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Strontium antimony iodide (SrzSbls) is one of the emerging absorbers materials owing to its intriguing
structural, electronic, and optical properties for efficient and cost-effective solar cell applications. A
comprehensive investigation on the structural, optical, and electronic characterization of SrzSbls and its
subsequent applications in heterostructure solar cells have been studied theoretically. Initially, the
optoelectronic parameters of the novel SrzSbls absorber, and the possible electron transport layer (ETL)
of tin sulfide (SnS;), zinc sulfide (ZnS), and indium sulfide (In,Ss) including various interface layers were
obtained by DFT study. Afterward, the photovoltaic (PV) performance of SrzSbls absorber-based cell
structures with SnS,, ZnS, and In,Ss as ETLs were systematically investigated at varying layer thickness,
defect density bulk, doping density, interface density of active materials including working temperature,
and thereby, optimized PV parameters were achieved using SCAPS-1D simulator. Additionally, the
quantum efficiency (QE), current density—voltage (J-V), and generation and recombination rates of
photocarriers were determined. The maximum power conversion efficiency (PCE) of 28.05% with Jsc of
34.67 mA cm™2, FF of 87.31%, Voc of 0.93 V for SnS, ETL was obtained with Al/FTO/SNnS,/SrsSbls/Ni
structure, while the PCE of 24.33%, and 18.40% in ZnS and In,Ss ETLs heterostructures, respectively. The
findings of this study contribute to in-depth understanding of the physical, electronic, and optical
properties of SrsSbls absorber perovskite and SnS,, ZnS, and In,Ss ETLs. Additionally, it provides valuable
insights into the potential of SrzSbls in heterostructure perovskite solar cells (PSCs), paving the pathway
for further experimental design of an efficient and stable PSC devices.

1. Introduction

The development of perovskite materials as potential substi-
tutes for effective solar cell technology has resulted in a notable
advancement in the field of photovoltaics.’® In particular,
inorganic perovskites have gained significant attention due to
their unique combination of structural, electronic, and optical
properties, offering the potential for high-performance photo-
voltaic devices. Among these materials, A;MX; group perovskite
has recently emerged as a notable candidate, exhibiting
intriguing characteristics that make it highly suitable for solar
energy conversion applications.®® Perovskite solar cells (PSCs)
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with organic-inorganic hybrids have significantly improved
device design and better optical absorption, prolonged charge-
carrier lifespan, high charge-carrier mobility, low trap density,
and low exciton binding energy; materials with more
control."** However, the organic cation's volatility and thermal
instability poses the severe problems for their widespread
commercial uses.”'® An inorganic Sr;SbI; perovskites can
significantly advance the development of solar cells owing to its
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exceptional compositional stability.” It has attracted a lot of
interest, especially due to its improved heat stability, among the
inorganic halide perovskites and tunable band gap (~1.31 eV)
for utilization in high-efficiency tandem solar cells in recent
years."”” The power conversion efficiency (PCE) of halide perov-
skite based PSC has risen over the past few years, rising from
2.9% to more than 19%.'** The structurally fragile black phases
of halide perovskite transform into yellow 3-phase of non-
perovskite at room temperature right away."*' Using energy
of surface or modifying the tolerance factor, doping and grain-
size reduction have been reported to stabilize halide perovskite
in the black phase. Further, using host lattices the doping is
a commonly used technology that involves introducing the
Sr;Sbl; to alter the perovskite lattice structure and enhance PV
performance. Generally, doping is combined with the absorber
and different electron transport layers (ETLs).>**

The SnS, is appeared as an ideal ETL for PSCs among the
various metal sulfides. Since it usually matches the perovskite
better, the conduction band (CB) has a significant capacity for
charge transmission and collection. Additionally, PSCs
commonly use the wide bandgap semiconductor. In the visible
light spectrum, it is renowned for having a high electron
mobility, transparency, and stability. Due to its high electron
mobility, it is efficient at transferring electrons to the electrode
from the perovskite layer, boosting the device's overall effec-
tiveness. Though, several studies to boost the perovskite-based
PSC performance reported using doping, nanostructure crea-
tion, and interface engineering and SnS, ETLs,>*?¢ the full
potential of Sr;SbI; perovskite-based PSC has unexplored yet
due to several challenges, mostly, favorable aligned band
structure, stable and tunable physical and chemical properties
of active layers such as layer thickness, doping concentration
considering practical fabrication. Notably, the recorded effi-
ciency of a 24.55% in perovskites, a 28.6% in all-perovskites
tandem and a 33.7% in perovskites and Si tandem solar cells
recorded based on ABX; based perovskite mostly.”” However,
the research on A;BX; structure perovskites is in initial stage to
date and is bounded within several type of theoretical study (i.e.,
by DFT and SCAPS-1D) to explore their properties and potential
fully for the photonic devices' applications. Thereby the most
theoretical literature include study on mostly on A;(Sr, Eu)
InAs;, BazPl;, BazAsl;, and BasSbl;, SrzAsl;, Sr;AsCl, SriPls,
Ca;PI;, CazAsl;, exhibiting efficiency of 25-30%.%%*% It is noted
that, the octahedra network and high symmetry crystalline
structure of prototype A;BX; could make a high p-s band edge
states transition, which is closely linked to high PV performance
with environmentally friend, and nontoxic behaviours. Thus,
A3;BX; perovskites appears as competitive and potential
compound for high efficiency PSC.

