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ARTICLE INFO ABSTRACT

Keywords: Despite considerable efforts, efficiencies of SbaSes solar cells remain on a plateau limited by voltage deficits and
SbSes solar cells carrier collection losses. Here, a SCAPS-1D model calibrated to the current record-efficiency SbySes solar cell is used
SCAPS-1D

for full-factorial sensitivity analysis to understand and quantify the joint impact of representative donor, acceptor,
double donor-like, and band tail defects, complemented by a selective-reduction analysis of the CdS/SbySes
interface defects. The simulations reveal, for the calibrated parameter set, a co-limited regime governed by a sta-
tistically significant, non-additive interaction between double donor-like and band tail defects. Band tail states,
commonly associated with structural disorder, emerge as the dominant bulk voltage-limiting defect by reducing
quasi-Fermi level splitting and enhancing distributed non-radiative recombination, degrading the device gradually
without a critical threshold. Double donor-like defects control carrier extraction through compensation of the
native p-type absorber: when their ionized charge exceeds the acceptor density, the junction field reverses at
~10*® ¢cm™2 and carrier collection collapses, a threshold that shifts by more than an order of magnitude in the
presence of band tail states. Near open circuit, recombination at the CdS/SbySes interface dominates, and its
passivation offers the largest single efficiency gain. We show that the defect interactions create a two-dimensional
performance landscape in SbySes, where band tail recombination and donor compensation act through different
physical pathways and jointly limit the efficiency of the calibrated device. The resulting two-dimensional defect-
tolerance map provides quantitative practical guidelines for defect engineering and further efficiency improve-
ments of SboSes solar cells.

Band tail states
Double donor defects
Defect hierarchy

1. Introduction

Antimony selenide (Sb2Ses) has emerged as a promising absorber ma-
terial for thin-film solar cells [1-3]. It features an absorption coefficient
exceeding 10°cm ™! [4,5] and nearly ideal direct bandgap (1.1-1.2 eV) [5].
SbySes binary chemistry relies on earth-abundant and low-toxicity ele-
ments. The quasi-one-dimensional (Q1D) structure consists of [SbsSegl,
ribbons linked by van der Waals forces [1]. Over the past decade, signifi-
cant progress has been achieved in SboSes device performance, with re-
ported power conversion efficiencies rising from 2.25 % in 2014 [6], to
4.7 % in 2015 [7], 7.04 % in 2018 [8], to the current record of 10.57 %
achieved in 2022 [9]. Nevertheless, the efficiencies achieved remain sub-
stantially below the theoretical potential of the material.

A major factor limiting device performance is the presence of elec-
tronic defects that influence carrier recombination, electrostatics, and
charge transport. Historically, the ribbon configuration of SbySe; was
thought to ensure grain boundaries free of dangling bonds [10]. However,
experimental open-circuit voltage (V) limitations challenge this benign
boundary concept [11,12]. Prior theoretical calculations and experi-
mental studies have identified several intrinsic point defects that can
form in SbySes including vacancies, antisites, and defect complexes.
Depending on their charge state and formation conditions, these defects
may behave as donor or acceptor like states and thus modify the effective
doping level of the absorber [13]. Such defects can introduce deep elec-
tronic levels within the band gap that act as recombination centers,
reducing carrier lifetime and limiting the achievable V.. Beyond isolated
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point defects, structural disorder can also introduce band tail states
extending from the band edges into the band gap. These states are
commonly associated with grain boundaries, structural disorder, or
extended defect complexes in the material.

Recent progress in the identification and characterization of defects in
SbySes has been driven by both theoretical modeling and experimental
techniques, such as admittance spectroscopy (AS) and Deep-Level Tran-
sient Spectroscopy (DLTS). Stoliaroff [14] and Dong [15] have proposed,
using DFT calculations, a general taxonomy of intrinsic point defects in
SbsSes, classifying them into donor- and acceptor-type configurations
according to their chemical origin and energetic position within the
bandgap. In parallel, Huang [16] provided a description of the intrinsic
defect chemistry, emphasizing the dominant role of antisite defects and
the delicate balance between native vacancies and antisite configurations
in establishing the intrinsic p-type character of SboSes. Although these
works differ in how explicitly they attribute conductivity to specific iso-
lated defects versus compensation equilibria, they converge on the cen-
tral role of SbySes defect chemistry in governing electronic properties.
There is a general agreement that single acceptor defects, primarily
antimony vacancies (Vgp) and selenium-on-antimony antisites (Segp), are
the main contributors to p-type conductivity. These defects introduce
relatively shallow acceptor levels located ~0.1-0.2 eV above the valence
band minimum, enabling efficient hole generation and defining the
intrinsic doping behavior of the material.

In contrast, donor-type defects exhibit a higher degree of ambiguity
across literature [14-16]. Single donors, such as selenium vacancies
(Vse), are widely recognized as compensating centers that reduce free
hole concentration and contribute to V. losses. Antimony-on-selenium
antisites (Sbse) also act as compensating donors but can adopt multiple
charge states and are therefore frequently associated with double donor
behavior. However, the nature of so-called double donor configurations
remains less consistently defined. While earlier interpretations (e.g.,
Stoliaroff [14]) treat them as distinct deeper donor states associated with
complex defect configurations or multiple charge transition levels, more
recent work by Dong [15] suggests that these apparent double donor
signatures may instead emerge from defect coupling effects and local
structural relaxation in the quasi-one-dimensional lattice, rather than
representing an independent fundamental defect class. This interpreta-
tion is further reinforced by Wijesinghe, Longo and Hutter [17], who
argue thatin quasi-one-dimensional materials such as SbaSes, the concept
of isolated point defects is often insufficient, and that double donor-like
behavior should be understood as the emergent electronic response of
interacting defect ensembles and structural disorder.

Beyond discrete point defects, the electronic landscape of SbySes is
also strongly influenced by continuous disorder-induced states [18]. The
valence band tail arises from energy fluctuations in Se orbitals associated
with structural disorder, whereas the conduction band tail originates
from disorder in Sb orbitals. These localized band-edge fluctuations
contribute to the formation of an extended Urbach tail, effectively
broadening the band edges and introducing a continuum of shallow
localized states [19,20]. As crystalline quality deteriorates, the density
and energetic width of these tail states increase, and it has been proposed
that the resulting carrier localization and screening of ionized charges
reduce the effective built-in electric field and degrade charge separation.

This defect landscape is further complicated by the presence of deep-
level traps experimentally observed in SboSes solar cells. Hobson [13]
and Dong [15] identified several critical defects (E;, Ez and Eg) using DLTS
and admittance spectroscopy, with activation energies between 0.35 and
0.69 eV relative to the band edges. These states act as efficient non-radiative
recombination centers, strongly limiting carrier lifetime. In parallel, the
current efficiency record of 10.57 % for SbySes solar cells was reported by
Zhao [9], who identified two dominant hole traps (H; =0.43 eV and
Hy = 0.47 eV) via admittance spectroscopy. These traps were chemically
linked to deep-level configurations of Seg, antisites (Segp; and Segpz)
located at inequivalent lattice sites. Since Seg antisites have also been
associated with shallow acceptor levels [ 14-16], these assignments suggest
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that the same antisite can give rise to either shallow or deep states,
depending on its lattice site and on the charge-state transition involved. In
contrast to shallow acceptors, these deep states act as recombination cen-
ters rather than dopants, and their suppression was critical to achieving
record device performance.

Although the electronic structure and formation energetics of many
defects in SbySes have been extensively studied, the impact of their inter-
play on device level operation remains insufficiently understood and
quantified [3,8,21-23]. In particular, while microscopic analyses provide
detailed insight into defect origin and energetics, they do not systematically
resolve how different defect populations govern internal electrostatics,
carrier transport regimes, and macroscopic photovoltaic parameters. This
disconnection prevents the establishment of clear defect-tolerance limits
and obscures identification of the most performance-limiting defect
configurations.

Unlike most SCAPS-1D studies, which use the simulator as a device-
optimization tool to tune layer thicknesses, doping or band alignments,
the present work uses it to analyze defect physics and multivariable defect
sensitivity, treating the defect populations as the central object of study
rather than as auxiliary model parameters. To this end, comprehensive
solar cell-level simulations of defect-induced performance degradation in
SbsSes solar cells are performed. A numerical model based on SCAPS-1D
was first developed and calibrated to reproduce the experimental J-V and
EQE response of the record-efficiency solar cell [9]. Subsequently, a
systematic sensitivity analysis is performed to quantify the impact of
different defect populations, including single donor, single acceptor,
double donor and band tail states, together with interface defects, on
charge transport and recombination dynamics. This approach enables the
extraction of defect density thresholds, defined by an objective criterion,
and the shape of the transition for each defect class, and their influence on
internal electric field distribution, SRH recombination activity, carrier
transport regime, quasi-Fermi level splitting, and current-voltage char-
acteristics. In particular, the analysis distinguishes between defects that
degrade the device through electrostatic compensation, reversing the
junction field and driving carriers towards interface recombination, and
defects that act through distributed bulk recombination. The interaction
between the two dominant defect classes is quantified through factorial
and response-surface analysis.

This simulation framework thereby establishes a quantitative link
between microscopic defect physics and macroscopic device perfor-
mance, provides a defect-tolerance map that clarifies the relative role
and interplay of different defect species in limiting the efficiency of the
calibrated SbySes solar cell, and offers practical design guidelines for
material and process optimization.

2. Methodology
2.1. SCAPS software and theoretical foundations

Numerical simulations were performed by SCAPS-1D, a one-
dimensional solar cell simulation software developed at the University
of Ghent [24]. SCAPS-1D is widely used in the photovoltaic community
for the theoretical analysis of thin-film solar cells, particularly for
chalcogenide-based devices such as CIGS, CZTS and SboSes [25-27].
Detailed description of SCAPS modeling and the algorithms can be found
in Refs. [24,28,29].

