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Combined DFT, SCAPS-1D, and wxAMPS
frameworks for design optimization of efficient
Cs,BiAglg-based perovskite solar cells with
different charge transport layers

M. Khalid Hossain, ©*2 A. A. Arnab,? Ranjit C. Das, © ¢ K. M. Hossain, ¢
M. H. K. Rubel,® Md. Ferdous Rahman,® H. Bencheri.f,f M. E. Emetere,®
Mustafa K. A. Mohammed © " and Rahul Pandey@'

In this study, combined DFT, SCAPS-1D, and wxAMPS frameworks are used to investigate the optimized
designs of Cs,BiAgle double perovskite-based solar cells. First-principles calculations are employed to
investigate the structural stability, optical responses, and electronic contribution of the constituent
elements in Cs,BiAglg absorber material, where SCAPS-1D and wxAMPS simulators are used to scrutinize
different configurations of Cs,BiAgle solar cells. Here, PCBM, ZnO, TiO,, Cgo, IGZO, SNO,, WS,, and
CeO, are used as ETL, and Cu,O, CuSCN, CuSbS,, NiO, P3HT, PEDOT:PSS, spiro-MeOTAD, Cul, CuO,
V,0s, CBTS, CFTS are used as HTL, and Au is used as a back contact. About ninety-six combinations of
Cs,BiAglg-based solar cell structures are investigated, in which eight sets of solar cell structures are
identified as the most efficient structures. Besides, holistic investigation on the effect of different factors
such as the thickness of different layers, series and shunt resistances, temperature, capacitance, Mott—
Schottky and generation—-recombination rates, and J-V (current—voltage density) and QE (quantum
efficiency) characteristics is performed. The results show CBTS as the best HTL for Cs,BiAglg with all
eight ETLs used in this work, resulting in a power conversion efficiency (PCE) of 19.99%, 21.55%, 21.59%,
17.47%, 20.42%, 21.52%, 14.44%, 21.43% with PCBM, TiO, ZnO, Cgo. IGZO, SnO,, CeO, WS,
respectively. The proposed strategy may pave the way for further design optimization of lead-free
double perovskite solar cells.

1 Introduction

The depletion of energy sources and consumption of fossil
fuels, natural gas, coal, etc., have a negative impact on our
society and environment."® Therefore, developing alternative
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energy resources and sustainable energy sources with few
economic and environmental concerns are the center of
research worldwide.*® A solar cell is one of the most potential
renewable and sustainable energy sources to attain the
increasing energy demand and mitigate global warming.® In
recent years, perovskite solar cells (PSCs) have attracted signif-
icant research attention as a new approach in solar photovoltaic
(PV) technology due to their significant power conversion effi-
ciency (PCE) improvement from 3.8% to 25.2% since 2009.>*°
The general formula of PSCs is ABX; where A and B represent
a monovalent cation (methylammonium or CH;NH;', for-
mamidinium or H,NCHNH,", Cs", CHCH;') and a divalent
metal cation (Pb, Sn, Ti, Bi, Ag), respectively, while X represents
a halogen anion (Cl7, Br~ and I"). Compared to the other PSCs,
lead-halide and organic-inorganic hybrid PSCs have received
enormous attention due to their higher power conversion
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efficiency (PCE) of around 25%, which is comparable to the
champion silicon solar cell that has a record PCE of 26.7%."**
Despite the outstanding performance of PSCs, two major chal-
lenges prevent them from commercial applications like the use
of the toxic material lead and organic cations, which have
a volatile and hygroscopic nature."* Organic-inorganic hybrid
PSCs are chemically unstable when exposed to oxygen, mois-
ture, and high temperatures because the organic cations are
hygroscopic and volatile.” On the other hand, lead-based halide
perovskite is a highly toxic and hazardous material that can
cause severe health and environmental issues.**°

As a result, there is a growing demand for nontoxic lead-free
PSCs, leading researchers to develop several lead-free perovskite
materials. As an alternative to lead-based perovskites, Pb** has
been replaced by various nontoxic elements, including bivalent
Sn®*" and Ge*'*' However, Sn*" and Ge*' in lead-free PSCs
demonstrate low stability due to oxidation.?* Also, Pb>* has been
replaced with heterovalent M**, such as Bi**, which is non-toxic,
isoelectronic with Pb**, and stable semiconducting halides.?
Bismuth-based PSCs exhibit longer charge carrier diffusion
lengths due to their lower intrinsic trap densities and defect
states.® However, when a highly charged Bi** ion was added to
the three-dimensional A**M?*X; structure, the three-dimensional
A""M>'X; structure produced poor optoelectronic characteristics
compared to the lead-based perovskite.”** To overcome these
undesirable properties, the elpasolite structure, also known as the
double perovskite structure, has been used by adding Bi**
anion.”® The general formula of elpasolite structure is
AMM*'X,, where A, X, M'", and M*" stand for monovalent
cation, halide anion (Br~, Cl~,17), inorganic cation (Cu’, Ag', Au’,
Na’, K*, Rb", and In"), and organic or inorganic cation (Bi** or
Sb®*), respectively.* Recent studies showed that Bi**-based
double perovskites with monovalent cation Ag'* are a very
promising material for photovoltaic applications due to their
desirable bandgap, comparable charge carrier effective masses,
excellent photoluminescence lifetime, extended carrier recombi-
nation lifetimes, and high stability.*”~** McClure and his coworker
reported that Cs,AgBiBr, and Cs,AgBiCls have an excellent
bandgap and high stability compared to the CH3;NH;PbX;.>
However, Cs,AgBiBrs and Cs,AgBiCl, are exhibited low efficiency,
as large charge carrier effective masses, low charge carrier
transport capabilities, and high band gap (>2 eV),>*** which make
them unfit for solar cells. On the contrary, the Cs,AgBil; absorber
exhibited a favorable band gap (1.12 eV), higher light absorbing
capacities, and higher performance than Cs,AgBiBrs and Cs,-
AgBiCls which makes it suitable for the PSC.>"**

The performance and efficiency of the absorber can be
optimized in PSCs by using a suitable electron transport layer
(ETL) and a hole transport layer (HTL). The properties and type
of layer material used in PSCs significantly impact stability and
performance. When choosing an HTL for the PSCs, the material
properties should be considered, including the valence band
offset between absorber and HTL, hole mobility, and cost.*
Researchers mostly used HTLs such as spiro-MeOTAD and
PEDOT:PSS in PSCs due to their excellent tunability and proc-
essability.*>** However, the challenges associated with these
materials are the processing cost, poor conductivity and hole
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transport, and stability.”” On the other hand, the ETL should
have a conduction band offset between the absorber and ETL,
compatible with other layers' high electron mobility, and cost
efficiency.* The maximum PCE of 28.4% is exhibited when TiO,
as ETL is used in PSCs with MASnI; as the absorber layer.*
However, the rutile crystalline phase of TiO,, which needs to be
processed at high annealing temperatures, is used for solar cell
applications.** In addition, mesoporous-TiO, as ETL causes
PSC's environment stability to deteriorate when exposed to
ultraviolet light.** However, the low atmospheric stability and
high-temperature processing of TiO, constrained them as ETL
from PSCs. So far, a few studies have been conducted to
enhance the device performance by selecting HTL and ETL with
absorber layers in PSCs.*** In our recent study, we reported that
CsPbl; absorber layer-based device with CBTS as HTL exhibited
PCE of 16.71%, 17.90%, 17.86%, 14.47%, 17.76%, 17.82% with
PCBM, TiO,, ZnO, Ceo, IGZO, WS, ETL respectively."* Another
study demonstrates that using SnO, as ETL and CuSCN as HTL
with MAPbI; absorber demonstrated a high PCE of 27%.
Therefore, more research needs to be done to investigate the
device performance of PSCs for different ETL, HTL, and back
contact metals with lead-free perovskite absorber layers, to
outperform Shockley Queisser's (SQ) efficiency limit for a single
solar cell.