In this study, a systematic study on the structural, optical,
and electronic properties of novel Sr;SbI; and several electron
transport layers of SnS,, ZnS, In,S; have been performed. An
improvement of the optoelectronic characteristics of the buffer
layer (ETL: SnS,, ZnS, and In,S;), the SrsSbl; absorber,
including various interface layers characteristics investigated by
DFT and SCAPS-1D. Further, the photovoltaic (PV) performance
of Sr;SbI; absorber-based cell structures with SnS,, ZnS and
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In,S; as ETLs was investigated at varying layer thickness, bulk
defect density, doping density, interface density of active
materials, working temperature, the generation rate and
recombination rates, quantum efficiency (QE), and current
density-voltage (J-V) were executed. Finally, the device perfor-
mance under optimized condition has been explored.

2. Structural properties

Sr** forms an octahedron called SrSb,I, with two comparable
Sb*~ and four equivalent I'~ atoms as its partners. The angles of
the octahedral corner-sharing tilt are between 3 and 4°. The Sr-Sb
bond lengths is 3.26 A long where the Sr-1 bond lengths vary from
3.39 to 3.46 A. The bonding of Sb>~ to six equivalent Sr** atoms
result in the formation of edge sharing SbSr, octahedra. I'™ is
coupled to four analogous Sr** atoms in a form resembling
arectangular see-saw. The structure's unit cell is made up of seven
atoms. The Sb atoms in the crystal lattice are distributed in the 1a
Wyckoff sites, while the Sr atoms are concentrated in the center,
allocated to the 1b Wyckoff site with the relative coordinates (0, 0,
0), (0.5, 0.5, 0.5). The I atoms are positioned at the face-centered
sites (0, 0.5, 0.5) using the third Wyckoff position and normal-
ized coordinates, as shown in Fig. 1 display the (a) crystal struc-
ture of Sr;Sbl;, (b) device structure, (c) band diagram with ZnS, (d)
band diagram with In,S;, (e) band diagram with SnS,, and (f)
band alignment of optimized structure (Al/FTO/SnS,/Sr;SbI;/Ni).
In order to maintain a mechanically stable lattice while evaluating
the energy density function for the lowest energy configuration,
a crystal cell parameter must produce an energy minimum level.
The lattice constant of our improved relaxed Sr;Sbl; structure is
6.7575 A. The optimum value agrees with the outcomes of earlier
reports.”® Additionally, a structure's conjunctive and production
energy may be used as effective tools to demonstrate the build-
ing's durability,** with following formula:

Erormation = ESr3SbIE — Eg1 — EASI2 (1)

Herein, the formation energy of Sr;Sbl; is approximately of -
1.738 eV per atom (negative). This energy that is negative both
conjunctive and formation revealed the stability of Sr;Sbl;
structure perovskite structure.

Table 1 is shown the three-device structures. This photo-
voltaic cell has been simulated using the one-dimensional
SCAPS simulator developed at the Electronic and Information
Systems Department at the University of Ghent in Belgium. By
resolving the fundamental equations of continuity and elec-
trostatic potential under steady-state conditions, it is possible to
forecast and analyze the optoelectronic properties of PV cell
layouts.***® The heterojunction TFSC structure of the device-1
have shown in Fig. 1(b). The suggested PV cell is composed of
an FTO window layer, a highly doped n-type SnS, buffer, and
a p-type absorber layer, respectively. And energy band diagram
(EBD) for SnS, shows in Fig. 1(e). Fig. 1(b) also shows the
structure of device-II, III where the ZnS and In,S; as a buffer
layer. To understand the carrier dynamics, Fig. 1(c) and (d)
illustrate the energy band diagram (EBD) for device-II and III.
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Fig.1 The (a) crystal structure of Sr3Sbls, (b) device structure, (c) band diagram with ZnS, (d) band diagram with In,Ss, (e) band diagram with SnS,,
and (f) band alignment of optimized structure (Al/FTO/SnS,/Sr3Sbls/Ni).

The generation of electron-hole pairs inside the device is Varied position of the valence band (VB) and conduction band
confirmed by the observation of corresponding position of (CB) of the absorber provides evidence of generation of elec-
quasi-Fermi levels of F, and F, following the illumination. tron-hole pairs. The work function (WF) differential between
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Table 1 Three proposed device structures

Al/FTO/SnS,/Sr;Sbl;/Ni Device-1
Al/FTO/ZnS/Sr;Sb1;/Ni Device-2
Al/FTO/In,S;/Sr;SbI;/Ni Device-3

the absorber and transport layers is the cause of the observed
offset. At the absorber/ETL interface, potential inherent and
related electric fields aid in separating free electrons from light-
generated electrons. Through FTO, a nickel (Ni)-based back
electrode, and an aluminum (Al) front electrode, extracted
electrons from the ETL are collected significantly in the external
circuit. The input data of each simulation parameters are listed
in Table 2. The parameters for FTO, In,S;, ZnS, SnS,, and
Sr;Sbl; were gathered from published experimental studies and
earlier theoretical calculations. As an aid to the numerical
study, the thermal velocities of the holes and electrons in each
layer have been determined to be 10” cm s~ . The front and back
electrodes are composed of nickel (Ni) and aluminum (Al),
respectively, with a WF of 5.35 eV (111) and 4.26 eV (100). The
7ZnS, In,S; and SnS,, ETLs-based devices structures are named
as device-], II, III photovoltaic cell research employed the
interface characteristics listed in Table 3.