Briefly, SCAPS-1D mathematical framework consists of the Poisson
equation (Eq. (1)), which relates the electrostatic potential (¢) to the
space charge distribution, together with the continuity equations for
both electron (Eq. (2)) and holes (Eq. (3)). It also incorporates the drift-
diffusion current equations for electrons (Eq. (4)) and holes (Eq. (5)),
expressed in terms of the quasi-Fermi level gradients.
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where ¢ is the permittivity, g is the elementary charge, n and p are the
free carrier concentrations, Ny and Np denote the acceptor and donor
densities, while Purap TePresents the charge associated with defect traps.
Jn and J, are the electron and hole current densities. R, and R, are
electron and hole recombination rates, respectively, while G is the car-
rier generation rate. Ep, and Ep, correspond to the electron and hole
quasi-Fermi levels, while y, and Hp, are the carrier mobilities.

SCAPS-1D solves these fundamental semiconductor equations under
steady-state conditions, using the coupled system of differential equa-
tions (¢,n,p) or equivalently (¢, Ep,, Epp), considering appropriate
boundary conditions at interfaces and contacts. Solar cell performance
parameters were evaluated under Standard Test Conditions (STC) using
the AM1.5G solar spectrum 1000 W m ™2 at a temperature of 300 K.

2.2. Device configuration and material parameters

The SbsySes solar cell architecture simulated in this work consisted of a
glass/FTO/CdS/SbySes/Au heterojunction stack. This configuration was
inspired by the world-record-efficiency device reported by Zhao [9]. The
layer thicknesses, as well as series and shunt resistances, were adopted
from this reference to ensure consistency with experimental benchmarks.
In this configuration, FTO serves as the transparent conductive oxide
(TCO) and CdS acts as the n-type buffer layer, while SbySes functions as
the p-type light-harvesting absorber.

Accurate device simulation in SCAPS-1D (version 3.3.11) requires
specifying the key physical parameters for each layer. The fundamental
material properties used in this study are summarized in Table 1 [25,27,
30-35]. These parameters include the bandgap (Ej), electron affinity (),
relative permittivity (¢, ), and the effective density of states (N,,N, ). Carrier

mobilities (ﬂm ﬂp) and doping concentrations (Np, N4 ) were also defined

according to reference literature. Thermal velocities for electrons and holes
were set to 107 cm/s. The rear interface was modeled using a metal back
contact with an appropriate work function (®,,) to represent a quasi-ohmic
metal/absorber junction. The model was at first calibrated to reproduce the
J-V and EQE characteristics reported by Zhao [9]. The agreement between
experimental and simulated responses was quantified using MAE, RMSE,

Table 1

Simulation parameters for Sb,Se3 and CdS films.
Parameters Sb,Ses Cds
Thickness (nm) 1000 60 [9]
Bandgap (eV) 1.1 2.4 [9]
Electron affinity (eV) 4.1 4.2 [30-35]
Relative dielectric permittivity 14.5 10 [30-35]
CB effective density of states (cm™>) 2x 10 2.2x10%  [30-35]
VB effective density of states (cm ) 1x10"° 1.8x10°  [30-35]
Electron thermal velocity (cm s~!) 1x107 1x107 [30-35]
Hole thermal velocity (cm s’l) 1x107 1x 107 [30-35]
Electron mobility (cm? V=1 s71) 16.7 50 [30-35]
Hole mobility (cm? V' s71) 16.7 5 [30-35]
Donor doping Np (em™) - 1x10'® [30-35]
Acceptor doping Ny (cm~>) 1x10'° - [9]
Radiative recombination coefficient (cm® 2.2%x107° [30-35]

s
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NMAE and NRMSE, in addition to the main photovoltaic parameters, and
the identifiability of the calibrated parameter set is analyzed in the Sup-
porting Information. Once agreement with the reference device perfor-
mance was achieved, the calibrated structure was used as the starting point
for systematic multi-factorial parametric analysis of bulk and interface
properties.

In accordance with SCAPS-1D practice, the FTO and Au electrodes
were not modeled as layers but defined as electrical contacts, i.e. as
boundary conditions applied to the CdS and Sb,Seg layers, respectively.
The front contact was characterized by a work function of 4.1 eV and
surface recombination velocities of 10%cms™ for both electrons and
holes. The rear contact was characterized by a work function of 5.4 eV
and surface recombination velocities of 10’ cm s~ for both carriers [34,
35]. Tunnelling was disabled at both contacts. The optical properties of
the contacts were taken from a default file of the SCAPS library. Series
and shunt resistances of 6.5 Q cm? and 6 x 10% Q cm?, respectively, were
included in all simulations. The numerical settings used in all simula-
tions are listed in Supporting Information (Table S1). The device was
defined in SCAPS as Au/SbySe3/CdS/FTO, with illumination incident
from the FTO side. The absorption coefficients of CdS and Sb,Ses were
taken from Refs. [36-38], and were kept constant in all simulations, so
that variations in band tail density do not modify the optical absorption.

Single defect sweeps were performed to quantify the density at which
each bulk defect becomes performance-limiting. In each sweep the
defect of interest was the only bulk defect, while the CdS/SbsSes
interface defect was kept at its calibrated value (Table 3). N, in double
donor was varied from 10'* to 107 cm ™3, in 17 logarithmically spaced
steps, and N; in band tail states over 12 densities between 10'® and
107 cm ™. The double donor sweep was repeated with band tail states at
their calibrated density (10'® cm™3) to assess the effect of their inter-
action on the threshold. Internal profiles were computed for each defect
at 12 densities between 10'2 and 10'7 cm ™3, at V = 0 for the electric field
and SRH recombination and at V = V. for the quasi-Fermi level split-
ting. Thresholds were defined relative to the device without bulk defects
as the density at which J. decreases by 10 % or efficiency by one ab-
solute percentage point. For the double donor sweep with band tail state
states, the band tail-only case was taken as reference. Threshold den-
sities were obtained by linear interpolation in log N; between adjacent
simulation points, and the width of each transition was quantified as the
interval in log N; between n = 0.9y, and = 0.57,.

All simulations were performed with a maximum ratio of 1.2 be-
tween neighboring mesh points (Table S1). Mesh convergence was
verified by repeating the calculations with ratios of 1.6 and 1.1 for the
reference device and for a device in the double donor transition region
(double donor as the only bulk defect, Npp = 2 x 10'® cm~3), where Jg
is most sensitive to the internal field. In both cases the variation between
the coarsest and finest mesh was below 0.25 % in J,. and efficiency, and
below 0.02 % in V,. and FF, and the bulk and interface recombination
currents were unchanged (Table S2). The corresponding uncertainty in
the double donor threshold density is below 1 %. The contour maps were
interpolated in OriginPro using spline interpolation from the 13x13
matrix of simulations, all of which converged.

2.3. Defects and recombination mechanisms

Non-radiative recombination in the SbySes absorber layer is modeled
using the Shockley-Read-Hall (SRH) formalism. SRH recombination
constitutes one of the dominant performance-loss mechanisms in SboSes
solar cells due to the high density of defect-induced localized states
within the bandgap [39]. These states originate from intrinsic point
defects, defect complexes, antisite configurations, and disorder-induced
band tail states, which act as carrier trapping and recombination cen-
ters. The net recombination rate (Rsgy) associated with a given defect
level is defined as [40]:
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where n and p are the free carrier concentrations, and n; is the intrinsic
carrier density. The parameters n; and p; correspond to the carrier
densities when the Fermi level coincides with the defect energy level
(E;). The carrier lifetimes (zn,) are determined by the capture cross-
sections (6,p) and the total defect density (N;):

1
Onp Vih Nt

)

Tnp

where vy, is the thermal velocity of the carrier. Carrier transport and
collection are further limited by the diffusion length (L,p), which de-
pends on the diffusion coefficient (Dp,y), carrier lifetime (7,,), thermal

voltage (Vr) and carrier mobility (/4" _p), as shown in Eq. (8) and Eq. (9):

Ln.p = Dmp Tnp (8)
an = VT /’tn,p (9)

Beyond discrete point defects, the quasi-1D ribbon structure of SbySes is
susceptible to structural disorder and grain boundary fluctuations [8,
41]. These imperfections are commonly associated with a distribution of
electronic states extending from the band edges into the gap, known as
band tails. In the literature, band tails have been linked to a reduction in
carrier mobility, an effective narrowing of the optical bandgap, and a
major contribution to the V. deficit observed in experimental solar cells
[42-44]. In the present simulations, band tails are represented as
exponential distributions of localized electronic states that act as carrier
trapping and recombination centers. Carrier mobilities and the bandgap
are fixed input parameters (Table 1), so effects on transport, such as
mobility reduction, and on the effective bandgap are not included in the
model and are mentioned only as physical context.

The electrostatic behavior of the heterojunction is described by the
Poisson equation (Eq. (1)), which relates the electrostatic potential to the
space charge density. The built-in electric field generated at the CdS/
SboSes interface is essential for efficient carrier separation. However,
ionized defects contribute to the space charge (o, in Eq. (1)) and can
therefore modify the internal field [45]. Depending on the sign and density
of their charge, they can weaken the junction field and reduce the depletion
width, shifting carrier collection from drift-dominated to diffusion-limited
transport, or even reverse it. The electrostatic effect of each defect type is
analyzed in Section 3.

