole lifetimes. D, and Dy, represent the diffusion coefficients of electrons
and holes, p, and Hp are electron and hole mobilities and E corresponds to the external electric field. Similarly, the

following equations govern the charge dynamic mechanism through drift and diffusion.

dn dEFn

Jn(z) = qunnE + ¢Dn— = npin— = (4)
dp dEF

Tp(z) = apppB — aDp—— = piip dmp (5)

Here Ep, and Ep, represent the electron and hole quasi-Fermi energy levels. Tables 7 and 2 tabulate the material

parameters required to simulate PSCs.
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Material FTO TiO, Cs,4CuSh,Cl;, Sr3Shl; Cu: NiO
parameters

Thickness (nm) 200 50" 700" 700" 50

Band gap (eV) 35 3.2 1.6 1.31 3.55
Dielectric constant 9.0 9.0 10.0 54 11.75
Electron affinity 4.0 4.0 3.74 4.0 1.8

(eV)

Effective density of = 55, 1018 1%x10'8 45x% 1019 1.2% 1019 2.2 % 1021

states at CB (cm'3)

Effective density of 1.8%10'° 1.8% 1019 1.6% 10" 24% 1019 1.8% 10"
states at VB (cm’3)

Electron mobility 20 20 2.5 50 15x% 1072
(cmZ/V-s)

Hole mobility 10 10 2.5 25 15x% 1072
(cm?/V-s)

Thermal velocity 107 107 107 107 107
(electrons) (cm/s)

Thermal velocity 107 107 107 107 107
(holes) (cm/s)

Doner density (Np) 1% 1015 1.8% 1019 0 0 0

(cm?)

Acceptor density 0 0 1013 107 108

(Na) (cm™)

Total defect density = - 1015 1013* 1012 1016
(cm?)

References [25] [29] [30] [31] [32]

TABLE 1: Material parameter inputs used in present study

FTO, fluorine-doped tin oxide.
Here (*) indicates the variation in particular input parameter.
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Input parameters Tio, Cs4CuSb,Cl,, Sr3Sbls Cu: NiO
Defect types Neutral Neutral Neutral Neutral
Electrons/holes capture 1.0x 10715 1.0x 10715 1.0x 10715 10x 1015
cross-section (cm™2)

Energy distributions Uniform Uniform Uniform Uniform

Defect energy level

reference (E;)

Above VB maximum

Above VB maximum

Above VB maximum

Above VB maximum

Energy level relative to 0.6 0.6 0.6 0.6
reference (eV)
Characteristic energy 0.1 0.1 0.1 0.1

(eV)

TABLE 2: Input parameters utilized in device simulation

Results And Discussion
The high performance of PSCs necessitates the thickness optimization of constituent layers, including the perovskite
absorbing layer, the n-type TiO, layer, and the p-type Cu:NiO film. Figure 2a shows the effect of Cs,CuSb,Cl;, thickness

modulation on device operational parameters. The increase in thickness leads to a slight increase in PCE, but after a
certain thickness, it saturates due to increased bulk recombination losses. Along with absorber layer thickness, bulk
defect density is also a dominant factor governing device performance, as demonstrated by Figure 2b. On varying the

absorber bulk defect density from 10" cm™ to 10" cm™, the PCE decreases as defect density increases, resulting from a
decline in V. and fill factor due to enhanced trap assisted losses. At optimized defect concentration 10'" cm™, the

simulated Cs4CuSb,Cl;, based device attained a maximum PCE of 30.11%.
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FIGURE 2: Device operational parameters variation with (a) thickness and (b) bulk defect density of Cs,CuSb,Cl,,

absorbing layer

PCE, power conversion efficiency; FF, fill factor

1E16

This PCE can be increased further by implementing a dual layer architecture, employing Sr3Sbls as narrow band gap

absorber owing to increased solar absorption. Still, the optimum performance of this dual-layer device necessitates
optimization of the subsequent layer parameters. Figure 3 shows the negligible variation in the solar cell parameters
upon varying the thickness of the TiO, hole blocking layer from 30 nm to 100 nm. Although the wide-bandgap ETL also

serves as a UV filter for the underlying perovskite layer, a thicker ETL may lead to increased parasitic irradiative losses and
series resistance. Also, an excessively thin ETL causes pinholes and low reproducibility, thereby an optimum thickness is

essential for better device performance.
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FIGURE 3: Device parameters with variation in TiO, layer thickness

PCE, power conversion efficiency; FF, fill factor

Similarly, Figure 4 illustrates the effect of relative thickness variation of Cs,CuSb,Cl;, and Sr3Sbls perovskite layers from
600 nm to 1200 nm on the device parameters. At a constant thickness of Sr3Sbls;, PCE decreases on increasing the
thickness of Cs,CuSb,Cl;, layer. With increasing Sr3Sbls thickness, the PCE initially increases, attains a maximum value,

and subsequently decreases upon further thickness enhancement.
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Similarly, V. and FF also decrease with increasing Sr3Sbls thickness. This behavior can be attributed to enhanced bulk

recombination arising from increased carrier transport length and trap-assisted recombination at higher absorber
thicknesses. Although nanocrystals exhibit a direct bandgap, in this simulation the absorber is treated as an effective bulk
layer with averaged optoelectronic parameters. Along with thickness optimization, doping also plays a significant role by
improving charge carrier transport. Figure 5 shows that an increase in doping concentration of the n-type TiO, layer

slightly increases the values of device parameters owing to reduced series resistance and improved charge extraction.
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However, further increase in doping concentration beyond ~10"%cm3 saturates the device performance, which may be
because the ETL is no more the limiting factor for device operation. The effect of bulk defect density in the absorber
layers, which is inevitable in practical materials, is shown in Figure 6. The bulk defect density variation of the absorbing