3. Electronic and optical properties

The optical parameters of an inorganic Sr;Sbl; perovskite, the
EBS (electronic band structures) of the material were studied.
The Sr;Sbl; perovskite structure's electronic optical band gap
and evenly spaced orientations were computed. Fig. 2(a) illus-
trates the generation of Sr;SbI; perovskite materials, ignoring
electronic states above the Fermi level to measure the band
gap's overall magnitude.

This figure shows that the Sr;Sbl; perovskites are already
assumed to have bandgap-tuned materials with measurements
of about 1.31 eV measured with the PBE mechanism for Sr;Sbl;
absorber and show the Fig. 2(a). The conduction band
minimum (CBM), valence band maximum (VBM), as well as
highest occupied energy level, is situated at the elevated
invariant gamma-point. The findings of this study are in
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Table 3 Data for interface parameters used in the SrzSbls based solar
cell

Parameter Sr3Sbl;SnS,  Sr3SbI;/ZnS  Sr3Sblz/In,S;
Defect type Neutral Neutral Neutral

e (cm?) 1 x 10" 1 x 10" 1 x 10"

oy, (cm?) 1 x 10" 1 x 10" 1 x 10"

E, 0.6 0.6 0.6

Total defect density 10'°-10"® 10'°-10"® 10'°-10"®
Energetic distribution Single Single Single
Working temperature (K) 275-475 275-475 275-475

agreement with those of earlier investigations.”® It is obvious
that Sr;Sbl;-based structures have a wider bandgap, larger
atomic size with increased nucleons. The electrostatic attrac-
tion between the nucleus and thus the electrons in the highest
occupied energy level (HOEL) is reduced. The energy gap
between the conduction and valence bands increases as the
cohesive energy and electrostatic attraction weaken. This
demonstrates a widening of the gap between the conduction
and valence bands that made it suitable for use in solar cells
based on the energy band gap values found for the achieved
bandgap level. To examine the impact of atoms and their
various states on the bandgap energy of Sr;Sbl;, we estimated
the PDOS. The PDOS distribution in Sr;SbI; over a —4, 4% eV
sequence is shown in Fig. 2(b). For Sr;Sbl;, the orbitals of
strontium and antimony undergo hybridization with I over the
whole range. It suggests that the primary type of link between Sr
and Sb is covalent. Additionally, for Sr;Sbl;, Sr and Sb trans-
ferred their electron charge to I and shows the Fig. 2(b).

In order to determine whether the materials are appropriate for
electronic devices and solar cell technologies, their optical evalu-
ation includes an analysis of the complex dielectric processes, loss
of electrons function, absorbance value, and reflectivity. The
dielectric functions, which is denoted by the symbol (w) and
shown in Fig. 3(A). It is measured from two components, one of
which is actual and is denoted by the sign & (w) and another
section is hypothetical, as shown by the sign &,(w).

&(w) = &(w) + ie(w)

(2)

Table 2 Input parameters of the FTO, multiple ETL, and absorber layer

Parameters FTO" In,S; (ref. 43) Zns*? SnS, (ref. 41) Sr3Sbl, (ref. 7 and 8)
Thickness (nm) 50 30 75 50 1000
Band gap, E; (eV) 3.6 2.1 2.8 2.24 1.31
Electron affinity, x (eV) 4.5 4.65 3.8 4.24 4.0
Dielectric permittivity (relative), &, 10 13.5 9 10 5.4

CB effective DOS, N¢ (1 em ™) 2 x10'8 1.8 x 10" 2.2 x 10'® 2.2 x 10'® 1.2 x 10"
VB effective DOS, Ny (1 cm ™) 1.8 x10" 4 x 10" 1.8 x 10"° 1.8 x 10"° 2.4 x 10"
Electron mobility, u, (em*V™'s ) 100 400 100 50 100

Hole mobility, u;, (em* V''s ™) 20 210 25 50 50
Shallow uniform acceptor density, N, (1 1 x 10° 1 x 10° 1 x 10° 1 x 10° 1 x10"
cm

Hallow uniform donor density, Ny, (1 1x 10" 1 x 10" 1 x 10" 1x 10" 1 x 10°
cm™?)

Defect density, N; (1 cm ™) 1 x10™ 1.7 x 10"® 1 x 10" 1 x 10" 1 x 10"

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The electronic (a) band structure with PBE function, and (b) PDOS of the inorganic perovskite of SrzSbls.