To reproduce the experimentally observed electronic landscape of
SbySes, the SCAPS model incorporates both discrete defect states and
disorder-induced band tail distributions. Specifically, three representa-
tive point-defect levels and exponential band tails are included to cap-
ture the combined effects of compensation, deep recombination, and
structural disorder within the absorber. While the general nature of
these defect types in SbySes is well established in the literature, the
following summarizes their physical interpretation and the specific
modeling assumptions adopted in this work:

Table 2
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a) Single donor (Vse): selenium vacancy states act primarily as compen-
sating centers, reducing the effective hole concentration and weak-
ening the built-in electric field. They are modeled here as deep donor-
like states (Table 2) consistent with selenium-deficient growth condi-
tions, where their primary role is electrostatic compensation rather
than deep recombination.

b) Double donor-like deep states (Sbg): these states represent deep donor-
type recombination centers commonly associated with antimony-on-
selenium antisites or defect-coupled configurations. Rather than treat-
ing them as strictly isolated point defects, they are modeled here as
effective deep electronic states that capture the collective recombina-
tion and electrostatic activity of a family of structurally related defect
configurations. The double donor defect is assigned to Sbg, antisite
configurations as an effective interpretation, consistent with recent in-
terpretations in the literature. This distinction is relevant because the
double donor is a multivalent defect whose recombination activity in-
volves multiple charge-state transitions and is therefore represented by
two transition levels within the SRH framework, rather than by a single
defect level. The double donor is implemented in SCAPS as a single
multivalent defect with three charge states (DD°, DD*, and DD?*) and
two associated transition levels: DD*/DD at 0.20 eV and DD?** /DD at
0.55 eV below Ec (0.90 and 0.55 eV above Ev; Table 2), with electron
and hole capture cross sections of 1071° cm? for both transitions. The
occupation of the three charge states determines both the SRH recom-
bination rate and the defect charge entering the Poisson equation (Eq.
(1).
Single acceptor (Vsp): antimony vacancy states constitute the domi-
nant source of intrinsic p-type conductivity in SboSe3 and are modeled
as shallow acceptor-like levels. Their primary role in the model is to
define the equilibrium carrier density rather than to act as efficient
recombination centers, given their energetic proximity to the valence
band.

d) Valence and conduction band tail states (structural): were modeled in
SCAPS-1D as exponential distributions of acceptor-like (valence tail)
and donor-like (conduction tail) states, intended to represent the
broadening of the density of states caused by structural disorder. In
this work, structural disorder is defined operationally through Urbach
energy (Ey) and the integrated tail density, and no specific atomic
configuration is assumed. The valence-band tail is represented by:

(E>Ey) (10)

C

~

Nv(E) :N()‘V exp[ — (E*Ev) /EU}

where E is measured from the valence band edge (Ey), No v is the density
of states per unit energy at the band edge, and Ey is Urbach energy. The
total integrated density of each tail is:

Table 3

Sb,Se3/CdS interface defect parameters.
Defect type SbySe3/CdS
Capture cross section electrons (sz) 1.0 x 10718
Capture cross section holes (sz) 1.0x10°
Energetic distribution Single
Energy level with respect to Valence Band edge (eV) 0.60

Total defect density (N) 1.0 x 102 cm 2

Bulk defect and band tail parameters for SbySes. For the double donor defect, the same electron and hole capture cross sections were used for both transition levels.

Double donor (0/ + /2 +)

Single acceptor (— /0) Band Tail (— /0) Band Tail (0/ + )

Defect type Single donor (0/ + )

Capture cross section electrons (cm?) 3.3x10°1° 1.0x10°1°
Capture cross section holes (cm?) 1.0x10°1° 1.0x10°1°
Energetic distribution Single Single
Energy level with respect to VB edge (eV) 0.40 0.90/0.55
Urbach energy (eV) - -

Total defect density (N) (cm~>) 4.0 x 102 1.0 x 10

1.0x10°15 1.0x10°Y 1.0x10°Y
1.0x10°1° 1.0 x 1077 1.0x 10717
Single VB Tail CB Tail
0.25 0.00 0.00

- 0.032 0.032

1.0 x 10 1.0 x 10'¢ 1.0 x 10'¢
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N,= /NV(E) dE an
which is the parameter entered in SCAPS, corresponding to Ny = 1x
106 ¢m~3 (Table 2) in this model. Ny y is derived internally. The con-
duction band tail is defined symmetrically:

Nc(E) :NO‘C exp[ — (EC —E) /Eu] (E<Ec) (12)

The valence and conduction band tails were varied together in the
parametric study. The tail states are treated as distributed electronic
states rather than as discrete defects associated with a specific atomic
configuration, and their electron and hole capture cross-sections are
specified independently.

The specific parameters used to model these electronic states are
summarized in the following tables. Table 2 details the energy levels
(Ee), capture cross-sections (65, ), and densities (N;) for both the discrete
point defects and the exponential band tail distributions. In addition, the
electronic properties of the SbySe3/CdS heterojunction, including the
interface defect density and surface recombination velocities, are pre-
sented in Table 3.

The solar cell parameters listed in Table 1 were taken from the exper-
imental data of the record SboSeg reported by Zhao [9] and from previous
SCAPS-1D studies on SbySes devices [26,28,30-35], and were kept fixed
throughout this work. The defect model comprises bulk defects and band
tail states in the absorber (Table 2) and defects at the CdS/Sb,Ses interface
(Table 3), with initial values based on references [30-35]. Urbach energy
was obtained from the exponential sub-bandgap edge of the experimental
EQE reported by Zhao [9], and the energy level of each defect was taken
from Ref. [9]; both were kept fixed. The electron and hole capture cross
sections and the total density of each defect were treated as free parameters
and adjusted so that the simulated J-V and EQE responses reproduce the
experimental data of the reference solar cell.

3. Results and discussion
3.1. Model validation

To establish a reliable basis for the sensitivity analysis, the model
was at first calibrated against the experimental J-V and EQE charac-
teristics of the record-efficiency SbySes solar cell reported by Zhao [9].
This step ensured that the effective one-dimensional device model, with
the physical parameters defined in Section 2 and the defect-mediated
recombination described above, reproduces the measured behavior of
the reference solar cell.

Fig. 1a compares the simulated and experimental J-V characteristics
under STC after the calibration process. The J-V agreement was quantified

a)

Current density (mA-cm?)

T
0,3

02
Voltage (V)

0,1 0,4 0,5

b)
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by MAE (0.547 mA cm™2), RMSE (0.941 mA cm™2), NMAE (1.26 %) and
NRMSE (2.31 %), and the calibrated values of the free parameters are given
in Tables 2 and 3 (Figs. S1 and S2). The simulated curve closely follows the
experimental response across the entire voltage range. The extracted
photovoltaic parameters summarized in Table 4 show relative deviations
below 3 %. In particular, the close agreement in V. indicates that the
selected defect energy levels and the back-contact work function are
consistent with the measured device, although this agreement alone does
not establish them uniquely. The extracted photovoltaic parameters sum-
marized in Table 4 show relative deviations below 3 %. In particular, the
close agreement in Voc indicates that the selected defect energy levels and
the back contact work function are consistent with the measured solar cell,
although this agreement alone does not establish them uniquely. Shifting
each discrete defect level + 0.05 changes the simulated J-V curve by less
than 0.3% (NRMSE), the interface defect being the most sensitive
(Table S8).

The External Quantum Efficiency (EQE) comparison in Fig. 1b
further supports the calibration. The simulated spectrum reproduces the
experimental spectral response across the measured wavelength range.
In the short-wavelength region (300 — 500 nm), the model captures the
losses associated with parasitic absorption in the CdS window layer and
the transmission of the front contact. In the long-wavelength region (600
— 1000 nm), the high EQE plateau is consistent with the absorption co-
efficient of SbaSes [36,37] and with carrier diffusion lengths sufficient
for efficient collection. The sub-bandgap response and the slope of the
absorption edge near 1100 nm are reproduced by the EQE reported by
Ref. [9]; the band tail states included in the model are electronic states
and do not modify the optical absorption.

The simultaneous agreement in both J-V and EQE characteristics
demonstrates that the numerical model with comprehensive defect con-
figurations and specific material parameters captures the balance be-
tween photogeneration, bulk recombination, and interface losses in the
SbsSes solar cell stack. The model and simulation framework can there-
fore be considered a consistent effective representation of the SboSes
heterojunction and a reliable basis for the defect sensitivity analysis,
while the calibrated parameter set is the best fit within the explored
parameter space rather than a unique solution.

Table 4

Comparison between experimental [9] and simulated J-V parameters.
Parameter Experimental Simulation Relative Error
Jse (mA-cm™2) 33.52 33.90 1.1%
Voe (mV) 467 471 0.9%
FF (%) 67.64 65.68 2.9%
n (%) 10.57 10.48 0.9%

100

—o— SCAPS

External Quantum Efficiency (%)

T T T
600 800 1000

Wavelength (nm)

T
400

1200

Fig. 1. Comparison of the a) J-V characteristics and b) External Quantum Efficiency (EQE) reported experimentally by Zhao [9] with those simulated with
SCAPS-1D. J-V curves: AM1.5G illumination (100 mW cm’z), T =300 K. EQE: simulated at short circuit (V= 0).
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3.2. Sensitivity analysis of defect states and recombination centers

To investigate the influence of intrinsic defects mechanisms on the
optoelectronic performance of SbySes, a simulation-based sensitivity
analysis was conducted considering four defect classes (Table 2): a single
acceptor, a single donor, a double donor, and exponential band tails. A full
factorial design of experiments framework was employed to systematically
evaluate both the individual and combined effects of these defect classes
across all possible defect configurations. This approach enables quantita-
tive assessment of the relative contribution and interaction of each defect
type to the resulting electronic behavior. This section analyzes how these
defects combinations modify the principal electronic performance in-
dicators, including electrostatic profiles, recombination pathways, carrier
transport limitations, and overall photovoltaic characteristics.

Fig. 2 shows the electric-field profiles across the SbySes absorber
under AM1.5G illumination at short circuit (V=0), with x measured
from the rear contact (x=0) to the CdS/SbySes junction (x=1 pm);
negative values correspond to a field driving electrons towards the CdS/
SbySes junction. Four groups are distinguished. The defect-free case and
all single donor/single acceptor combinations (black) retain a strong
negative field localized at the junction. Configurations with band tails
but without double donor (green) show a narrower junction field that
preserves its polarity. Configurations combining the double donor and
band tails (red) preserve a collection region of ~0.15 pm adjacent to the
n-type layer, while the absorber bulk is quasi field-free with only a weak
positive field. In contrast, configurations containing the double donor
without band tails (blue) show field-polarity reversal in the ~0.4 pm
adjacent to the junction, precisely where photogeneration is highest,
while the main band bending is displaced towards the rear contact.
Thus, the decisive difference is not the presence of a positive field per se,
but its location relative to the photogeneration region.