The electronic properties such as band gap and band struc-
ture, density of states (DOS), and charge density distribution are
crucial for the investigation of the electronic contribution of
different elements in perovskites and other structural
compounds.'***** The state of a material system can be properly
understood by exploring its physical properties. It can also
identify a material's possible practical applications. Nowadays,
researchers have been performing theoretical works to explore
the physical properties of materials of interest via the density
functional theory (DFT). According to reports,'***®
halide perovskite materials exhibit intriguing physical charac-
teristics including structural, electrical, optical, and mechanical
characteristics that make them potential candidates for opto-
electronic and photovoltaic operations. Recently, Hadi et al*
have investigated the structural, electronic, optical, and
mechanical properties of lead-free cubic double perovskite-type
Cs,AgBiBry using the DFT method. The indirect band gap of
Cs,AgBiBrs was reduced and switched to direct by making the
compound disordered following the disordering of Ag'/Bi**
cations by creating an antisite defect in the sublattice. This
reduction of the band gap is responsible to enhance the optical
absorption in the visible region and makes Cs,AgBiBr¢ suitable
for solar cell applications.® Besides, the electronic band struc-
ture of isostructural double perovskite halide Cs,AgSbCls has
also been investigated by both the PBE and HSE approxima-
tions.* It was reported that Cs,AgSbCls has an indirect band gap
of 1.40 eV (HSE)/2.35 eV (PBE). To the best of our knowledge, the
theoretical research on various physical properties of our chosen
double perovskite-type halide Cs,AgBils is not reported yet.
Therefore, it is necessary to discover the physical properties of
Cs,AgBil system using computational studies like DFT.

In the present study, the performance of the lead-free Cs,-
AgBilg halide PSC is investigated through the one-dimensional

several
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Fig. 1
semiconductor.

solar cell capacitance simulator (SCAPS-1D) platform for the
very first time using numerous ETLs and HTLs. During the
study, the performance is evaluated through TiO,, PCBM, ZnO,
Ceo, IGZO, SnO,, WS,, CeO, as ETL, and Cu,0, CuSCN, CuSbs,,
NiO, P3HT, PEDOT:PSS, spiro-MeOTAD, Cul, CuO, V,0s, CBTS,
CFTS as HTL with gold (Au) as back contact metal (Fig. 1(a)).
Furthermore, the band gap of the Cs,BiAgls double perovskite
absorber is also validated using theoretical first-principle
calculations via the DFT framework together with the investi-
gation of its structural and optical properties for the first time.
In addition, we investigated the performance of the ETL and
HTL layer along with the effect of absorber and ETL thickness,
series resistance, shunt resistance, working temperature,
capacitance and Mott-Schottky, generation and recombination
rate, and current-voltage density (/-V) and quantum efficiency
(QE) characteristics. Finally, the performance of the best
configurations was verified through wxAMPS (widget-provided
analysis of microelectronic and photonic structures) simula-
tion findings.

2 Materials and methodology

2.1 First principal calculations of Cs,BiAgls absorber using
DFT

This study performs the first-principle calculations exploiting
the Cambridge Serial Total Energy Package (CASTEP)* engaged
in density functional theory (DFT),** incorporating the principle
of pseudo-potential plane-wave (PP-PW) total energy calculation
to identify the ground state structure of Cs,AgBils. To grow
electron-ion interactions, the Vanderbilt-type ultrasoft pseu-
dopotential is selected.®® The exchange-correlation potential is
enacted through the Generalized Gradient Approximation
(GGA) composed with the Perdew-Burke-Ernzerhof (PBE)
functional.® For ensuring the convergence the cut-off energy of
520 eV is applied. The Monkhorst-Pack scheme® is employed
by taking a k-point mesh of 7 x 7 x 7, which is settled to an
ultrafine mode for the first Brillouin zone. However, to see
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(@) The design configuration of the Cs,AgBilg-based PSC, and (b) the crystal structure of the Cs,AgBilg cubic-single-perovskite

clearly the electronic charge density pattern, a larger size k-point
grid (12 x 12 x 12) was used. It is also essential to apply the
algorithm of Broyden-Fletcher-Goldfarb-Shanno (BFGS)
during structural optimization® so that the relatively exact
lattice constants and internal atomic coordinates of Cs,AgBilg
are assessed. It is usual to be relaxed the lattice parameters and
atomic positions after structural optimization.®” The optimum
converging functions to obtain the ground state structure are
selected as a maximum force within 0.03 eV, maximum ionic
displacement within 0.001 A, total energy difference within 1 x
107° eV per atom, and maximum stress within 0.05 GPa. The
electronic and optical properties are then calculated for the
optimized structure by considering the aforementioned
parameters.

2.2 SCAPS-1D numerical simulation

SCAPS-1D carried out the device modeling and simulation. The
continuity, drift-diffusion, and position-dependent Poisson
equations provide the backbone of the simulation. The three
primary semiconductor equations used in the simulation
framework are the continuity equations for holes (eqn (1)),
electrons (eqn (2)), and the Poisson equation (eqn (3)), as shown
below.*%*

dp P, — P, dE dp d*p,

n n 0 n
Gy T Poup— —upE— + Dp—2 (1
@ T T nir gy TwE gyt 0w ()
dl’lp Np — Npy dE dnp dzl’lp
=G, -y, —wE—— 4+ Dp—— (2
a0 T, g B g (@

ax (0057 ) = a0) = n(a) 4 Ny ) = N, ()

+u(x) = m(x)] (3)

where g stands for electron charge, ¢ stands for dielectric
permittivity, G stands for the rate of generation, D stands for the
diffusion coefficient, @ stands for electrostatic potential, E

© 2022 The Author(s). Published by the Royal Society of Chemistry
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stands for the electric field, p(x) stands for the number of free
holes, n(x) stands for the number of free electrons, p(x) stands
for the number of trapped holes, ny(x) stands for the number of
trapped electrons, Ny stands for the concentration of donor-
ionized doping, and N,- stands for the concentration of
acceptor ionized doping, and x stands for the thickness.

2.3 wxAMPS numerical simulation

The wXAMPS, a program created by the University of Illinois,
was used to do a similar numerical analysis as a secondary
verification of solar cells' performance in this work.”®”* The
device behavior is represented via resolving Poisson's equation
(eqn (4)), which links the electrostatic potential to charge, as
well as the electron and hole continuity equations (eqn (5) and
(6)) in the different regions of the device structure.

o (0 D) (@)
2o G~ R() 0
2 G+ R() ©)

where x denotes the position, ¢ denotes the dielectric constant,
¢ denotes the local electric potential, e denotes the electron
charge, p denotes the summed charge density, J, denotes the
electron current density, /, denotes the hole electron density, G
denotes the optical carrier generation rate, and R denotes the
overall charge carrier recombination rate. The AMPS-1D
program employs two distinct models: the lifetime model and
the density of state (DOS) model. For a clear comprehension,
the recombination phenomena, and changes in defect states, as
well as their effects on the electric field variance across the
charges transport materials/perovskite interfaces, were taken
into consideration in this study using the density of state
model. By resolving three-coupled non-linear differential
equations with appropriate boundary conditions, the AMPS-1D
can determine the quasi-Fermi level and the electrostatic
potential at all locations in the device. The solar cell figures of
merit can be computed in accordance with the definitions of
these variables based on the device depth.