The real dielectric functional is computed using Kramers-
transformation and Kroning's, while the imaginary area is
calculated using momentum matrix elements. Fig. 3(a) display
the actual portions of Sr;Sbls's dielectric characteristics at
excitation energies as high as 10 eV. The real fraction of the
dielectric which is constant can be utilized to determine the
effects of polarization and dispersion. The best underlying
element in the actual portion of & (w) is the minimal-frequency
limit, written as ¢,(0), which relates to the circuitry of the real
dielectric constant. Cubic Sr;Sbl; has a computed ¢&;(0) value of
7.55. The quantity of &;(w) grew from ¢,(0) to the highest value
before abruptly reducing, showing the substance's capabilities
to absorb light in this spectral range. By varying the biaxial
strain, in actual sections of Sr;Sbl; perovskite, the dielectric
constant maxima have modified. In comparison to narrow band
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Fig. 3

photon energy of the inorganic perovskite of SrzSbls.
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gap materials, higher bandgap materials often have a lower
peak dielectric constant. The energy band gap contracting was
increased with compressive stress, resulting in a large dielectric
constant peak of the Sr;Sbl; structure with less photocurrent
(redshift). The dielectric function of the imaginary part of plays
an important role in both the investigation of light absorption
and the energy absorption capability of crystal structures due to
unbiased charge excitations. For the energy previously
measured near to the Fermi level, the imaginary portion of the
dielectric function ¢,(w) offers a reliable information on the
electronic energy band gap. A sizable section of the absorption
zone was filled by Sr;Sbls's ey(w) values. These fictional
absorption peaks control the migration of the carrier's valence
to the conduction band.”®

Additionally, the hypothetical dielectric fraction of designed
system drops to zero when photon energy rises above 4.4 eV.

18 T T T T T T
Sr,Shl,
15¢ <
7 ‘
-
<
S
=
@
@
<
- OF L
3t L
0 — .

4 6 8 10 12 14
Photon Energy (eV)

(a) The real and imaginary part of the dielectric functions of the inorganic perovskite of SrzSbls, and (b) the variation of loss function with
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the inorganic perovskite of SrzSbls.

Due to its low optical absorption and higher optical trans-
parency, the material lacks &,(w) (over 8.0 eV) transparency.
When electrons pass through a dielectric substrate, the amount
of energy they lose is referred to as the “electron loss function”
that refer how a material reacts to light exposure and is denoted
by the sign L(w). The peak in the plot of L(w) in Fig. 3(b) for
Sr;Sbl; serves as evidence of loss energy, this is found when the
energy of the photon surpasses the bandgap of the material.
L(w) =j x ¢(w) — 1. This reflects the visualization of loss func-
tion. As shown in Fig. 3(b), the L(w) peaks for the cubic structure
of Sr;Sbl; evolved between 5.0 and 10.0 eV. For Sr;Sbl;, the
electron loss function that was estimated, L(w), had a 8.5 eV and
it's high value. The energy loss peaks were found to be at
energies of 2.5-8.5 eV, respectively. The Sr;Sbl; monolayer
would make a good optical solar collector in the infrared and
visible spectra because of the existence of L(w) peaks less than
2.0 eV. It is demonstrated that the photon energies of applied
Sr;Sbl; loss function extends up to 10.0 eV.”®

Measured at different wavelengths, the absorption coeffi-
cient indicates the degree to which a substance absorbs light, is
one important characteristic of Sr;SbI;. An absorption coeffi-
cient of Sr;Sbl; perovskite depends on several factors, including
the purity of the material, thickness, and crystal structure. The
optical absorption coefficient of each configuration displays
characteristics similar to the dielectric constant's imaginary
part. The visible region of the spectrum of electromagnetic
waves often has a higher absorption coefficient since it contains
the majority of solar energy. In Fig. 4(a) shows the absorption
coefficient of the Sr;Sbl; perovskite material as a measurement
of photon energy. In the visible light spectrum, the compressed
material absorbs more lights than the tensile structure, which
absorbs less light than the unstrained structure. Convention-
ally, one important consideration is the absorption coefficient
for the development of Sr;SbI; perovskite photovoltaic systems.
By raising the absorption coefficient, Sr;SbI; device's efficiency

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) The absorption spectra with photon energy of the inorganic perovskite of Sr3Sbls, and (b) the reflectivity spectra with photon energy of

might be raised, enhancing their ability to compete with other
kinds of solar cells.”®

Additionally, the incoming light's wavelength and incidence
angle may have an impact on the reflectivity of the Sr;Sbl;
perovskite. The reflectance of the Sr;SbI; perovskite material is
shown in Fig. 4(b), as a way to quantify photon energy. The
largest wide range of reflectance is observed of 0-3.7 eV. This
study on Sr3Sbl;'s optical characteristic is generally in agree-
ment with those from earlier works. Visible light applications
benefit more from materials with bandgaps lower than 3.1 eV.
The Sr;Sbl; perovskite is a possible contender for using in
a multiple of devices; sensors, photodetectors, and solar cells.”?