In the absence of the double donor defect, all electric-field profiles
retain a negative electric field at the junction, consistent with a p-type
absorber and a conventional n-CdS/p-SboSes junction [15,19]. Single
donor and single acceptor defects have a negligible effect on the field
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Fig. 2. Simulated electric field profiles across the Sb,Ses absorber for all defect
combinations, under AM1.5G illumination at V=0 and T = 300K. The coor-
dinate x measured from the rear contact (x=0) towards the CdS/Sb,Ses
junction (x =1 pm). Negative values correspond to a field driving electrons
towards the junction. Four distinct groups are identified: no bulk defects and
single donor and single acceptor combinations (black), band tails without
double donor (green), double donor with band tails (red), and double donor
without band tails (blue). The double donor without band tails reverses the field
polarity adjacent to the junction, whereas band tails narrow the junction field
without changing its polarity and, when combined with the double donor,
preserve the collecting front region.
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profile. Band tail states preserve the field polarity but narrow the
depletion region, because the charge trapped in tail states increases the
space-charge density adjacent to the junction. Since Urbach energy and
carrier mobilities are fixed in the model, this effect is purely electrostatic
and recombination-related, not a result of increased energetic disorder
or mobility reduction.

The double donor produces the most pronounced electrostatic disrup-
tion [14-16]. To identify its origin, Fig. 3 compares the DD-only, BT-only
and DD + BT configurations at short circuit: (a) energy band diagrams, (b)
ionized defect charge density, (c) electron and hole current densities, and
(d) electron and hole densities. In the DD-only solar cell, the ionized double
donor charge exceeds the background acceptor density throughout the
absorber. The absorber is thereby inverted to effectively n-type: electrons
become the majority carriers in the bulk. The main band bending is relo-
cated to the rear contact, and the bands bend upwards by ~0.14 eV towards
the junction. The reverse front field drives holes towards the CdS/SbySes
interface, producing a hole flux of ~35 mA cm™2 into the interface. There
both carrier densities reach ~10'% cm ™3, compared with 2 x 10'°ecm™ in
the other two configurations, which maximizes interface recombination.

When band tails are also present, the tail states supply a large negative
space charge in the front region, virtually identical to that of the BT-only
solar cell. This charge sustains the junction field irrespective of the double
donor. In the bulk, the net defect charge remains of the order of Ny, so the
absorber stays p-type, albeit with a lower hole density than in the BT-only
solar cell. Consequently, in both BT-only and DD + BT, photogenerated
holes are transported as majority carriers to the rear contact, and elec-
trons are collected at the junction.

The current-loss budget at short circuit (Table 5) quantifies these
mechanisms. In the DD-only solar cell, 35.8 of the 38.8 mA cm ™2 gener-
ated are lost to interface recombination, whereas bulk SRH recombina-
tion accounts for only 0.99 mA cm ™2, In the BT-only and DD + BT solar
cells, interface recombination is negligible (~0.01 mA cm2). The
collapse of Js in all double donor configurations without band tails
(Table 6) therefore originates from the loss of the collecting front field and
the resulting interfacial recombination, not from bulk recombination.

Table 6 summarizes the simulated photovoltaic parameters for all
defect configurations considered in combinatorial design of experi-
ments. The macroscopic device response is interpreted in conjunction
with the electric field profiles (Fig. 2), quasi-Fermi level splitting (Fig. 4)
and spatial SRH recombination rate (Fig. 5). The configuration without
bulk defects establishes the upper performance limit of the simulated
device, yielding 7 = 15.42 %. Configurations containing only isolated
single donor (SD) and/or single acceptor (SA) defects exhibit virtually
identical photovoltaic parameters, confirming that these point defects
exert only a negligible influence on the electrostatic and recombination
landscape of the device.

A completely different behavior emerges in the presence of double
donor (DD) defects. Independently of the coexistence of SD or SA, all DD-
only configurations exhibit an almost complete collapse of photovoltaic
operation, with efficiencies below 0.5 %. This severe degradation origi-
nates from the strong built-in field inversion previously identified in
Fig. 3, which drastically suppresses carrier collection and transport across
the absorber. Interestingly, despite this catastrophic reduction in current
extraction, the simulated V,. remains relatively high. This apparent
decoupling indicates that the dominant effect of isolated double donor
defects is not a direct collapse of the carrier chemical potential separa-
tion, but rather a severe electrostatic disruption of the junction. The
relatively preserved quasi-Fermi level splitting further confirms that
thermodynamic losses alone cannot explain the extreme performance
degradation induced by isolated double donor states.

Band tail (BT) states produce a distinct degradation regime. In all band
tail containing configurations excluding isolated double donor domi-
nance, V. decreases systematically, accompanied by moderate re-
ductions in Jg. and FF, leading to efficiencies near 10-11 %. Unlike the
double donor-dominated regime, the degradation associated with band
tail states remains relatively balanced across all photovoltaic parameters.
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Fig. 3. Solar cell electrostatics and transport at short circuit (V = 0, AM1.5G) for the DD-only, BT-only and DD + BT configurations. (a) Energy band diagrams with
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electron and hole current densities; (d) electron and hole densities.

Table 5
Current-loss budget at short circuit (V =0, AM1.5G). All values in mA-cm 2.
DD BT DD + BT
Jgen 38.8 38.8 38.8
Bulk SRH (absorber) 0.99 3.61 4.87
CdS/Sb,Sejs interface 35.8 ~0.01 ~0.01
Jse 1.97 35.09 33.90

This behavior is fully consistent with the quasi-Fermi level splitting anal-
ysis, where band tail-containing configurations systematically exhibit
lower Ep, — Ep, values and stronger spatial non-uniformity near the inter-
face. These results identify the density of band tail states as the main bulk
voltage-limiting mechanism in the simulated device. The systematic
reduction of V. observed in all band tail-containing configurations
strongly suggests that band tail states constitute one of the principal origins
of the characteristic V,. deficit widely reported in SbySes solar cells,
together with interface recombination. From a materials perspective, these
results indicate that the density of localized band tail states plays an
important role in the recombination losses that limit the solar cell open-
circuit voltage. Urbach energy was kept fixed (Table 2) in the present
simulations, a value obtained from the exponential sub-bandgap edge of
the experimental EQE of the reference solar cell reported by Zhao [9],
which the model aims to reproduce, and assumed equal for the electronic
tail states in the simulations. Therefore, the observed variations in photo-
voltaic performance are attributed to changes in the density of band tail
states and not changes in the energetic broadening of the band edges.

Table 6
Comparison of J-V parameters as function of the combination of defects
simulated.

Jsc (mA-cm™?) Voc (mV) FF (%) 1 (%)
No bulk defects 38.25 524.47 76.81 15.42
Single donor (SD) 38.25 524.75 76.81 15.42
Double donor (DD) 1.97 551.66 44.26 0.48
Single acceptor (SA) 38.27 524.39 76.94 15.44
Band tails (BT) 35.09 468.47 67.30 11.06
SD + DD 1.97 551.64 44.25 0.48
SD + SA 38.27 524.41 76.94 15.44
SD + BT 35.09 468.47 67.30 11.06
DD + SA 1.98 551.27 44.23 0.48
DD + BT 33.90 470.61 65.68 10.48
SA + BT 35.09 468.45 67.30 11.06
SD + DD + SA 1.98 551.24 44.23 0.48
SD + DD + BT 33.90 470.61 65.68 10.48
SD + SA + BT 35.09 468.45 67.30 11.06
DD + SA + BT 33.90 470.60 65.68 10.48
SD + DD + SA + BT 33.90 470.60 65.68 10.48

The coexistence of double donor and band tail defects produces a hybrid
degradation regime governed simultaneously by electrostatic perturbation
and band tail recombination [44]. While isolated double donor defects
alone nearly suppress current extraction completely, the simultaneous
introduction of band tail states partially restores photovoltaic operation,
increasing J. and improving overall efficiency to approximately 10.5 %.
Nevertheless, the recovered device remains strongly voltage-limited, with
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same way.
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Fig. 5. Simulated SRH recombination rate across the Sb,Ses absorber for all
defect combinations, under AM1.5G illumination at short circuit (V=0,
T =300 K). The coordinate x is measured from the rear contact (x = 0) towards
the CdS/Sb,Ses junction (x =1 pm).

Vo stabilized near 470 mV. This non-linear behavior demonstrates that the
combined defect response cannot be interpreted through simple additive
superposition. Instead, band tail states modify the electrostatic and
recombination landscape induced by double donor defects, partially
mitigating the extreme transport suppression associated with isolated field
inversion while simultaneously maintaining strong recombination-driven
voltage losses. The resulting operating regime therefore reflects the tran-
sition from an idealized absorber toward a realistic defect-limited SbySes
solar cell.

The addition of single donor and single acceptor defects to double
donor combined band tail configurations produces virtually no further
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variation in photovoltaic response. This confirms that the global device
behavior is overwhelmingly controlled by the interplay between double
donor and band tail states, while isolated single donor and single acceptor
remain electrically secondary despite their likely presence in realistic
absorbers.

The macroscopic photovoltaic response is consistent with the defect-
dependent mechanisms identified in the microscopic analysis. Under the
parameter set adopted for the reference device, double donor defects
produce the largest changes in the electrostatic field and carrier-extraction
profiles, whereas band tail disorder has a strong influence on the quasi-
Fermi level splitting and the associated V. deficit. The combined effects
of these defect populations therefore provide a consistent explanation for
the simulated photovoltaic losses in the considered device.

The DD-BT interaction is therefore not beneficial per se. Band tails
suppress the electrostatic failure mode of the double donor, leaving only
its recombinative contribution. The additional bulk SRH current in DD
+ BT relative to BT-only quantitatively accounts for the Jg. difference
between the two configurations. The single acceptor, despite its negative
charge, does not restore the device (Table 6), because its density is much
lower than that of the double donor. Compensation requires a negatively
charged population comparable to the ionized double donor charge,
which the band tail density of states provides. These findings should be
interpreted as a device-specific result rather than as an intrinsic hier-
archy of defect types: whether the double donor inverts the absorber
depends on its density relative to N and to the negative charge that tail
states can accommodate under the adopted defect parameters.

Fig. 4 shows the spatial distribution of the quasi-Fermi level splitting
across the SbySes absorber at open circuit for all defect combinations,
which fall into the same four groups as in Fig. 2. The configuration
without bulk defects and all single donor and single acceptor combi-
nations (black) exhibit a nearly uniform splitting of ~0.59 eV that de-
creases slightly towards the front interface, confirming that these point
defects have only a minor influence on the electronic quality of the
absorber.