2.4 Cs,BiAgls-based PSC structure

Here, along with the Cs,BiAgls absorber layer, ETL, HTL, and
back contact are associated to form the structure of double
perovskite solar cell. The solar cell structure of the Cs,BiAgls
absorber forms an n-i-p structure. In this instance, an n-i-p
structure's superior long-wavelength response makes it prefer-
able to a traditional semiconductor p-n junction, and deep
within the device, across the intrinsic area, the depletion zone
of an n-i-p structure is present. When a cell is exposed to long
wavelength radiation, photons enter the cell deeply. However,
only electron-hole pairs produced in and close to the depletion
area can contribute to the creation of current. An efficient
creation and separation mechanisms of electron-hole pairs are
made possible by the greater depletion width, which raises the

© 2022 The Author(s). Published by the Royal Society of Chemistry

Input optimization parameters of the TCO, ETL, and absorber layer of the study

Table 1

TiO,

CeO, Cs,BiAgly

SnoO, WS,

1GZO

ZnO Coo

PCBM

ITO

Parameters

800°
1.6

100 100
3.5

1.8

50 30 100
3.6

1.7
3.9

30 50 50
3.3
4.2

500
3.5

Thickness (nm)

3.05
4.16
10

3.2

Band gap, E, (eV)

3.90
6.5

4.6

3.95
13.6

3.9
3.9

Electron affinity, X (eV)

Dielectric permittivity (relative), &,

2 x 10 2.5 x 10** 3.7 x 108 8.0 x 10%° 5 x 10 2.2 x 108 1 x 10%® 1 x 10%° 1 x 10%°

2.2 x 108

CB effective density of states, N¢ (1/cm?)
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Shallow uniform acceptor density, N, (1/

em?)
Shallow uniform donor density, Ny, (1/

VB effective density of states, Ny (1/cm?)
cm®)

Electron mobility, u, (cm> V™' s™1)

Hole mobility, uy, (em?> vV™''s
Defect density, N, (1/cm?)

Reference
¢ This study.
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ERE . s cell's quantum efficiency."* Cs,BiAgls captures photons due to
- - ° ° double heterostructure it ensures the charge and photon
E X X — —
= Saves a ® o o X X confinement and both sides of highly doped ETL and HTL work
— - oo N — — o — . .
as an ohmic contact. During the study SCAPS-1D, the software
CR R o 3 helps us to investigate the performance of various structures of
%) ; ; ® o = 2 double PSCs. By keeping the ambient temperature 300 K,
(=)} (=)} .
E| 8Sww a9 4 4 X x frequency 1 MHz, and AM 1.5 G sunlight spectrum double
|®) — = n o S — S « — =] — X .
perovskite structures are formed. Also taken eight ETLs and
';o Eo LS » S twelve HTLs, back contact as Au to investigate the different
— — — — "‘ "‘
S oS X x x X 2 S structures and their optoelectronic parameters are set up
> 83%s g g ¥ 2 X _ =X initially from the different studies which are mentioned in
Tables 1-3.
2 B 3
(= (=} © n
— — > >
i A H H
2l _®53 & w3 - X X 3 Results and discussion
&} B o< - & 1) - S — S —
3.1 Analysis of DFT results
3
T e = ° 3.1.1 Structural properties of Cs,BiAgl; compound.
- F'O - - . . . .
x o X X According to the optimization output, the crystal structure of
= (=3 (=3 .
gl 8gge » X 8 o 2 _ 2 Cs,AgBil, is a cubic double-perovskite-type system with space
. group Fm3m (#225). The atomic positions of Cs, Ag, Bi, and I in
5 2 g Eo the unit cell are 8c (0.25, 0.25, 0.25), 4a (0, 0, 0), 4b (0.5, 0.5, 0.5),
ol o wen x » 5 . i and 24e (0.2513, 0, 0). The optimized three-dimensional crystal
Z| S6cd2 & = 9 & = o 9« structure of Cs,AgBil; is projected in Fig. 1(b). The calculated
attice parameter a = 8. is lower than that of the previ-
- lattice p t 8.6338 A is | than that of the previ
& - . ously reported lattice parameter of similar double perovskite-
@ ) < ! @ » . ° .
% ERC “9 S 5 5 type compound Cs,AgBiBrs (@ = 11.430 A)* due to the differ-
S < x  x :; « « ence of atomic radius between I and Br as well as using different
a § oS, 30 DD s _ =S calculation parameters. However, the negative value of forma-
tion energy (AEf = —2.66 eV per atom) calculated by the
@2 =2 W‘O 7‘0 . s following equation (eqn (7)) confirms the thermodynamic
5 ST T 7% S stability of optimized Cs,AgBil.”
a X X .
E R : z ) : ‘oj : : — = — AEf(CSZAgBllb) =
I [Ewt(Cs,AgBilg) — 2E(Cs) — E((Ag) — Ey(Bi) — 6E(I)] )
| (=} N N
oo o 2 = 8
5 5 S g 2
£ == x 3 S = Here, E (Cs), E5(Ag), Es(Bi), and E(I h f Cs, Ag, Bi
=8 I Y x X% 9 ere, Es (Cs), E5(Ag), E4(Bi), and E4(I) are the energy of Cs, Ag, Bi,
Al PHdon & a o+ = = o o and I atoms, respectively, while E.,(Cs,AgBil,) is the unit cell
. . s total energy of Cs,AgBils, and N represents the number of atoms
& ETS) E E in the unit cell.
) — — — —
(75} «© o .
Bl o g X X o 50 X X 3.1.2 Band structure and DOS of Cs,BiAgls compound. The
%, ooy sy Y m =T electronic properties provide important information to explain
2 2 9 s materials' bonding nature, photon-absorbing behaviours, and
A = =2 % -
o S S other relevant properties.”* A compound's electronic properties
< Q X X \B \n
- é 29hs 3 2= § n é - é are mostly related to its band structure, the density of states
( ), and charge density. The result of band structure calcu-
w
I3 . . Eo lation along the highly symmetric directions within the k-space
9] 2 2 B S N . . .
€ S ° S for Cs,AgBil, is presented in Fig. 2(a), where a red horizontal
o — — o — X
s 5?‘ o w®r X X g g X o dash line at 0 eV indicates the Fermi level (Eg). The bands below
o
5 o R and above the Ey are usually called the valence and conduction
= S 5 bands, respectively. It is observed from Fig. 2(a) that either the
E o= P cgf g valence or conduction band is not crossed the Er and overlaps
= L) L) Q —~ . :
[ 3 ? g ‘E’ g .- BE T4 with each other. Hence the compound Cs,AgBils has a band gap
S T xE £852S5EF-~ ~~zEgk o . i
= ELEE S8 2FET, 2L ER55 5 in its electronic band structure. The calculated band gap is
2 S 2= 3 'UU'U >€m.?m§5§u'“ = .
IS :"{% - T> EL EsE.L g _ S found to be 0.846 eV. The band gap value of the studied
O -8 B - & . ..
~ é ?D EEv3 8888 H ENE =k B:% E © compound is somewhat lower than that of other similar double
S -3 = ey 9 . . .
9| 4| $=E2F CEEEE805=2%5=7%3 o 2 erovskite-type compounds Cs,AgBiBrg (2.19 eV),?® Cs,AgBiClg
e = E g 8T T m 17} m 2 -3 [2 B =T =] Nq-)' = p p p g g
Clr|l EAEAECSS SR ICfGSGsAZ (2.77 eV),*® Cs,AgInCl, (3.23 eV),” and Cs,AgSbCl, (1.40 eV).®
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Table 3 Input parameters of interface defect layers*