4. Simulation methodology

In SCAPS-1D simulator the fundamental equations of one-
dimensional semiconductors; Poisson's equation, hole and
electron continuity equations as well as the drift and diffusion
drift eqn (3)~(7) (ref. 37-40) have solved to determined PV
parameters. The Poisson and continuity equations provide a set
of coupled differential equations (¥, n, p) or (¥, Egy,, Egp) with
correct boundary conditions at interfaces and contacts. In this
simulator, the intrinsic properties of each layer such as layer
thickness (nm), the band gap E, (eV), the electron affinity x (eV),
dielectric permittivity, &, states density of the conduction band
N¢ (em™), density of the valence band Ny (cm™>), electron
mobility u,, (em® V' s7), hole mobility u,, (cm® V" s™"), donor
density N, (cm™?), acceptor density N4 (cm™?), recombination
coefficient (cm® s™') radiative recombination, Shockley-Read-
Hall recombination (SRH) and Augur recombination, and
absorption coefficient, are required to provide from experi-
mental outcomes as well as reported literature. The simulation
was performed under AM1.5G standard spectrum. In SCAPS-1D
simulator, the absorption coefficient of each photoactive
material is required to introduce separately for simulating any
structures from experimental finding as summarized in Tables
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2 and 3. Herein, the authors collected the validated absorption
coefficients of In,Sz, ZnS, and SnS, from literature.***3

So far, a noticeable discrepancy in theoretical calculation
and measured values PV parameters may observe when the
suggested device will be fabricated in laboratory mostly owing
to the following three factors: (1) photonic loss, (2) electronic
loss and (3) instrument loss/measurement errors. The photonic
loss includes the absorption loss owing to non-ideal transport
layer used in solar cells like transparent conductive layers
(TCO), inharmonious interface to transport incident light to
absorber layer, and absorber material purities. While, the
electronic loss is includes with series and shunt resistances, the
material purity and interface quality to transport photo-
generated carriers. The instrument loss/measurement errors
refer electronic loss during device measurement for associated
instrument precession level and wiring for the connections.
Additionally, fabrication limitations of the photoactive mate-
rial, surface properties of thin films, processing of synthesized
photoactive films, devices fabrications method and environ-
ment impacts are considered as the major hindrance and
deviation factors of measures efficiency and theoretically pre-
dicted values. Sometimes, an overestimation or overlooking the
affecting factors, assuming non-realistic parameters related to
interface property, optical loss coefficient, electronic transport
properties during simulation may originate a large deviation in
cell efficiency in theoretical calculation and those measured by
laboratory. However, specifically identification the accurate
affecting parameters is still un-solved and open issues.

(2232[ %1 [p(x) = n(x) + Np + Na +p, = p,] =0 3)
é % = Gop — R(x) (4)

é % = —Gop + R(x) (5)

= U;n afj (6)

o= +% aaE;" (7)

where, ¥ is the electrostatic potential, ¢¢, is the vacuum and
semiconductor permittivity, n and p are free carrier concentra-
tions, and N'q and N, are ionized donor and acceptor densities.
The defect charge density is denoted by “pgc”, G is the gener-
ation rate, and j,, and j;, are the electron-hole current densities,
g is the elementary charge, U, and U, are respectively electron
and hole recombination rate, u, and u, are electron and hole
mobility, respectively.****

In SCAPS-1D simulator, radiative and Auger (band-to-band)
recombination introduce according to eqn (8) and (9).*

Usadiative = K(”P - niz) (8)

UAuger = (Crl?n + C?p)(np - niz) (9)
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The parameters of K, Cy and Cz‘ can be set on the layer panel
(for Si, Ks; = 1.8 x 10~ "> ecm > s~ " and appropriate values for the

Auger constants are: C, = C, = 3 x 10 >' em ®s ™).

5. Result and discussion

5.1 Optimization of absorber layer thickness and carrier
concentration

Fig. 5(a) shows the effect of variation in absorber's thickness from
250 to 4000 nm to find out optimize performance of our three
simulated devices. The absorber layer's thickness and carrier
concentration play a key role in increasing the efficiency of thin-
film PV cells. During optimization, as absorber thickness rose,
the reverse saturation current increased as well, and for the SnS,
and ZnS ETL, the V¢ decreased while it is increased for the In,S;
even in small extent.” With increasing thickness, spectral reaction
will grow at longer wavelengths, hence the Jc increased with the
rising thickness*®*® and, it reaches to saturated value. Owing to the
increased absorber thickness, the structure displayed different FF
drops. The effects of rate of photon absorption and recombination
of charge carriers caused the efficiency to decrease without the
HTL structures the appropriate absorber thickness on both sides
of 1000 nm for ZnS ETL. It slightly decreased for the SnS, and
In,S;-based structures with the increased of absorber thickness.*®
A greater number of photons are absorbed as the thickness of the
absorber layer increases, while the rate of recombination is also
increased. However, the PCE drops and the electrodes carrier
extraction is substantial for a narrow absorber as it can only take in
a few photons.*"** A proper balance between light absorption and
moving carriers is required because a perovskite layer that is too
thick can only convert so much power.>*** Therefore, the ideal
thickness for the Sr;Sbl; absorber in the study was determined to
be 1000 nm in order to achieve better performance of Voc of
0.927 V, Jsc of 34.67 mA cm ™2, FF of 87.3%, and PCE of 28.05% for
SnS,, the 0.9269 V, 34.67 mA cm ™2, 75.71%, and 24.33% for ZnS
ETL, and the 0.7001 V, 34.666 mA cm™ 2, 75.81%, and 18.4% for
In,S; ETL heterostructure. The performance evaluation's following
stage includes this optimization outcome. The acceptor density
(N,) of the Sr;Sbl; layer was adjusted from 10 to 10°° em™ to
assess the effect of the absorber's N, on the PV characteristics. The
variation of FF, PCE, Vo, and Jsc depending on the configurations
shows in Fig. 5(b). The Vo of the PSC stayed constant at a fixed
value during the optimization as increases in the Nj.