The double donor without band tails (blue) does not reduce the
splitting. It decreases slightly near the rear contact, to ~0.56 eV, but
rises above that of the device without bulk defects in the central and
front regions, up to ~0.60 eV, consistent with the slightly higher V. of
these configurations (Table 6). Since the double donor inverts the
absorber to n-type, the local splitting no longer maps onto V. in the
same way, and the collapse of these devices originates in carrier
collection rather than in a loss of quasi-Fermi level splitting.

Band tails without the double donor (green) reduce the splitting in
the rear half of the absorber, to ~0.55 eV, where recombination through
tail states depletes the electron population, whereas it recovers towards
the front region. When band tails and the double donor coexist (red), the
splitting is the lowest across most of the absorber, falling to ~0.49 eV
near the rear contact and to ~0.48 eV at the front interface, close to the
device Vg In this configuration the double donor only adds bulk
recombination (Table 5), which lowers the splitting in the bulk but
leaves V,. essentially unchanged with respect to band tails alone,
because V. is set at the front interface, where interface recombination
dominates near open circuit. Band tails are therefore the only bulk defect
species that reduce V. [44,45] in this parameter set.

To locate the non-radiative losses, Fig. 5 shows the bulk SRH recom-
bination rate across the absorber at short circuit for all defect combina-
tions. The integrated losses for the DD-only, BT-only and DD + BT
configurations, including interface recombination, are given in Table 5.
Four regimes are identified, mirroring the electrostatic groups of Fig. 2. In
configurations with band tails but without the double donor, bulk SRH
recombination increases from the rear contact towards the junction and
drops within the junction depletion region. Since p>n in the bulk,
recombination through tail states is limited by the electron density, which
increases towards the front, where photogeneration is highest. Because
Urbach energy and carrier mobilities are fixed, this reflects recombina-
tion through tail states rather than reduced mobility or increased
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disorder. The integrated bulk loss amounts to 3.61 mA cm 2.

Configurations combining band tails and the double donor show the
same profile shape, with higher rates throughout the absorber. In this
regime the absorber remains p-type and the junction field is preserved
(Fig. 3), so the double donor acts only as an additional bulk recombi-
nation center. The integrated bulk loss increases to 4.87 mA cm ™2, an
increase of 1.26 mA cm ™2 that accounts for most of the Jg difference
relative to the band tail only configuration (Table 5). Double donor
configurations without band tails show bulk SRH rates about one order
of magnitude lower over most of the absorber, with a sharp peak within
~50 nm of the interface. This peak arises where the reversed front field
drives holes towards the junction and n ~ p. The integrated bulk loss is
only 0.99mAcm™2 the dominant loss in this regime is interface
recombination, which is not captured by the bulk profile. The defect-
free, single donor and single acceptor configurations exhibit minimal
SRH activity, consistent with their near-ideal field profiles and quasi-
Fermi level splitting.

Bulk recombination is therefore dominated by band tails, which are
also the only bulk defect species that reduce V,. (Table 6). The role of the
double donor is primarily electrostatic. Without band tails, it causes the
collapse of Jg. through field reversal and interface recombination, while
Voc is not degraded. With band tail present, it only adds bulk recombi-
nation and leaves V. essentially unchanged. Near open circuit, how-
ever, the dominant recombination channel is the CdS/SboSes interface
(Section 4.4). This interpretation is specific to the solar cell conditions
considered and should not be taken as a general hierarchy of degrada-
tion mechanisms in SbySes solar cells.
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3.3. Defect density threshold and impact on photovoltaic performance

Building on these findings, this section focuses on the two dominant
defect species and systematically examines the effect of their density
(Np). First, the DD and BT defects were evaluated independently by
varying N; over twelve levels from 1 x 10¥em™ to 1 x 10Y7 em™3
(Figs. 6 and 7), complemented by the denser threshold sweeps described
in Section 2.2. Their combined effect was then investigated using a
13x13 concentration matrix. In this matrix, the DD and BT concentra-
tions were independently varied over 13 logarithmically spaced levels
from 1 x 10 to 1 x 108 em ™3, resulting in 169 SCAPS simulations.
This sequential approach first established the individual concentration-
dependent effects and then examines their combined influence, with
particular attention to critical defect density thresholds and the inter-
action between the two loss mechanisms.

The optical absorption coefficient (a(4)), was defined from literature
[36,37] and kept constant for all simulations. Therefore, the variation of
the band tail state density does not modify the optical absorption
spectrum or the absorption edge in the present model. The band tail
states are introduced as electronic defect distributions and their effect is
evaluated through the resulting recombination, charge distribution,
quasi-Fermi level splitting, and photovoltaic response. Consequently,
any changes in Jg, Vo or FF with increasing N, are not attributed to a
modification of the optical coefficient.

The four physical quantities evolve consistently with increasing double
donor concentration (Npp ), validating the electrostatic and recombination
mechanisms identified in the preceding combinatorial sensitivity analysis.
At low defect concentrations, the electric field retains the characteristic
negative profile expected for a conventional p-type SbySes absorber
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(Fig. 6a). Since each double donor can carry two positive charges and the
absorber is depleted of holes, the bulk space charge is approximately
q(Npp+ +2Npp2+ —Na) = q(2Npp+ —N,) for full ionization. For Npp < 5x
10 cm™3 the net charge remains negative, and the interface field de-
creases only from —1.2 x 10% to —7.6 x 103 V-cm™! (Table S3). At Npp ~
N, /2 the bulk becomes nearly charge-neutral, and the field is approxi-
mately uniform. Above this value the positive double donor charge pro-
gressively weakens the junction field, which changes sign at Npp ~ 1.3 x
10'5 ¢m~3. This transition occurs under the adopted absorber doping
(Na=1 x10" cm~3) and defect parameters used in the present simula-
tions and should not be interpreted as a universal DD concentration
threshold for SbySes; since it is set by the condition 2Npp ~ Ny, it is ex-
pected to scale with the absorber doping. Consequently, the built-in field
weakens across the absorber bulk. For Npp > 2 x 10'° cm 3 the field is
reversed over the front 0.17-0.4 pm of the absorber, adjacent to CdS/SbySes
junction, so that holes are driven towards the interface, indicating severe
electrostatic destabilization of the junction, and for Npp > 5x 10> cm™3 a
quasi-neutral n-type region with near-zero field develops in the center of
the layer (Fig. S3). The thermodynamic consequence of this electrostatic
perturbation is reflected in the quasi-Fermi level splitting profiles (Fig. 6b).
At low defect concentration, Ep, —Ep, remains relatively uniform
throughout the absorber, with values close to 0.58 eV. With increasing Npp,
the splitting rises in the central and front regions of the absorber, up to
~0.65 eV, consistent with the slight increase in V, (Fig. 6d), whereas it
drops sharply near the rear contact, falling below 0.45 eV for the highest
simulated concentration. This strong spatial asymmetry indicates that the
double donor does not produce a homogeneous thermodynamic degrada-
tion across the absorber volume. Since the splitting is evaluated at open
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circuit, where no current is extracted, it does not reflect the collection loss:
the degradation of the solar cell originates in carrier collection rather than
in the loss of quasi-Fermi level splitting.

The redistribution of recombination is directly reflected in the SRH
recombination profiles shown in Fig. 6¢. The recombination rate increases
systematically with increasing Npp, spanning more than five orders of
magnitude. At high concentrations, the recombination rate rises steadily
across the central and front regions of the absorber, reaching values close to
102! em 357! and exceeding them at the front interface. This behavior is
consistent with the presence of the deep double donor level located near
midgap (0.55eV below Ec), which acts as an efficient trap-assisted
recombination center according to Shockley-Read-Hall statistics. Simul-
taneously, the field suppression and redistribution of carriers associated
with high N; further enhance recombination activity near the junction.
Nevertheless, at short circuit the integrated bulk SRH current remains
around 1 mA cm 2 or below up to Npp ~ 10'6 cm~3, whereas interface
recombination rises from 0.5 to 36 mA cm™2 across the transition. The
photocurrent loss is therefore dominated by holes reaching the CdS/Sb,Se;
interface rather than by bulk SRH.

The electrical impact of these microscopic perturbations is reflected in
the simulated J-V characteristics (Fig. 6d). At low defect concentrations,
the solar cell maintains near-ideal photovoltaic behavior, with Jg. values
close to 38 mA cm ™2 and only minor variations in V. and FF. However,
once the double donor concentration approaches the electrostatic tran-
sition threshold (&~ 10'5 cm~3), the solar cell undergoes an abrupt
degradation dominated by photocurrent loss. Js. decreases by 10 % at
Npp ~ 1.1 x 10 cm~3 and by 50% at 1.9 x 10'® cm™2, and the effi-
ciency falls from 90 % to 50 % of its defect-free value within 0.36 decades
(Fig. S4, Table S4). This collapse indicates severe suppression of carrier
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extraction under disrupted junction-field conditions. In contrast, V. re-
mains comparatively stable, increasing slightly to ~555mV during the
transition and decreasing only above ~ 5 x 10'® ¢m~3. This asymmetric
degradation demonstrates that the isolated double donor primarily acts
as an electrostatic and transport-disrupting defect rather than as a purely
voltage-limiting recombination center. The dominant failure mechanism
is therefore associated with undesired carrier collection losses induced by
field suppression and junction destabilization.

Overall, this concentration-dependent analysis establishes a critical
defect threshold near 10'® cm~3, at which 2Np, exceeds N4 and the junc-
tion field reverses, beyond which electrostatic control of the junction
rapidly collapses. These results confirm that double donor defects govern
the electrostatic stability and carrier extraction capability of the simulated
SbySes solar cell. To contrast this behavior, the following section applies an
equivalent sensitivity analysis to band tail states, which were previously
identified as the principal bulk voltage-limiting defect operating through
bulk recombination rather than electrostatic compensation. Comparing
these isolated concentration-dependent responses provides the physical
basis required to interpret the complex degradation regime that emerges
when both defect classes coexist simultaneously.