Capture cross section: Reference for defect Total density (cm )
Interface Defect type electrons/holes (cm?) Energetic distribution energy level (integrated over all energies)
ETL/Cs,BiAgls,  Neutral 1.0 x 107" Single Above the VB maximum 1.0 x 10"

1.0 x 107**
Cs,BiAgl/HTL  Neutral 1.0 x 1078 Single Above the VB maximum 1.0 x 10"

1.0 x 107"

o
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(a) Calculated band structure of Cs,AgBilg along the high-symmetry direction, (b) calculated total and partial density of states of Cs,AgBils,

and (c) the charge density mapping of Cs,AgBilg along (111) crystallographic plane.

Moreover, the minimum conduction band and maximum
valence band are observed at F- and Q-points, respectively,
exhibiting the indirect semiconducting nature of double
perovskite compound Cs,AgBils. Besides, the valence band
maximum is the nearest band to the Er, which ensures the p-
type semiconducting nature of chosen double perovskite.
Interestingly, some nearly flat valence bands between F- and Z-
points close to the Er are also observed. This highly dispersive
nature of the bands near the Er indicated the high mobility of
charge carriers and predicted that the effective mass would be
significantly higher in these bands.

Fig. 2(b) represents the total density of state (TDOS) together
with the partial density of state (PDOS), which are used to
understand further the contributions of different atoms/
orbitals and the chemical bonding nature in Cs,AgBils. In the
DOS diagram, the Er is represented by the red vertical dashed
line fitted at 0 eV. The TDOS diagram confirms the band gap in
the electronic structure of the studied double perovskite,
reflecting a similar nature as the band diagram. The valence
band mainly consists of Ag-4d and I-5p states together with the
minimal contributions of Cs-6s, Cs-5p, and Bi-6p orbitals. On
the other hand, the conduction band in the vicinity of the Eg

© 2022 The Author(s). Published by the Royal Society of Chemistry

mostly arises from the Bi-6p state. However, the conduction
band over 4 eV originated from the significant contribution of I-
5s with a small share of 6s and 5p states of the Cs atom. Notably,
the valence band maximum at the Q-point of the Brillouin zone
near the Er is generated due to the influence of the I-5p state. As
a result, in the PDOS of the investigated compound, the orbital
electrons of the I-5s/5p orbitals are crucial for absorbing light
energy and producing conductivity.

3.1.3 Electron charge density of Cs,BiAgls compound. To
understand and give a clear explanation of the charge trans-
formation and nature of bonding among constituent atoms of
double perovskite Cs,AgBils, the study of charge density
mapping is crucial.**** The charge density mapping along the
(111) crystallographic plane is illustrated in Fig. 2(c), in which
the right scale shows the intensity of electron density (blue and
red colors denote the highest and lowest intensity of electron
density, respectively). The highest intensity of charge density is
observed around the Ag atom, whereas it is lowest around the Bi
atom. The charge contours of the Cs and I atoms do not overlap,
indicating the existence of ionic bonding between these two
atoms. A similar phenomenon is also noticed for Ag and I
atoms, revealing the ionic nature of Ag-I bonds. On the other

RSC Adv, 2022, 12, 35002-35025 | 35007
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hand, the elliptical contour of charges between Bi and I atoms
exhibits the presence of strong covalent bonding of Bi-I bonds.
Moreover, isoline sharing suggests that a charge transfer
between these two atoms may occur. The strong covalent nature
of Bi-I bonds mainly originated from the hybridization between
the electronic orbital states of Bi-6p and I-5p.

3.1.4 Optical properties of Cs,BiAgl; compound. The
optical functions are essential for understanding the behavior
of a material when an incident electromagnetic wave interacts
with it. Therefore, these functions bear crucial significance for
exploring possible uses of material in photovoltaic and opto-
electronic instruments. In such cases, the nature of a specific
material under incident photon (infrared, visible, and ultravi-
olet) is necessary to examine. A number of optical processes,
namely, dielectric constant ¢(w), refractive index n(w), absorp-
tion a(w), conductivity o(w), and reflectivity R(w) are determined
to investigate the response of Cs,AgBils upon photon energies
up to 30 eV. Generally, both the intra-band and inter-band
transitions are used to calculate the &(w). However, the
present calculation overlooks the intra-band contributions that
are arisen from indirect transitions. This is because of the
inclusion of phonon in the indirect intra-band transition and
possesses a limited scattering cross-section’ related to the
direct transition. Hence, there is no need to retain the
momentum of phonon scattering. It can be seen from Fig. 3(a)
that the real and imaginary parts of the dielectric function are
higher at low energy and remarkably reduced in high-energy
regions. This matter hints at the useful usage of Cs,AgBil in
microelectronic devices and integrated circuits.”* The &(w) is
connected to electron excitement that originates predominantly

10
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====Img part (¢))
W
\
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\ e
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because of interband transitions and exhibits minor peaks at
~6 eV due to intraband transitions. The real and imaginary
parts of n(w) are shown in Fig. 3(b). The real part falls gradually
in a similar fashion as the real part of the dielectric function,
whereas the imaginary part slightly exceeds the real part at
~9 eV and then again falls below the real part at ~16 eV. The
real part of the refractive index is relatively large at zero photon
energy, and the maximum is found at ~2 eV. It suggests the
possible device applications of a chosen compound in
quantum-dot light-emitting diodes, organic light-emitting
diodes, solar cells, and waveguides.**”*

The o(w) presented in Fig. 3(c) manifests the spectra around
0-26 eV owing to the transitions between energy bands.
Importantly, it starts from slightly above zero energy, which
reconfirms the small band gap of Cs,AgBils. The a(w) is rela-
tively higher at lower photon energy, which predicts the studied
compound's potential use in solar panels. Due to the semi-
conducting Nature of Cs,AgBilg, the o(w) also does not start at
zero energy (Fig. 3(d)). It starts at ~0.84 eV, and the maximum
spectrum is attained at 6 eV, which becomes lower with
increasing energy. The large conductivity at lower photon
energy suggests the conventional applications of Cs,AgBil. It
can be noticed from Fig. 3(e) that the static reflectivity R(0) is
~21% of total radiation, which is increased in the high-energy
region because of inter-band transitions. Moreover, the R(w)
exhibits lower values (<44%) over the studied energy range,
indicating significant absorptivity/transmissivity of light, which
means that this compound may absorb a significant number of
photons and making it suitable for use in optoelectronic
devices.*