The Fermi energy level of the hole decreases as N, of the
absorber layer increases, increasing the Vpoc as similar in
previous report.*® The built-in potential rises with an increase in
the absorber layer's N,. The increase in charge separation is
another factor for the rise in Vgc. The Jgc remained constant for
all three designs as the density rises up to 10™* cm™ 3. After
exceeding this level, the Jsc of the both ETL-structures cell's
performance reduced, while the other values remained
constant. Both are marginally reduced when the density value is
over 10'7 cm ™. However, the PCE decreases when the absorber
layer's N, value exceeded 10'® em™. This may owing to the
rising in the number of defect states with increasing acceptor
density N, of absorber layer as observed in previous report.*®
Table 4 displays a comparative study on PV parameters with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 A comparative study on the PV characteristics for different
ETLs/SrsSbls heterostructures with a range of ETL and 10 cm™
acceptor density

Parameters In,S; ZnS sSnS,
Thickness (nm) 50 75 50

Voc (V) 0.7001 0.9269 0.9268
Jsc (mA em™?) 34.663816 34.670126 34.668047
FF (%) 75.87 75.71 87.3

PCE (%) 18.41 24.33 28.05

different ETLs of In,S;, ZnS and SnS,. The maximum PCE of
28.05 obtained in SnS,/Sr;Sbl; structure PSC.

5.2 Optimization of thickness and carrier concentration of
ETL layer

The transmittance of the PSC can be raised with least the
recombination currents are lowered with the appropriate

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) the impact of the Sr3Sbls absorber layer's thickness variation and (b) acceptor density variation on PV parameters of Vo, PCE, Jsc, and

ETL.”” In this study, the SnS,, ZnS and In,S; ETL's thickness
was varied from 30 to 500 nm while all other variables
remained constant. Fig. 6(a) demonstrates impact of the ETL
layer thickness on the PV parameters. With increasing ETL
thickness, there was an insignificant change in V¢, FF, PCE
and Jgc, except FF and PCE of the ZnS. With the exception of
ZnS, a thicker ETL light absorbs partially with slowing down
the generation and collection rate. Because transmittance
declines as the ETL becomes thicker, performance loss
severely, which is consistent with prior studies.*®**® The Vo,
FF, PCE and Jsc decreased from 0.9269 V to 0.9268, 87.35% to
87.29%, 28.07% to 28.01%, and 34.669351 mA cm ™2 to
34.63035 mA cm ™ respectively for SnS, ETL. For ZnS the value
of Voc and Jsc are decreased from 0.9271 V to 0.9267 and
34.67279 mA em > to 34.64807 mA cm™” but FF and PCE are
slightly increased from 75.58% to 77.93%, 24.29% to 25.02%.
For In,S; ETL, the Jsc, FF, PCE and V¢ both are decreased
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Fig. 6 Effect of variation in (a) the ETL layer thickness; (b) carrier concentration on Voc, Jsc. FF, and PCE.

from 34.66668 mA cm™ > to 34.55731 mA cm™?, 75.81% to
72.53% and 18.4% to 17.28%, respectively. Thus, the optimal
ETL thickness of 50, 75 and 50 nm for the SnS,, ZnS and In,S;
ETLs were obtained.

The variation of the PV characteristics with regard to the
doping concentration (Np) for both ETL is shown in Fig. 6(b).
The Voc at a SnS, ETL Ny, of =<10'® ecm ™ retained at almost
unchanged, while it slightly increased to 0.9472 V and the
decreased to a 0.9468 V for further increasing from 10'® cm > to
10*® em™>. The Jsc and FF both noticeably increased from
34.692332 mA cm > to 34.693017 mA cm ™ and 87.61% to
87.73% respectively after that remaining constant up to 10
em? for Jsc and 10" for FF. For ZnS, the Voc decreased from
1.3505-0.9267 V, Jsc increased from 34.62-34.671 mA cm™ 2, FF
gradually increased from 25.64-81.84% and PCE increased
from 11.99 to 26.3% when donor density changed from 10" to
10%° em™3. For In,S;, for both Vo, Jsc, FF and PCE remain
constant when donor density varied from 10'°-10"® cm ™ and
then increased slightly. Device-I with SnS, ETL found as the best
structure at a N, of 10*® cm 3.