3

layers between 10"" and 10"> cm™ causes the PCE to decrease with increasing defect density, from a maximum value of

35.22% at a defect concentration of 10'! cm3 for both absorbers.
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The PCE decline is due to the additional traps and shorter carrier lifetimes, resulting in enhanced bulk recombination.

Experimentally reported defect densities typically lie in the range of ~10'% cm’3, corresponding to a simulated efficiency

of 21.19%. Further, in order to fabricate intrinsically defect-free bulk perovskite layers, various techniques such as vapor
phase processing, anti-solvent treatment, and others are analyzed. But, high-quality perovskite absorber layers with are
yet to be fabricated experimentally. Still, the advanced vacuum film deposition techniques such as pulsed laser
deposition, thermal evaporation, and RF sputtering may lead to the fabrication of low-defect-density perovskite films.

012 3

Based on prior simulation studies, optimum defect densities of 10" ecm3 and 1 cm™ were therefore selected for the

Cs4CuSb,Cly, and Sr3Sbls layers, respectively, to represent near-ideal absorber conditions, leading to a PCE of 31.28%. In
addition to bulk defect densities, device operational parameters are also critically influenced by the imperfect interfaces
between the subsequent layers. These heterointerfaces can introduce defect states that act as Shockley-Read-Hall
recombination centers, enhancing non-radiative recombination and reducing carrier lifetime. Consequently, quasi-Fermi
level splitting is suppressed leading to a decline in V., and impeding charge extraction across the interface, thereby

adversely affecting J . and fill factor. However, in this simulation interfacial defects are not extensively considered, as the

analysis is primarily focused on investigating the intrinsic performance limits of the proposed double-layer architecture
under optimistic conditions.
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For further assessment, the device temperature was varied from 300 K to 380 K at an optimized absorber thickness of 700
nm for both the absorbing layers (Figure 7). An overall decline in device performance was observed with increasing
temperature, except for the J;., which slightly increased due to the rise in intrinsic carrier concentration and saturation

current at elevated temperatures.
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FIGURE 7: Variation in device parameters (PCE, FF, Vo and Jgc) with temperature

PCE, power conversion efficiency; FF, fill factor

The reduction in VOC and FF at higher temperatures is primarily associated with enhanced carrier recombination and
increased thermal losses, which dominate over the marginal gain in saturation current. Figure 8 reflects the JV
characteristics of the simulated devices adopting Cs,CuSb,Cl;,, and Cs4CuSb,Cl;,/Sr3Sbls as active layers for single-layer

and dual-layer architectures, respectively. The dual-absorber based device demonstrated a higher PCE of 35.22% owing
to enhanced J,. compared to the Cs4CuSb,Cl;, based single-layer device, exhibiting a PCE of 30.11% under ideal defect

density conditions. The gain in J;. due to improved light absorption and carrier generation is enough to compensate for a
slight reduction in V,. and fill factor, which may be attributed to recombination and resistance losses due to the

additional interface.
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FIGURE 8: Current density-voltage characteristics of the optimized perovskite solar cell devices implementing
Cs4CuSb,Cl,,, and Cs4CuSh,Cl,,/ Sr3Sbl; as light absorber layers

Conclusions

In this work, the SCAPS-1D package was employed to assess the performance of PSCs based on dual absorbers
Cs4CuSb,Cly, and Sr3Sbls as active materials, which are non-toxic, long-term stable, and possess suitable direct band

gaps. N-type TiO, and p-type Cu:NiO films were utilized as hole blocking and electron blocking layers, respectively. For
optimized thickness (50 nm, 50 nm, 700 nm and 700 nm for TiO2, Cu:NiO, Cs4CuSb,Cl;, and Sr3Sbls layers respectively)

and donor doping concentration of 10" cm™ for TiO, layer, the resulting device theoretically yielded a maximum PCE of

35.22% under idealized defect conditions (defect concentration of 10'" cm™ for both Cs,CuSb,Cl;, and Sr3Sbl; layers),
which is considerably higher compared to the PCE of 30.11% obtained for Cs,CuSb,Cl;, based device, owing to

harvesting a broad range of solar spectrum. Also, a PCE of 21.19% was attained under realistic conditions (10" ecm3
defect density for both the absorbing layers). Interfacial defects were not extensively considered in order to focus on
upper-bound performance and isolate the effect of bulk material parameters; therefore, the reported results should be
interpreted as near-ideal estimates. Furthermore, among all varied parameters, the absorber bulk defect density most
strongly influenced device performance, as reduced trap states suppress bulk recombination, thus suggesting
recombination control as a key factor for achieving high power output.
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