\e]
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Fig. 3 Calculated (a) dielectric function, (b) refractive index, (c) absorption, (d) conductivity, and (e) reflectivity of Cs,AgBile.
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3.2 Analysis of SCAPS-1D results

3.2.1 Effect of HTL layer. In the PSCs device configuration,
HTL collects holes from the perovskite (Cs,BiAgls) and then
transfers them to the back metal contact (Au). Twelve types of
HTL have been utilized in SCAPS-1D simulation to optimize the
device's performance (Table 2). The visual depiction of the HTL
optimization process is shown in Fig. 4. Fig. 4(a) illustrates that
PCBM as ETL is optimized with CBTS as HTL compared to the
other HTL, while the PCE of this perovskite device configuration
is 19.99%. Besides, TiO, as ETL showed maximum optimization
with CBTS as HTL in Fig. 4(b), with a PCE of 21.55%. Fig. 4(c)
demonstrates that ZnO as ETL with CBTS as HTL exhibited
more optimization than other HTL, with a PCE of 21.59%.
Similarly, SnO,, IGZO, and WS, as ETL with CBTS as HTL
demonstrated the highest optimization compared to other
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HTLs. The PCEs of these device configurations are 21.52%,
20.42%, and 21.43% respectively (Fig. 4(d), (e), and (f)). And the
Ceo and CeO, as ETL with CBTS as HTL showed the best opti-
mization than other HTLs, with PCE of 17.47% and 14.44%,
respectively. Compared to the other HTL presented in this
study, CBTS exhibited the highest performance with different
ETL. Therefore, CBTS is suitable for HTL optimization among
numerous simulated device configurations.

3.2.2 ETL optimization. In the PSCs device configuration,
ETL removes the electron from the perovskite materials and
then transfers the electron to the ITO. ETL also prevent electron
in ITO from recombining with the absorber layer's holes.”
Simulating each ETL with different HTL in the Cs,BiAglg
perovskite absorber optimizes the performance of device
configuration (Tables 1 and 2). In this study, we used electron
transport materials (ETMs) such as TiO,, PCBM, ZnO, Cg,

() TiO,
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M FF 82.39 83.44 75.01 81.98 71.39 66.45 79.06 79.91 81.79 83.61 49.99
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Variation of performance parameters, i.e., Voc (V), Jsc (MA cm™2), FF (%), and PCE (%) of Cs,BiAglg absorber layer-based PSCs device for

different HTLs with Au as back metal contact and ETLs of (a) PCBM, (b) TiO,, (c) ZnO, (d) SnO,, (e) IGZO, and (f) WS,.
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IGZO, Sn0O,, WS,, and CeO, with different electron transport
materials (HTMs). After simulating all possible combinations
between the ETM layer and HTM layer with Cs,BiAgls absorber
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and Au metal contact, all ETL showed maximum optimization
with CBTS as HTL. As a result, eight sets of device configura-
tions from ninety-six combinations exhibited maximum

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Optimized performance parameters of the best combination for each of the ETLs and HTLs

Optimized device Cell thickness (pum) Voc (V) Jsc (mA cm™?) FF (%) PCE (%)
ITO/PCBM/Cs,BiAgls/CBTS/Au 0.5/0.05/0.8/0.1/Au 1.081 22.39 82.56 19.99
ITO/TiO,/Cs,BiAgls/CBTS/Au 0.5/0.03/0.8/0.1/Au 1.084 23.80 83.61 21.55
ITO/ZnO/Cs,BiAgls/CBTS/Au 0.5/0.05/0.8/0.1/Au 1.085 23.76 83.78 21.59
ITO/Cé0/Cs,BiAgls/CBTS/Au 0.5/0.05/0.8/0.1/Au 1.077 19.62 82.65 17.47
ITO/IGZO/Cs,BiAgls/CBTS/Au 0.5/0.03/0.8/0.1/Au 1.092 23.66 79.04 20.42
ITO/SnO,/Cs,BiAgls/CBTS/Au 0.5/0.1/0.8/0.1/Au 1.084 23.77 83.54 21.52
ITO/Ce0,/Cs,BiAgls/CBTS/Au 0.5/0.1/0.8/0.1/Au 0.924 23.59 66.21 14.44
ITO/WS,/Cs,BiAgls/CBTS/Au 0.5/0.1/0.8/0.1/Au 1.085 23.54 83.91 21.43

optimized performance and efficiency of device configurations.
While band alignment of ZnO (3.3 eV), TiO, (3.2 eV), and SnO,
(3.6 eV) ETL was significantly higher in comparison with other
ETLs which showed >21.5% efficiency with CBTS HTL (Fig. 5).
On the contrary, CeO, (3.5 eV) band alignment isn't convenient
with the Cs,BiAgls absorber and CBTS HTL which performed an
efficiency of 14.44%. Table 4 illustrates the performance
parameters Voc, Jsc, FF, and PCE, which exhibited good agree-
ment value in these eight device configurations.

3.2.3 Band diagram. The energy band diagram utilizes
each ETL with a Cs,BiAgls absorbing layer and CBTS as HTL
influencing valence/conduction band offset (i.e., valence band
difference between HTL and the absorber layer and conduction
band between ETL and absorber layer). The alignment of the
energy levels has a significant impact on the efficiency and
performance of the PSCs. In the PSCs, photo-generated elec-
trons are injected into the ETL conduction band, and at the
same time, holes are transported to the HTL. Afterward, elec-
trons and holes are collected at their respective front (ITO) and
back contact metal (Au) correspondingly. The energy band
mismatch at the ETL/Cs,BiAgls and the Cs,BiAgls/HTL inter-
face significantly impacts the device's performance parameters.
The nature of the interface controls the effect of interfacial
recombination. Therefore, carefully tuning the electronic
properties of ETL and HTL materials became a vital task. Thus,
the electron affinity of ETL should be higher than that of Cs,-
BiAgl, to extract the electron safely at the ETL/Cs,BiAgl, inter-
face, and the ionization energy of HTL should be lower than
that of Cs,BiAgls to extract the holes at the Cs,BiAgls/HTL
interface. Fig. 5 shows that the Fermi level, which is near the
conduction band, enters into the conduction band in the case of
the best eight sets of Cs,BiAgls-based device configuration. The
PCBM as ETM layer and CBTS as HTM layer associated with
Cs,BiAgls-based device configuration showed that the Fermi
level crossed the conduction band, as shown in Fig. 5(a).
Fig. 5(c)-(h) exhibited the others of Cs,BiAgls-based perovskite
device configurations where TiO,, ZnO, Cgp, IGZO, SnO,, WS,,
and CeO, as ETL and CBTS as HTL showed the same pattern
and degenerate semiconductors nature as like Fig. 5(a).