31338 | RSC Adv, 2023, 13, 31330-31345

5.3 Optimization defect densities of absorber and buffer
layer

The defect density (N,) of the absorber has a considerable impact
on PSC efficiency. Light interaction with the absorber layer results
in the generation of photoelectrons. Fig. 7(a) shows the impact of
absorber defect density (N,) with thickness in the range from 10"°
to 10'® em ™ and 0.2-2.0 pm. When absorber layer thickness 1.0
pum and the bulk defect density were changed from and 10'° to
10"® em 3, the Js¢, Voc, FF, and PCE of cells (Al/FTO/SnS,/Sr;Sbl,/
Ni) fell from 34.69 to 19.155 mA cm 2, 0.9472 to 0.7398 V, 87.61 to
66.19% and 28.79 to 9.38% respectively. Device carrier recombi-
nation, lifespan reduction and performance decline are largely
caused by non-radiative recombination of Shockley-Read-Hall
(SRH)," is the major source of this performance decline. When
the absorber layer thickness is greater than 1.5 uym and the defect
density is less than 10** em ™3, the Vo, Jsc, FF and PCE reaches its
maximum value of 0.9478 V, 35.36 mA cm ™2, 87.62% and 29.36%,
respectively shown in Fig. 7(a)-(d). As a result, at a layer thickness
of 1.0 um and a defect density of 10"> cm™ the greatest and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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optimized conversion efficiency 28.78% was achieved consid-
ering tradeoff among PV parameters.

On the other hand, the defect density (N,) and SnS, ETL layer
thickness affects the structure's performance (Fig. Sila-df)
demonstrates how. The N, of SnS, was raised from 10'° to 10*®
cm and thickness vary from 50 to 500 nm. The maximum of
PV parameters attained at 500 nm and 10" cm™> whereas
minimum PV parameters attained at 500 nm and 10'® cm .
The Voc, Jsc, FF, and PCE were almost unchanged for same
value of N, due and slightly changed at same thickness for its
highly doped metal-like characteristics with thinner thickness
as similar tendencies observed in previous report,* results in
the optimized value, N; of 10** cm ™ and thickness of 50 nm are
selected for the further study.

5.4 Optimization of interface defect densities

Fig. 8(a)-(d) shows how the PV parameters change when the
density of Sr;SblI;/SnS, interface defects, which ranges from
10'% to 10"® cm ™2 is varied. The Sr;Sbl; absorber layer thickness
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ranges from 200 to 2000 nm. The maximum Vo of 0.9472 V was
found at the full Sr;Sbl; thickness when the density of defect
was below 10" em ™2, but it significantly decreased from 0.9472
to 0.4064 V for the defect density above 10'® cm > Fig. 8(a). At
a defect density of 10" cm 2 and an absorber thickness of
2000 nm, the maximum value of Jsc of 35.36 mA cm > was
attained at Fig. 8(b).

As demonstrated in Fig. 9(c), at each specific value of the
Sr;Sbl; absorber in the range of 200 to 2000 nm and interface
defect density =10'" ecm ™2, the FF steadily dropped from
87.61% to 57.42%. As Fig. 9(d), the defect density of 10'® cm™>
and absorber thickness of 1000 nm led to the greatest con-
verting effectiveness 28.28%. According to the precise modeling
results, faults at the Sr3SbI;/SnS, interface have a much greater
negative impact on a solar cell performance than defects at the
SnS,/Sr3SbI;/HTL interface, which is in line with published
studies.®>**> The interface between Sr;SbI; and SnS, must have
a defect density of 10’ cm ™2 in order for the suggested Sr;Sbl;
cell to operate at its best.
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5.5 Optimized J-V and QE characteristics

Fig. 9(a) illustrate the device's current density-voltage (J-V)
curves for the optimized device-I at varying absorber's thickness
of $nS, changed from 250-4000 nm at a N from 1x 10"° to 1 x
10*° em™ and N, from 1 x 10" to 1 x 10 ecm™>. The
maximum power conversion efficiency (PCE) of 28.05% with Jg¢
of 34.67 pA cm™ 2, FF of 87.31%, and V¢ of 0.93 V for SnS, ETL,
although the PCE have gained of 24.33%, and 18.40% for ZnS
and In,S; ETLs heterostructures, respectively. Previous studies
showed that the current density gradually decreased as the
voltage increased.®® Fig. 9(b) demonstrates the connection
between the optimized device's quantum efficiency (QE) and
wavelength. The ratio of charge carriers produced by light to
photons striking the solar cell is known as QE.*** In the QE
curves, wavelengths in the range of 300 to 1000 nm were
employed. QE decreased from a starting position of about 100%

31340 | RSC Adv, 2023, 13, 31330-31345

to 0% at 950 nm, which support the result obtained in j-V
characteristics (Table 5).

5.6 Comparative studies on PV parameters of various
perovskites

The optical and electrical properties of CsPbBr;, CsPbl; and
Sr;Sbl; are almost similar as reported to date since these entire
chosen compound is a potential member in a perovskite
materials group.”***® However, the relatively low/insignificance
toxication characteristics owing to absence of Pb (ecologically
sustainable), versatility in device fabrication and stable behav-
iour to the exposed moisture, heat, and light of Sr;SbI; made it
more promising and potential to be applied in high efficiency
perovskite solar cells over CsPbBr;. Additionally, an enhanced
charge transport capabilities, high carrier mobility in Sr;Sbl;
compare to CsPbBr; or CsPbl;, SrSbl; draws a considerable
attention for further study on the potentiality of Sr;Sbl; for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 A comparative study on PV parameters of various perovskites

Perovskites Voc (V) Jsc (mMAcm™) FF (%) PCE (%) Ref.
CsPbBr; 0.89 17.98 87.00 13.86 66