An equivalent concentration-dependent sensitivity analysis was per-
formed for band tail states alone, with Ny varied from 10! to 10'7 cm 3
in the absence of double donor defects. Originating from structural dis-
order in the SbySes absorber, band tail states introduce a continuous
exponential distribution of localized states near the band edges. The
evolution of the electric field, quasi-Fermi level splitting, SRH recombi-
nation rate, and J-V characteristics (Fig. 7) reveals a degradation mech-
anism fundamentally distinct from that induced by isolated double donor
defects, particularly in its spatial distribution and thermodynamic
impact.

The electric profiles shown in Fig. 7a show a gradual electrostatic
response to increasing band tail disorder. At low defect concentrations,
the field remains negative across the absorber, consistent with a con-
ventional p-type absorber. As Ny increases, the negative charge trapped
in tail states accumulates near the junction, narrowing the depletion
region, and the absorber bulk becomes quasi-field free. At the highest
densities, a weak positive field appears in the bulk. Unlike the double
donor, band tail states do not invert the absorber. Their negative charge
reinforces its p-type character, and the junction field retains its polarity
at all densities. Consistently, interface recombination at short circuit
decreases from 0.36 to 2 x 10~° mA cm ™2 across the sweep (Table S5),
as the reinforced junction field keeps holes away from the CdS/SbaoSes
interface.

The quasi-Fermi level splitting profiles at open circuit (Fig. 7b) show
the corresponding voltage loss. At low densities, Ep, — Ep, remains
nearly uniform, at ~0.59 eV. With increasing Npr, a broad minimum
develops in the rear half of the absorber, where the splitting decreases to
~0.47 eV at the highest densities, while it largely recovers towards the
front region. Since generation is concentrated near the front, the
shortened diffusion length associated with recombination through tail
states (Fig. 7c) depletes the electron population in the rear region and
reduces the local splitting there. At open circuit, qV,. corresponds to the
separation between the quasi-Fermi levels at the front and rear contacts,
and the splitting profiles identify where this separation is reduced within
the absorber. Together, these results account for the progressive V. loss
with increasing band tail density.

Recombination progressively increases toward the front region of the
absorber, particularly at high concentrations, reflecting the gradual
suppression of efficient drift-assisted carrier extraction under weakened
internal electric-field conditions. This broad volumetric recombination
behavior confirms that band tail states operate through recombination
distributed across the tail state distribution rather than through isolated
deep recombination centers. At short circuit, the integrated bulk SRH
current increases from 5 x 10~ to 11.6 mA cm ™2 across the sweep and
accounts for the entire Jy. loss. These microscopic perturbations translate
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directly into the macroscopic J-V characteristics shown in Fig. 7d.
Increasing band tail concentration progressively degrades all photovol-
taic parameters: V. and FF decrease from the lowest densities, whereas
Jsc is affected only above ~ 5 x 105 ¢m~3. While low defect concentra-
tions preserve near-ideal device performance, increasing N; to 107 cm ™3
reduces V. to approximately 415 mV and decreases Jg. to 27 mA cm 2.
Unlike the severe transport collapse induced by isolated double donor
defects, the band tail-induced degradation remains gradual and does not
produce S-kink distortions in the J-V curves, consistent with the absence
of complete junction inversion. No threshold is observed: the efficiency
decreases from 90 % to 50 % of its defect-free value between Ngr = 1.2 x
105 ¢cm~2 and 5.8 x 10'® cm™3, a transition of 1.7 decades compared
with 0.36 decades for the double donor. Using the same criteria, Js. de-
creases by 10 % at Ngr = 1.3 x 10'® cm~2 and efficiency by one absolute
point at 6.5 x 10 cm~3.

The concentration-dependent band tail analysis establishes a
degradation mechanism fundamentally different from that of double
donor defects. Whereas double donor states destabilize the junction
primarily through abrupt electrostatic compensation and the resulting
carrier extraction failure, band tail states progressively reduce device
performance through distributed volumetric recombination and the
associated suppression of the quasi-Fermi level splitting. This distinction
provides the physical basis required to understand the hybrid degrada-
tion regime observed when both defect classes coexist simultaneously in
realistic SbySes solar cells.

To investigate their simultaneous impact, a comprehensive combi-
natorial sensitivity analysis was performed by independently varying
the concentrations of both defect species. This approach enables direct
visualization of their coupled influence on device performance and
identifies the operational regimes where their interaction dominates the
photovoltaic response.

The contour maps presented in Fig. 8 illustrate how double donor
and band tail defects jointly govern the macroscopic photovoltaic pa-
rameters. Each map exhibits a distinct topology in the Npp x Npr
parameter space, reflecting the interplay between electrostatic disrup-
tion and thermodynamic degradation. The interaction between DD and
BT concentrations was quantified using a second-order response-surface
model applied to 13x13 matrix [46]. For each photovoltaic response,
the model was defined as:

Response = f, + f; 1081, (Ngr) + 3 1081, (Npp)
+ 5 10814 (Npr)log, (Npp) +
+ B4 (1081 (Npp)] 2y Bs [10g, (Nzr)) 2

(13)

where Npr and Npp are the band tail and double donor concentrations,
respectively. The coefficient 5 represents the DD xBT interaction term.

The Js. map (Fig. 8a) exhibits a characteristic L-shaped degradation
boundary. Js remains close to the ideal value when the double donor
density remains below approximately 10'° cm ™ and the band tail density
below approximately 1 06 em 3. However, increasing either defect density
beyond these values progressively suppresses carrier extraction. High
double donor concentrations produce the most abrupt degradation, driving
Jsc toward near-zero values as the internal junction field collapses due to
electrostatic compensation. In contrast, increasing band tail density in-
duces a more gradual reduction in current collection, consistent with
enhanced volumetric recombination and weakened drift-assisted trans-
port. These results confirm that both defect classes act as major extraction-
limiting mechanisms, although through fundamentally different physical
pathways. The single defect sweeps clarify how the two defects interact.
With band tail states at their calibrated density (1016 cm_s), the double
donor threshold shifts by more than an order of magnitude: relative to the
device with band tails only, the efficiency decreases by one absolute point
at Npp = 2.4 x 10 cm™3 and J, by 10% at Npp = 3 x 10 cm=3,
compared with 4 x 10'* and 1.1 x 10'®> cm~3 without band tails. The
negative tail-state charge in the front region offsets the positive double
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Fig. 8. Simulated contour maps of a) short-circuit current density Jg., b) open-circuit voltage V.., c) fill factor FF, and d) power conversion efficiency as a function of
double donor and band tail defect densities N;. Maps interpolated in OriginPro (spline interpolation) from a 13x13 matrix of SCAPS-1D simulations; all 169 sim-

ulations converged. All simulations under AM1.5G illumination (T = 300 K).

donor charge and preserves the junction field up to double donor densities
well above N, which produces the upward shift of the Ji. boundary at high
band tail densities in Fig. 8a. Without band tails, Npp ~ 10'® cm 3 would
reduce the efficiency to ~0.5 %.

The V,. map (Fig. 8b) displays a markedly different topology, domi-
nated primarily by the band tail concentration axis. At low-to-moderate
double donor densities, Vo decreases progressively with increasing band
tail density, confirming that band tail recombination and quasi-Fermi level
splitting suppression constitute the dominant voltage-limiting mechanism
among the bulk defects. In the calibrated solar cell, V, is additionally
limited by interface recombination, which dominates the recombination
current near open circuit (Section 4.4). In contrast, isolated double donor
defects alone exert comparatively limited influence on V. despite their
undesirable impact on carrier extraction. V,. decreases only at very high
double donor densities (above ~ 5 x 10'® cm~3), where bulk SRH recom-
bination becomes significant, and reaches its global minimum when both
defect concentrations are high, reflecting the combination of electrostatic
distortion and disorder-induced recombination. The FF map (Fig. 8¢c) ex-
hibits intermediate behavior characterized by a diagonal degradation
trend, indicating that FF is simultaneously sensitive to both defect classes.

The map of power conversion efficiency (Fig. 8d) integrates the
combined impact of all degradation mechanisms. The high-efficiency
region is confined to the low-defect-density corner of the parameter
space, indicating that simultaneous suppression of both double donor and
band tail defects is required to approach the intrinsic performance limit of
the simulated architecture. The experimentally calibrated world record
efficiency [9] “operating point™ lies within an intermediate regime where
both defect classes coexist at moderate concentrations, reproducing ef-
ficiencies close to 10.5 %. This agreement suggests that the record device
operates in a co-limited regime controlled simultaneously by electrostatic
instability, band tail recombination and interface recombination.
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The response-surface analysis provides a quantitative assessment of
the coupled effects observed in the contour maps. A statistically signif-
icant DDxBT interaction was obtained for efficiency, Vo, Js., and FF,
confirming that their combined response is not fully described by the
independent effects of the two defect classes. The positive sign of all
interaction coefficients indicates that band tail states attenuate the
impact of double donors, although they themselves degrade the solar
cell, consistent with the compensation of the double donor charge by the
tail-state charge and the resulting shift of the double donor threshold.
The interaction coefficients, 95 % confidence intervals, and p-values are
summarized in Table 7, while the complete regression results are pro-
vided in Supporting Information Table S6.

Despite the record performance, the device reported by Zhao [9] still
exhibits a significant V. deficit. To identify the origin of this limitation,
the internal recombination and electronic profiles were examined.
Fig. 9a shows the spatial distribution of the electron density and the
Shockley-Read-Hall (SRH) recombination across the SbySes absorber.
The electron density increases sharply within the first ~0.15 pm from
the back contact and then remains relatively stable throughout most of
the absorber bulk, reflecting the limited extension of the depletion re-
gion and the predominantly quasi-neutral p-type character of SbySes. In
parallel, the SRH recombination rate rises rapidly near the back contact
and continues to increase gradually toward the front of the absorber,
reaching ~ 10%° cm~3.s71 at ~0.85 pm, indicating that defect-assisted
non-radiative recombination extends significantly into the absorber
bulk rather than being exclusively interface-confined. Fig. 9b shows that
the internal electric field is strongly localized near the front hetero-
junction and the back contact, while the majority of the absorber re-
mains essentially field-free, with a positive field below 10% V-cm™!
between ~0.2 and 0.85pm. Consequently, photogenerated minority
carriers generated in the bulk must rely primarily on diffusion for
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Table 7

Quantified DD-BT interaction from the second-order response-surface analysis of
169 SCAPS simulations. f(DD xBT) denotes the interaction coefficient and CI the
95 % confidence interval.