3.2.4 Effect of absorber and ETL thickness on cell perfor-
mance. The effect of the absorber layers and different ETL layer
thicknesses of desired eight double perovskites solar cell
structures are investigated through contour plot mapping to
evaluate the solar cell's performance parameters. An appro-
priate absorber and ETL selection of any solar cell is the primary

© 2022 The Author(s). Published by the Royal Society of Chemistry

and crucial element in achieving high-performance solar cells.
Moreover, the appropriate thickness of the absorber and ETL
helps to capture the light and collect holes from the absorber
layer, accordingly. Fig. 6 represents the effect of ETL and
absorber layer thickness on the V¢ parameter of the eight most
efficient solar cell structures enlisted in Table 4. From Fig. 6(a),
it is observed that ETL thickness is 0.1 um and absorber
thickness is in the range of 0.4 um in the case of ETL as a PCBM-
associated structure. In addition, simultaneously increasing
ETL thickness with absorber layer thickness can cause lower
Voc (Fig. 6(a)). For the TiO, and ZnO as ETL-associated struc-
tures, the thickness of the absorber layer remains constant with
increasing ETL layer thickness (Fig. 6(b) and (c)). The highest
value of V¢ for TiO, and ZnO as ETL-associated structures are
exhibited at around 0.3 pm and 0.5 pm absorbers layer thick-
ness regardless of ETL thickness (Fig. 6(b) and (c)). For the Cg,
as ETL associated structure, the highest V¢ is exhibited when
absorber thickness is around 0.4 pum, and ETL thickness is
about 0.1 pm (Fig. 6(d)). On the other hand, for IGZO as ETL, the
higher Vo¢ value is shown when the absorber layer is <0.4 um
with regardless of the ETL layer thickness (Fig. 6(e)). The SnO,
as ETL-associated solar cell structure shows Vo at a similar
range at a particular absorber layer thickness, which is 0.5 to 0.6
um (Fig. 6(f)). The Vo values of CeO, as an ETL-associated solar
cell structure are shown between 0.1 to 0.2 um ETL thickness
and 0.4 to 0.5 pm absorber layer thickness (Fig. 6(g)). According
to Fig. 6(h), WS, as an ETL-associated solar structure shows
a higher V¢ at around 0.03 to 0.25 um of ETL thickness and 0.3
to 0.4 um absorber thickness. In conclusion, the larger thick-
ness of the absorber layer might be the cause of lower V¢ for
most of the studied solar structures, as observed in Fig. 6. This
fact is explained by the increase in carrier recombination rate in
the presence of a thick absorber layer, causing a rise in satu-
ration current larger than photocurrent.

Fig. 7 represents the effect of variation of ETL and absorber
layer thickness on the Jsc parameter of eight desired perovskite
solar cells. For PCBM as an ETL-associated solar cell, the
maximum Js¢ (22.08 to 24 mA cm ™) value is exhibited when the
ETL thickness is 0.03 to 0.1 um and the absorber thickness is 0.6
to 1.3 um (Fig. 7(a)). The almost similar pattern we have
observed for ETL Cg( — associated solar cells, where the higher
Jsc (19.74 to 22.10 mA cm™?) value is observed when absorber
thicknesses are from 0.6 to 1.3 pm and ETL thicknesses are
from =0.1 pm (Fig. 7(d)). It is observed that the lower ETL
thickness and higher absorber thickness can cause higher Jgc.
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Fig. 6 Contour mapping of Voc (V) when ETL as (a) PCBM, (b) TiO,, (c) ZnO, (d) Ceo, (e) IGZO, (f) SNO,, (g) CeO,, and (h) WS,.

Higher absorber thickness permits more light collection and pair recombination which reduces the effect of series resis-

hence increases the generation rate, giving a high Jsc value.
Thin ETL can boost the current via decreasing electron-hole

35012 | RSC Adv, 2022, 12, 35002-35025

tance. Besides, minimizing the ETL thickness prevents the
formation of wider pinholes and rough terrain surfaces, which

© 2022 The Author(s). Published by the Royal Society of Chemistry
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can severely impede the Jsc, Voc, and therefore efficiency. The
maximum J¢ value for TiO, as ETL and ZnO as ETL-associated
solar structures are shown to be the same when the absorber
layer thicknesses are 0.8 to 1.3 pm, and ETL thickness doesn't
make any significant effect during the variation (Fig. 7(b) and
(c)). From Fig. 7(e), we observe that IGZO as ETL associated solar
cell structure shows a maximum Jsc pattern, which is almost 24
mA cm™? when absorber thickness is 0.8 to 1.3 pm, and ETL
thickness is 0.03 to 0.3 um. The SnO, as an ETL-associated solar
structure shows a moderate Jsc pattern range with the absorber
and ETL thickness variation (Fig. 7(f)). In the case of CeO, as
ETL, the maximum Jc is 23.58 to 24.20 mA cm ™2 when absorber
thickness is about 0.8 to 1.3 pm, regardless of ETL thickness
(Fig. 7(g)). Finally, WS, as an ETL-associated solar cell shows the
highest Js¢ (24.50 mA cm™?) pattern when absorber thickness is
0.7 to 1.3 um and ETL thickness is 0.03 to 0.2 pm (Fig. 7(g))-

The effect on FF values for the variation of absorber and ETL
layer thickness is shown in Fig. 8. For PCBM as an ETL-
associated solar structure, it is observed that FF values are
decreased with increased absorber and ETL layer thickness
(Fig. 8(a)). This fact is due to the increased series resistance. The
lowest FF is observed at around 79.16%, as shown in Fig. 8(a). A
similar pattern is observed for TiO,, ZnO, Cgo, IGZO, and WS,-
associated solar structures (Fig. 8(b)-(e), and (h)). However,
Fig. 8(f) shows that when SnO, is an ETL, the FF values are
observed from 31 to 50%. In contrast, the FF values for CeO, as
ETL-associated solar cells are increased with decreased
absorber thickness (Fig. 8(g)). An anomaly of the FF pattern is
observed for different ETL layer thicknesses (around 0.03-0.5
pum) with different absorber layers (Fig. 8(g)).

Fig. 9(a) and (d) show that PCBM and Ce, as ETL-associated
solar cells exhibit the same pattern with increasing absorber
and ETL layer thickness. The highest PCE of PCBM and Cgq as
ETL is 20.90% and 19.30% when the ETL thickness is less than
0.7 um and the absorber layer thickness is 0.4 to 1.3 pm. The
TiO, and ZnO as ETL-associated solar cells show the same
pattern for PCE with increasing ETL and absorber layer thickness
(Fig. 9(b) and (c)). The highest PCE is observed when the
absorber layer thickness is more than 0.6 um regardless of ETL
thickness, as shown in Fig. 9(b) and (c). For IGZO as ETL, the
maximum PCE (20.40%) is observed when the absorber layer
thickness is 0.5 to 1.1 pm and the ETL layer thickness is 0.03 to
0.1 pm (Fig. 9(e)). The PCE pattern is almost moderate in the case
of SnO, as an ETL-associated solar structure (Fig. 9(f)). For CeO,
as ETL, the highest PCE is observed when absorber thickness is
0.5 to 0.7 pm, and ETL thickness does not significantly impact
the PCE pattern, as shown in Fig. 9(g). Finally, in the range of 0.5
to 1.5 um absorber and less than 0.15 um ETL thickness, the PCE
is highest for WS, as an ETL-associated solar structure (Fig. 9(h)).