CsPbl; 1.00 21.08 86.60 19.10 67
CsSnCl; 1.04 26.23 84.31 23.10 68

CsSnl; 0.87 33.99 83.46 24.73 3

Sr;Sbl; 0.93 34.67 87.31 28.05 This work

future stable and efficient photovoltaic devices. However, since
the study on Sr;Sbl; and its devices application are still in initial
stage, it is hard to emphasis on its betterment, though several
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(a) J-V and (b) QE curves of the PSC for the best-optimized structure.

theoretical reports revealed huge potentiality exhibiting pho-
toconversion efficiency over 25%.%°

5.7 Analysis of generation and recombination rate

Fig. 10(a) and (b) demonstrate the carrier generation and
recombination rate for an optimized structure in the device-I,
respectively, corresponding to position. During the carrier
generation process, one electron is excited from the VB to CB,
leaving a hole in the VB, and this forms electron-hole pairs.
These PSCs release electrons and holes, which increases the
production of carriers. The highest generating rate was found for
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the optimized structure at around 1 pm. The generation rate was
found the maximum in that area due of the increased photon
absorption at that specific region. Nppoc (4, X) SCAPS-1D deter-
mines the creation of electron-hole pairs using the incoming
photon flux, G(x) can be determined by applying eqn (10):

G(%, x) = a(A, x) X Nphot(4, x) (10)

The CB's electrons and holes, on the other hand, combine
and collapse during the recombination process. The density
and duration of the charge carriers impact refer the rate of
recombination throughout the designed and optimized PSCs.

Additionally, electron-hole recombination is impacted by the
defect state of each PSC layer. This is due to the fact that more
electrons in the CB than in other places pass through the energy
barrier to travel to the VB, in where they stabilize and occupy
a hole's position. Consequently, the energy levels generated at that
time had an impact on the electron-hole recombination profile.

The electron and hole carrier concentration are affected by the
thickness of Sr;Sbl; absorber layer (Fig. S2a and bt). The effective
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density of states (DOS) in the valence bands and the Sr;Sbl; hole
concentration are caused by the different acceptor concentrations
in the absorbers. The electron concentrations are larger than hole
concentrations. Predetermined carrier concentration, and
compound semiconductor materials utilized as absorber. A
similar outcomes was observed in a recent articles.**”® With lesser
e-h recombination and better carrier production obtained in Sr-
strontium-based Sr;Sbl; with SnS, ETL, that made capable as
more effective and promising absorber materials to be employed
to fabricate high-performance PSC.

5.8 Effect of cell operating temperature

Fig. 11 demonstrates how the device's properties change as the
temperature rises from 275 to 475 K. The Jg¢, FF, PCE and Vo¢
change from 34.68898 mA cm ™2 to 34.70737 mA cm >, 88.63%
to 78.17%, and 30.24% to 18.56% and 0.9835 V to 0.6843 V
respectively with increase in working temperature. The device's
performance rapidly declined because defects and deformation
stress have increased as reported in previous report. Further-
more, temperature rises with the series resistance. Rg rises and
affects the diffusion length, both of which consequently affect
the device's FF and thereby the PCE, which is consistent with
reported articles.””*

6. Conclusions

Novel Sr;Sbl;-based PSCs showing potential optoelectronic
properties and thermal stability studied numerically in details.
The optoelectronic parameters of the Sr;SbI; absorber, with
several electron transport layers (ETL: SnS,, ZnS, and In,S;),
have been investigated using both of Scaps-1D and DFT study.
Subsequently, the photovoltaic (PV) performance of Sr;Sblz
absorber-based cell structures with SnS,, ZnS and In,S; as ETLs
was systematically investigated at varying layer thickness, bulk
defect density, doping density, interface density of active
materials including working temperature, thereby, optimized
PV parameters were achieved. Further, the quantum efficiency
(QE), current density-voltage (J-V), and recombination rates
were determined to explore the device characteristics. The
maximum power conversion efficiency (PCE) of 28.05% with Jsc
of 34.67 mA cm ™2, FF of 87.31% and Vg of 0.93 V for SnS, ETL
was achieved in Al/FTO/SnS,/Sr;SbI;/Ni structure, while the PCE
of 24.33%, and 18.40% in ZnS and In,S; ETLs heterostructures,
respectively. The findings of this study contribute to a deep
understanding of the physical, electronic, and optical proper-
ties of Sr;Sbl; absorber perovskite and SnS,, ZnS, and In,S;3
ETLs and provide insights of the strong potential Sr;Sbl;
perovskites with S-based ETLs for further experimental design
of a high efficiency, green and stable PSC heterostructures.
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Lh Hole mobility
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VBO Valence band offset

Np Shallow uniform donor density
BG Band gap

CBO Conduction band offsets

CB Conduction band

SRH Shockley-read-hall

ETL Electron transport layer

PSC Perovskite solar cell

PV Photovoltaic

HTL Hole transport layer

SCAPS Solar cell capacitance simulator
Ny Shallow uniform acceptor density
N Defect density

Jsc Short circuit current density

IE Ionization energy

JV Current voltage density

PCE Power conversion efficiency

EA Electron affinity

FF Fill factor

ITO Indium-doped tin oxide
EBD Energy band diagram
Voc Open voltage current
VB Valence band

& Dielectric permittivity (relative)
WF Work function
NC CB effective density of states
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