Response R? Adjusted B 95 % CI p-value
R? (DDxBT)
Efficiency  0.789  0.782 1.086 0.865-1.308 7.38x 10718
Voe 0.605  0.592 14.330 6.434 — 4.48 x107*
22.227
Jse 0.733  0.725 2.202 1.519-2.886 1.88x10°°
FF 0.662  0.652 1.340 0.361-2.320 7.59x 107

collection. Under such conditions, defect states, including deep-level
donor antisite defects and band tail states, reduce the effective diffu-
sion length through enhanced trap-assisted recombination, thereby
limiting carrier extraction efficiency. The electrical manifestation of
these loss mechanisms is shown in Fig. 9c, which compares the different
recombination current components. Bulk recombination (Jp,x) domi-
nates under short-circuit conditions, with Jyu = 4.9 mA-cm™2 and
negligible interface recombination at V=0, while interface recombi-
nation (Jipr) increases exponentially with bias and becomes dominant
near V.. The two components are comparable at the maximum power
point (~0.37 V) and cross at ~0.40 V; at open circuit, interface
recombination accounts for ~80 % of the total recombination current.
Interface recombination is therefore the main factor constraining the
achievable V.., as confirmed by the selective-reduction analysis in
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Section 4.4. Finally, the quasi-Fermi level splitting shown in Fig. 9d
reflects the thermodynamic consequence of these recombination losses.
The splitting reaches a maximum of ~0.56 eV at ~0.85pum and de-
creases towards the front interface to ~0.48 eV, close to the device V,
consistent with the dominance of interface recombination near open
circuit (Fig. 9¢). A smaller reduction near the back contact, to ~0.49 eV,
coincides with the region of low electron density in Fig. 9a.

Importantly, even the solar cell without bulk defects remains signifi-
cantly below the Shockley-Queisser efficiency limit (32 %) [47] expected
foral.1 eV absorber as used in this model. This indicates that bulk-defect
recombination alone does not fully determine the solar cell efficiency
limit. Additional limitations associated with interface recombination,
heterojunction energetics, band alignment, carrier transport asymmetry,
depletion width, and contact selectivity also contribute to constraining
the achievable photovoltaic performance. Consequently, further effi-
ciency improvements in SboSes solar cells will likely require simulta-
neous optimization of both absorber defect chemistry and overall device
architecture.

4. Practical implications

The detailed analysis of recombination processes, electrostatic pro-
files, and carrier transport presented in the previous section provides a
comprehensive framework for understanding and mitigating the per-
formance limitations of SbySes thin-film solar cells.

These insights allow the formulation of a defect-tolerance roadmap
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Fig. 9. Internal profiles of the calibrated Sb,Ses solar cell under AM1.5G illumination (T = 300 K): a) electron density and bulk SRH recombination rate across the
absorber at short circuit; b) electric field distribution at short circuit, with the detail of the quasi-field-free bulk region; c¢) bulk (Jsgy) and interface (Jizr) recom-
bination current components as function of applied voltage; and d) quasi-Fermi level splitting (Ep, —Eg,) across the Sb,Ses layer at open circuit voltage. Coordinate
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for SbySes absorbers. Rather than all defects contributing equally to
performance degradation, the results demonstrate that only a limited
number of defect populations (two bulk defect families and the CdS/
Sb,Ses interface) determine the dominant loss mechanisms. Identifying
these critical defect families and their associated tolerance thresholds
provides practical guidance for material optimization and device engi-
neering aimed at overcoming the current efficiency limitations of SbaSes
solar cells.

4.1. Experimental growth control

The two dominant defect families in the simulations, band tail states
and double donor defects, are directly linked to the structural and
compositional properties of SbySes thin films and therefore require
distinct experimental mitigation strategies.

Band tail states are commonly attributed to structural disorder
inherent to the quasi-one-dimensional [SbsSegl, ribbon lattice [48].
Grain boundaries, ribbon misorientation, lattice strain, and defective
ribbon terminations can generate localized states extending from the
band edges into the bandgap. Experimentally, the associated energetic
disorder can be characterized through Urbach energy [44]. In the pre-
sent simulations, Urbach energy was kept fixed at 0.032 eV (Table 2),
obtained from the exponential sub-bandgap edge of the experimental
EQE reported in Ref. [9], while the total density of band tail states was
systematically varied. The simulations therefore isolate the effect of
band tail state density on the recombination losses that progressively
reduce V,. and FF and, at high densities, Js. Strategies to improve
absorber crystallinity, such as optimized nucleation, enlarged grain size,
preferential [hk1] ribbon orientation, and post-annealing treatments,
are expected to reduce the density of localized band tail states and, in
turn, mitigate these losses. Such strategies may also narrow Urbach
energy, an effect not captured in the present analysis.

The double donor-like response is commonly associated with Sbge
antisites and related donor-type defect complexes favored under Se-poor
growth conditions [17]. These defects introduce deep donor levels near
0.2 eV and 0.55 eV below Ec, acting simultaneously as electrostatic
compensating centers and efficient SRH recombination sites. The simu-
lations identified that the junction field reverses and carrier extraction
collapses at Npp ~ 10'®> cm~2 when the double donor is the only bulk
defect, and above ~ 2 x 10'® cm2 in the presence of band tail states.
Suppressing these donor-like states therefore requires strict control of the
Se/Sb stoichiometry during film growth. Moderately Se-rich deposition
conditions, chalcogen-rich post-annealing treatments, and Se-containing
additives can all help reduce the formation of selenium-deficient donor
complexes.

Importantly, the simulations demonstrate that improving only one
defect family is insufficient to achieve high-efficiency solar cells.
Structural disorder control is necessary to minimize band tail-induced
voltage losses, while stoichiometric control is simultaneously required
to suppress double donor-induced electrostatic degradation. The order
of these improvements also matters: because the negative tail-state
charge offsets the positive double donor charge, reducing the band tail
density without reducing the double donor density would remove this
compensation and could trigger the collection collapse at the calibrated
Npp ~ 101 cm™3 (Fig. 8). This establishes a two-dimensional defect-
control framework for further optimization of SbySes solar cells, to be
combined with passivation of the CdS/Sb,Ses interface.

4.2. Photovoltaic figures of merit

The simulations show that band tail states and double donor defects
degrade photovoltaic performance through distinct mechanisms, although
their combined effect is not additive, each affecting different figures of
merit.

Among the bulk defects, band tail states mainly limit V,. and FF. By
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introducing an exponential distribution of localized states near the band
edges, they progressively suppress the quasi-Fermi level splitting and in-
crease distributed non-radiative recombination. As band tail density in-
creases, V. decreases systematically from 524 mV at 1013 em ™ to 415 mv
at 107 cm’3, FF decreases in parallel, and Jg is reduced only above
~5 x 10 em 3 through enhanced bulk recombination. This identifies the
density of localized band tail states as a major contributor to the charac-
teristic V. deficit in SbaSes solar cells, together with interface recombi-
nation, which dominates near open circuit in the calibrated solar cell. In
contrast, double donor defects primarily degrade Js. and FF through elec-
trostatic destabilization of the junction. Both donor levels are ionized in the
depleted absorber, so that the positive double donor charge, up to 2Npp,
compensates the native p-type doping and reverses the junction field at
Npp ~ 1.3 x 10'®> ¢m~3; the resulting collection loss is dominated by
interface recombination rather than by bulk SRH through the deep level.
Once this threshold is exceeded, carrier extraction collapses and Jg. rapidly
approaches near-zero values. Despite this severe transport degradation,
isolated double donor defects produce comparatively minor changesin V.,
confirming that their dominant effect is electrostatic rather than thermo-
dynamic. When both defects coexist, their interaction becomes strongly
non-linear. The presence of band tail states partially mitigates the extreme
transport collapse induced by isolated double donor defects, shifting the
double donor threshold by more than an order of magnitude, but simul-
taneously maintains strong recombination-driven voltage losses, repro-
ducing the experimentally calibrated regime near 10.5 % efficiency [9].
The results therefore indicate that, for the calibrated device, the difficulty
in moving beyond the current 10-11 % efficiency plateau can be linked to
defect-controlled bulk and interface recombination and electrostatic losses
rather than intrinsic optical limitations [35]. Simultaneous suppression of
both dominant defect types, together with interface passivation, is there-
fore required for further efficiency improvements.

4.3. Critical defect density thresholds

The simulations demonstrate that the defect-tolerance space for high
performance SbySes solar cells is inherently two-dimensional, since
device performance depends simultaneously on the concentrations of
band tail states and double donor defects.

Band tail states induce a progressive and distributed degradation
dominated by quasi-Fermi level splitting suppression. Increasing band
tail density continuously reduces V,. across the full simulated range,
with the strongest losses above ~10'% cm ™3, At the highest concentra-
tions, 107 em™3, V,. decreases toward 415mV while J falls to
27 mA em 2. No critical threshold exists for this defect: the efficiency
decreases from 90 % to 50 % of its value without bulk defects over 1.7
decades of band tail density and already falls by one absolute point at
~6.5 x 101 cm 3. Because Urbach energy is fixed at 0.032 eV in these
simulations, these results quantify specifically the effect of the band tail
state density on solar cell performance. The results indicate that any
reduction in the population of localized band tail states mitigates both
the voltage and carrier-collection losses, so that the band tail density
should be minimized rather than kept below a specific value.