The changing trend of Vo, Jsc, FF, and PCE of perovskite
solar cells with different ETL is very distinct due to several
reasons. The absorption coefficient significantly affects the PV
parameters like Vo, Jsc, FF, and PCE and is directly linked with
the bandgap of the ETLs. It also affects the coupling of incident
photons in the underlying Cs,BiAgls absorber layer. The
conduction band offset (CBO) which depends on the work
function (affinity + fermi energy level) difference between ETL

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and absorber layer may also play a crucial role in the perfor-
mance of the solar cell. Where there is a preferred electron
affinity, it can have a big impact on how well the solar cell works.
Energy cliffs with CBO (—) and energy spikes with CBO (+) are
produced when the electron affinities of the ETL and absorber
layers are different. In other words, if the position of the
conduction band (CB) of the ETL is lower than the absorber, the
energy cliff CBO (—) is formed at the ETL/absorber interface
without the potential to act as an electron barrier.”® So, PCBM,
Ceo, and CeO, have no electron barrier on the ETL/absorber
interface. On the contrary, if the energy spike-CBO (+) is
formed at the ETL/absorber interface it will act as an electron
barrier.”® Therefore, ETLs like TiO,, ZnO, IGZO, SnO,, and WS,
have electron potential barriers at the ETL/absorber interface.
Such kind of spike structure developed at the ETL/absorber layer
interface, which can operate as a barrier for photo-generated
electron flow towards the edge of the ETL/absorber, has the
advantage of enhancing the photo generation of free charge
carriers.

Additionally, by doing this, the rate of recombination at the
contact will be reduced, improving PV performance. The
primary recombination process occurs at the interface when the
activation energy for carrier recombination (E,) is lower than
the bandgap of the absorber layer, as opposed to the creation of
cliff structures between ETL and perovskite. Additionally, the
development of “cliff-type” band alignment will lower the
resistance to electron transfer, resulting in a fall in E,, which
directly influences the value of Vo and, in turn, the PV
parameters like Jsc, FF, and PCE of the solar cell.” The impact
of CBO on V¢ can be described according to eqn (8) and (9)
where V¢ denotes open circuit voltage, E, denotes the activa-
tion energy, n denotes the diode ideality factor, K denotes
Boltzmann constant, T denotes temperature, J,, denotes
current pre factor and Jsc denotes short circuit current density:

In— (8)

Ea = E, — CBO (9)

3.2.5 Effect of series resistance. The performance of solar
cells is significantly impacted by the shunt (Rg,) and series (R;)
resistances, which are produced mainly by connections among
the solar cell layers, right and left side metal contacts, and
manufacturing flaws.'* According to Fig. 10, the effect of Rg
varied from 0-6 Q cm? while the shunt resistance was constant
at 10°> Q em? in the case of eight double perovskites (ITO/ETL/
Cs,BiAgls/CBTS/Au) devices. During the Rg variation, PCE was
decreased for all eight Cs,BiAgls perovskite device structures.
The PCE value of SnO,, ZnO, WS,, and TiO, as ETL-based Cs,-
BiAgls perovskite device structure decreased from around 21.60
to 19.30%. In contrast, PCBM and IGZO as ETL-based Cs,BiAg],
perovskite device structure decreased from about 20 to 19%
with increasing Rs. And Cgy and CeO, ETL-associated solar cell
structures, showed almost 17.5 to 16% and 14.5 to 12% PCE,
respectively with the increase of Rs. FF value also decreased with

RSC Adv, 2022, 12, 35002-35025 | 35013
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Fig. 7 Contour mapping of Jsc (MA cm™2) when ETL as (a) PCBM, (b) TiO,, (c) ZnO, (d) Cgo. (€) IGZO, (f) SO, (g) CeO,, and (h) WS,.

the increase of Rg while the FF value of all ETL-associated solar
cells exhibited a higher value except IGZO and CeO, as ETL. The
Jsc and Vo performance showed the constant value for all ETL-

35014 | RSC Adv, 2022, 12, 35002-35025

associated device configurations with increasing Rs. That
means Rg variation does not impact the Jsc and V¢ parameters
for the studied device configurations.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Contour mapping of FF (%) when ETL as (a) PCBM, (b) TiO,, (c) ZnO, (d) Cgo, (e) IGZO, (f) SnO,, (g) CeO,, and (h) WS,.

From Fig. 10(b) is seen that the current remains constant
with the larger series resistance. CH;NH;Snlz-based study the
performance was analyzed by varying Rs from 0 to 6 Q cm® while

© 2022 The Author(s). Published by the Royal Society of Chemistry

keeping Ry, fixed at 10° Q cm” performed a similar trend of
results where the current was unaffected by series resistance,
reported by Sunny et al.®* Another study reported that FAPbI;,
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FAg.85CSo.15Pbl3, and FA, g5Cso.15Pb(I g5Bro 15)3-based perov- particular devices tended to decline.® Rg is the sum of resis-

skites, Rs didn't affect much the current for a certain range of 30  tances between various terminals like absorber, ETL, and HTL
Q cm?®. After this range, Rg of = 30 Q cm? currents for those as well as the front and back contacts of the cell which doesn't
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Fig. 10 Effect of Rs on performance parameters ((a) Voc, (b) Jsc. (c) FF,
Ceo, IGZO, WS;, SNO,, and CeO,) double PSCs.

affect current up to a certain range. So, it could be concluded
that the current of the Cs,BiAgls perovskite was affected by
various studied ETLs after the larger series of resistance above
30 Q ecm?, which is in line with previous studies.

3.2.6 Effect of shunt resistance. Internal resistances,
interface barriers, charge-collecting interlayers, and metal-
based electrodes, are the source of Rg in PSCs, whereas
leakage channels, like pinholes in the photoactive layer and
recombination losses, are the source of the Rg,.*> The Shockley
equation is expressed as eqn (10) and (11), describe the expected
behavior of the J-V characteristic of a solar cell during ideal one-
sun illumination conditions.*

q.(V — JR,) V — JR,
Jsc = Jpy — J, —_ ) -1 - — 10
e {eXp( nkT, Ry (10)
nkT, Jru ( Voc )}
Voc = Ind—(1-— 11
oc ( qe > {Jo JpuRsy (11)

where, g.is the elementary charge, Jpuis the photocurrent
density, J, is the density of the reverse bias saturation current,
R, is the series resistance, Rgy, is the shunt resistance, n is the

© 2022 The Author(s). Published by the Royal Society of Chemistry

4 5
Series resistance, R, (Q-cm?)

and (d) PCE) of (ITO/ETL/Cs,BiAgle/CBTS/Au, ETL = PCBM, TiO5, ZnO,

diode ideality factor, k is the Boltzmann constant (1.38 x 10> J
K1), and T.is the ambient temperature (298 K). Also, from eqn
(8) and (9), it is seen that Jsc and Voc show negative inverse
relation with Rgj,. That means with increasing Ry, Jsc, and Voc's
increment happens.

The effect of Vo, Jsc, FF, and PCE values with Rg;, variation is
visually represented in Fig. 11, where Rg), varied from 10" to 107
Q cm? for all eight optimum solar cell structures. The Voc, Jsc,
FF, and PCE values showed a similar pattern with increasing
shunt resistance Rgp. All performance parameters increased
rapidly from 10" Q em?® to 10> Q cm” and then maintained the
constant value with increasing Rg,,. The CeO, as ETL associated
structure showed the lowest value where CeO, initially
increased and remained constant for Vo, FF, and PCE from
0.25V, 24%, and 2.5% to 0.9 V, 65%, and 13%, respectively, as
shown in Fig. 11. In Fig. 11(b), The Cg, exhibited the lowest
value for Jsc, from 18.5 to 19.5 (mA cm™?). The ZnO, PCBM,
TiO,, IGZO, SnO,, Cep, and WS, as ETL-associated solar cell
structures showed an almost similar and constant value of Vg,
which is 1.1 V after Rgy, of 10° Q cm?. The J¢ value of TiO,, ZnO,
IGZO, SnO,, WS,, and CeO, as ETL-associated solar cell

RSC Adv, 2022, 12, 35002-35025 | 35017
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structure showed 21.0 (mA cm~?) initially and then increased to
23.5 (mA cm %) and remained constant (Fig. 11(b)).