In contrast, double donor defects exhibit a threshold-driven elec-
trostatic degradation, whose origin was discussed in Section 3: when the
ionized double donor charge, up to 2Npp, exceeds the background
acceptor density, the junction field reverses and holes are driven to the
CdS/Sb,Ses interface, where they recombine. When the double donor is
the only bulk defect, the efficiency falls by one absolute point at Npp =~
4 x 10" cm=3, Jg decreases by 10 % at 1.1 x 10'5 cm~3, and the whole
transition occurs within 0.36 decades (Fig. S4 and Table 8). V. is not
degraded within this range and decreases only above ~ 5 x 10'® cm3,
so that the dominant failure mode is a loss of carrier collection rather
than an increase in recombination-limited voltage loss. Because this
threshold is set by the condition 2Npp &~ Ny, it is specific to the adopted
absorber doping and is expected to scale with it; it should not be
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interpreted as a universal double donor threshold for SboSes. The
threshold also depends on the other bulk defects. With band tail states at
their calibrated density, the negative tail-state charge offsets the double
donor charge and shifts the threshold by more than an order of magni-
tude, to ~ 2.4 x 10'® cm~3 for a one-point efficiency loss and ~ 3x
106 ¢cm~3 for a 10 % Jg. loss, while the transition remains sharp. The
calibrated record solar cell, with Npp = 1 x 10'® cm~3, therefore oper-
ates only a factor of 2-3 below this shifted threshold, so that a moderate
increase in double donor density, for example under Se-poor growth
conditions, would trigger the collection collapse. These threshold den-
sities are insensitive to the numerical mesh, with an uncertainty below
1% (Table S2).

The efficiency contour maps directly reflect this two-dimensional
tolerance space. The high-efficiency regime is confined to the low-defect-
density region where both band tail and double donor concentrations
remain simultaneously below their critical thresholds. Outside of this re-
gion, optimization of only one defect family cannot compensate for
degradation induced by the other. Reducing band tail density alone reduces
bulk recombination losses but not the extraction losses caused by double
donor defects, and at double donor densities above ~ 10®> ¢m 3 it can even
trigger the collection collapse by removing the compensating tail-state
charge; conversely, suppressing double donor defects alone cannot
recover the thermodynamic voltage losses imposed by band tail states. The
simulations demonstrate that simultaneous suppression of both dominant
defect classes, together with passivation of the CdS/SbsSes interface, is
required to surpass the current efficiency plateau in SbySes solar cells.

4.4. Strategies for improving device performance

The simulation results provide guidelines for prioritizing experimental
strategies towards high-performing SbySes solar cells. To prioritize these
strategies quantitatively, Fig. 9c decomposes the recombination current of
the reference solar cell into bulk and interface contributions (Table S7). At
short circuit, recombination occurs almost entirely in the bulk
(Jsru~ 4.9 mA -cm™2; Jp~ 0), which accounts for the Jg. loss. At the
maximum power point (~0.37 V), both channels contribute comparably
(Jsru ~ 6.6 mA -cm™2; Jip ~ 4 mA -cm~2). The interface current increases
exponentially with voltage, exceeds the bulk contribution above ~0.40 V
and, at open circuit, accounts for ~31 of the ~39 mA cm ™2 recombination
current (~80 %). Bulk defects therefore limit carrier collection, whereas
interface recombination limits V.. The selective reduction of each channel
confirms this picture (Table S7). Halving the interface defect density in-
creases V. by 68 mV and FF by 2.3 points, raising efficiency from 10.48 %
to 12.57 %. Halving the band tail density mainly increases Js. (+1.6 mA
cm_2), with a smaller V. gain (+13 mV), raising efficiency to 11.53 %.
Interface passivation therefore yields the largest single efficiency gain, as it
addresses the dominant recombination channel near V.

In the bulk, reducing the band tail density is the most direct pathway
towards recovering Js. and FF, and it also contributes to V. [44]. This can

Table 8

Tolerance thresholds of the bulk defects extracted from the single-defect sweeps.
Thresholds are defined relative to the solar cell without bulk defects or, for the
double donor sweep with band tails, to the solar cell with band tails only
(Supporting Information Table S4 and Fig. S4).

Configuration  n-1 absolute  Jsc—10% Transition Limiting

point (em™3) width mechanism
(em™3) (decades)

DD only 4.0 x 10" 1.1x 10" 0.36 Field reversal and
interface
recombination

BT only 6.5x 10" 1.3x 10 1.7 Bulk SRH
recombination

DD with BT 2.4 x 10 3.1 x 10 < 0.44 Compensation of

the DD charge by
tail states
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be achieved through the structural-disorder control strategies discussed
in Section 4.1. However, because the negative tail-state charge com-
pensates for the double donor charge, a strong reduction of the band tail
density must be accompanied by a reduction of the double donor density;
otherwise, the double donor threshold returns towards ~ 10®> cm 3 and
the calibrated solar cell, with Npp = 1 x 10'® cm~3, would undergo the
collection collapse (Section 4.3).

Suppressing double donor-like defects is equally critical to preser-
ving the junction electrostatics [15]. These donor-type states, commonly
associated with Se-poor conditions and Sbge-related antisites, become
particularly detrimental when their ionized charge, up to 2Npp, exceeds
the background acceptor density. Above this threshold they invert the
absorber to n-type and reverse the front field, causing a collapse of Jg.
through interface recombination. The stoichiometry control strategies
discussed in Section 4.1 target the formation of these compensating
donors. This is consistent with high-efficiency SboSes fabrication stra-
tegies such as the thiourea and selenourea treatments reported by Zhao
[9], which suppressed deep recombination-active defect states and
improved device performance.

At the interface, improved passivation of the CdS/Sb,Ses interface
and replacement of CdS with wider-bandgap buffer layers would reduce
interface recombination and parasitic absorption [33,49]. These stra-
tegies directly target the dominant V.. loss and, according to the
selective-reduction analysis, offer the largest single efficiency gain.

Finally, the comparison between the realistic defect-limited configu-
ration (7 = 10.5%) and the configuration without bulk defects (7 = 15.4%)
indicates that bulk defects alone do not fully determine the efficiency limit.
Additional limitations related to interface recombination, band alignment,
heterojunction energetics and depletion width also contribute to the
remaining gap relative to the Shockley-Queisser limit [46] for the 1.1 eV
bandgap used in the model. Further progress therefore requires a combined
optimization of the heterojunction interface and the absorber bulk (struc-
tural disorder and donor-type compensation), with priority given to
interface passivation [50].

4.5. Model limitations

The present results are obtained with an effective one-dimensional
device model. SCAPS-1D solves the drift-diffusion and Poisson equa-
tions along the growth direction with scalar transport parameters, so the
anisotropic transport of SbySes, arising from its quasi-one-dimensional
[Sb4Seg],, ribbon structure, is not explicitly represented [51]. The car-
rier mobilities used here should be understood as effective values along
the growth direction, implicitly corresponding to the favorable ribbon
orientation of the reference solar cell; the dependence of the solar cell
performance on ribbon orientation cannot be assessed with this model.
Grain boundaries are not spatially resolved, and their contribution to
recombination and band bending is absorbed into the effective bulk
defect and band tail parameters [52]. Similarly, the model assumes
lateral homogeneity and therefore neglects thickness or compositional
inhomogeneities, local shunt paths and lateral potential fluctuations.
Bulk defects are distributed uniformly across the absorber thickness, so
spatially correlated defects, such as defect clusters or defects segregated
at grain boundaries or near the interface, are not considered. In addition,
the microscopic assignments of the defects (Vge, Sbse, Vsp) are effective
interpretations, the CdS/SbySes interface defects are represented by an
interface defect density at a single energy level rather than by a contin-
uous energy distribution of interface states, and the bandgap, carrier
mobilities and Urbach energy are fixed input parameters. Consequently,
the calibrated defect parameters are effective quantities that are not
uniquely determined; the o-N; analysis (Fig. S2) identifies the calibrated
set only as the best fit within the explored parameter space, and the
conclusions should be interpreted as identifying the electrostatic and
recombination mechanisms that govern device behavior within an
effective 1D description, rather than as quantitative predictions for
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specific microstructures. Two- or three-dimensional simulations that
explicitly include grain boundaries and orientation-dependent transport
would be required to address these effects.

5. Conclusions

SCAPS-1D model was developed and experimentally calibrated to
investigate the device-level consequences of intrinsic defects and dis-
order in SbySes solar cells. Unlike conventional one-parameter sensi-
tivity studies, the full-factorial defect analysis identified not only the
individual effects of representative defect species but most importantly
also their mutual interactions and resulting performance limitations.

The simulations revealed that considered defect populations in
SbaySes are not equally detrimental on solar cell performance within the
investigated parameter space. Under the parameter set adopted for the
reference solar cell, band tail states associated with structural disorder
produce the largest reduction in quasi-Fermi level splitting and therefore
contribute strongly to the simulated open-circuit voltage deficit. Near
open circuit, however, recombination at CdS/Sb2Se3 interface accounts
for 80 % of the recombination current, and halving the interface defect
density yields the largest single efficiency gain (10.48 % to 12.57 %).
Double donor-like defects primarily affect the electrostatic compensa-
tion of the native p-type absorber, leading to degradation of carrier
extraction and fill factor. Under the adopted absorber doping, their
impact becomes particularly pronounced at concentrations in the range
of approximately 10'°-10'® cm 3, where a threshold-like degradation of
solar cell performance is observed. This concentration range is specific
to the adopted device and defect parameters and should not be inter-
preted as a universal double donor concentration threshold for SbySes.
In contrast, single donor and acceptor defects produce comparatively
minor impact within the investigated parameter space.

A central finding of the experimentally calibrated SCAPS-1D simu-
lations is that the dominant defect families interact non-linearly. Band
tail disorder and double donor defects influence different aspects of
device operation, yet their coexistence generates a co-limited regime
that closely reproduces the efficiency and voltage characteristics of
current high-performance Sb,Ses solar cells. Solar cell performance thus
cannot be described and understood by considering independent defect
contributions alone. The coupled sensitivity analysis enabled the con-
struction of the two-dimensional defect-tolerance map that defines the
operational window for high-efficiency SbaSes photovoltaics. The re-
sults show that suppression of both structural disorder and donor-type
compensation defects, together with passivation of the CdS/SbaSes
interface, is required to achieve substantial efficiency gains in SboSes
solar cells. This finding provides a practical framework for absorber
optimization through simultaneous control of microstructural quality
and stoichiometry.

More broadly, the present work establishes a quantitative link be-
tween defect chemistry, junction electrostatics, recombination dynamics,
and photovoltaic figures of merit. For the calibrated device, the analysis
suggests that the efficiency limitation originates from coupled bulk and
interface limitations rather than from a single dominant recombination
pathway. Future progress toward higher efficiencies will therefore
require integrated strategies combining defect suppression, interface
passivation, and heterojunction optimization.
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