3.2.7 Effect of temperature. One of the most important
factors in determining the stability of solar cell performance is
having a thorough understanding of solar cell performance at
high operating temperatures. Due to the distortion between
layers at high temperatures, the performance of the majority of
solar cell architectures exhibits instability. Recent studies on
perovskites-based optoelectronics have shown improvements in
the device's performance stability at high temperatures.®**¢ The
temperature range has been adjusted from 275 K to 475 K to
investigate the relationship between temperature and the effi-
ciency of the solar cell. Fig. 12(a), (c), and (d) shows PCE, FF, and
Voc values are decreased with increasing temperature for
almost all optimum solar cell structures.

In contrast, Jsc remained almost constant for all optimum
device configurations with temperature variation (Fig. 12(b)).
The Cgo as an ETL-associated solar cell showed a lower Jg¢ of 20
mA cm 2 The PCBM as an ETL-associated structure demon-
strated almost 22 mA cm ™2 of Jyc value, which is higher than the
Ceo- The other ETLs with device configurations exhibited

35018 | RSC Adv,, 2022, 12, 35002-35025

Shunt resistance, R, (Q-cm?)

and (d) PCE) of (ITO/ETL/Cs,BiAgle/CBTS/Au, ETL = PCBM, TiO,, ZnO,

around 23.5 mA cm > of Jgc value with increasing temperature.
The Vo value was decreased from 1.16 to 0.70 V with increasing
temperature for all studied device configurations except CeO, as
ETL associated device, which decreased from 0.92 to 0.72 V
(Fig. 12(a)). The FF value decreased from around 85 to 74% for
all optimum device configurations except IGZO and CeO, ETL-
associated devices. The PCE decreased for all devices with the
increasing temperature. However, the V¢ value decreased for
all optimum device configurations with increasing temperature
due to the inverse relationship between Vg, and the reversed
saturation current density, Jo. The J, increased at a higher
temperature. Eqn (12) shows the relation between Voc and Jj.

Voc = —Ak ni {ln(l + —JSC)]
q Jo
/

T
where, % stands for the thermal voltage, and A stands for the

(12)

ideality factor.

In addition, when the temperature of the PSC rises, the flaws
become worse, and the Vo value decrease which is consistence
with previous studies.’ From Fig. 12(b), it is evident that the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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current was affected slightly due to the reduction of bandgap
with the increase in temperature. But the range of change is very
marginal which seems to be constant during the increment of
temperature. And, CH3;NH;Snl; perovskite showed a similar
kind of trend of change in current with an increase in temper-
ature from 260 K to 473 K.*° In these circumstances, the
bandgap reduction could be less of being double perovskite
such kind of a slight current change for temperature change.

3.2.8 Effect of capacitance and Mott-Schottky. Fig. 13(a)
and (b) show the Mott-Schottky (M-S) plots and the plots of
capacitance per unit area (C) with bias voltage (V), respectively,
for eight suitable solar cells. The built-in voltage (V};) and
charge carrier density (Ng) can be extracted from C-V
measurements by using the well-known M-S analysis experi-
mental method. It is used in traditional semiconductor devices
that contain p—n and semiconductor/metal junctions with fixed
depletion layers and space charge regions. Eqn (13) yields the
junction capacitance per area (C) value.

I 2ee;
C* gNg

(Vo= V) (13)

Here, ¢, is the vacuum permittivity, ¢, is the donor's dielectric

constant, ¢ is the electronic charge, and V is the applied voltage
(Fig. 13(b)).*”*® Nq is generated from the gradient of the linear

© 2022 The Author(s). Published by the Royal Society of Chemistry

component, and Vy,; is generated from an extension of the linear
part to the voltage axis. The CeO, ETL-associated device shows
voltage-independent capacitance from —0.4 V to 0.5 V, and an
exponentially increasing pattern has been shown after 0.5 V
(Fig. 13(a)). Whereas other ETL-associated solar structures
represent the independent voltage capacitance it may be
because of the saturation of depletion layer capacitance, as seen
in Fig. 13(a). In the case of CeO, as ETL associated structure Vi,
shows declining in nature where ZnO, Cgo, PCBM, SnO,, TiO,,
and WS, as ETL associated structure shows a higher voltage.

3.2.9 Effect of generation and recombination rate.
Fig. 13(c) and (d) show the generation and recombination rates,
respectively. The electron-hole pairs are created during the
carrier generation process when an electron is excited from the
valence band to the conduction band, producing a hole in the
valence band. The emission of electrons and holes brings on
carrier generation. To determine the creation of electron-hole
pairs G(x), SCAPS-1D employs the incident photon flux Npno(-
A,x). From this photon flux for each position and wavelength,
the value of G(x) can be computed through eqn (14).

G(2.x) = (A, X)Npnot(4,X) (14)

RSC Adv, 2022, 12, 35002-35025 | 35019
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Fig. 13 (a) Capacitance (C), (b) Mott—Schottky (1/C?) plot, (c) generation rate, and (d) recombination rate for eight studied structures.

The process of recombination is the opposite of the process
of generation, in which the electrons and holes of the conduc-
tion band are coupled and annihilated. The charge carrier's
lifespan and density determine the solar cell's recombination
rate. First, the electron-hole recombination is decreased
because of the defect states present within the absorber layer.
Then, the energy states are produced, which impacts the elec-
tron-hole recombination profile within the solar cell structure.
Due to flaws and grain boundaries, the recombination rate
distribution is not uniform, as shown in Fig. 13(d).>*

3.2.10 J-V and QE characteristics. Fig. 14(a) shows the J-V
characteristics changing pattern of the studied eight solar cell
structures. According to Fig. 14(a), it is noticed that Cg, as an
ETL-associated PSC showed about 19 mA cm > as current
density, while the Voc is more significant than one volt.
However, CeO, as an ETL-associated device exhibited a Jg¢ of
about 23 mA cm > although the Voc was less than 1.0 V.
However, the other ETLs associated structures showed better
performance than Ce, and CeO, as ETL-associated device
structures. The ZnO as ETL-associated structure demonstrated

~ 25 ( a) { 100 1
5 "“a"‘s._ c\°
< 20} {1 z 80 ]
£ =
R D
z K]
g 15F 1 £ 1
q=3 5]
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=10} 1 240 -
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Fig. 14 (a) J-V characteristics and (b) QE curve of the double PSCs.
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23 mA cm > with unity open circuit voltage density, as shown in
Fig. 14(a). The defect amount in perovskite films is a critical
factor in determining the device's performance since the
photoelectrons are produced in these layers. However, the
electron-hole recombination behaviors are essential in defining
the photovoltaic parameters of the PSC. The j-V curve in
a perovskite film is shown in Fig. 14(a) as a function of bulk trap
density. All photovoltaic parameters are drastically reduced
when defect states are present in perovskite films. This is
consistent with the observation that significant crystallinity in
perovskite reduces charge recombination and enhances
performance.**

Fig. 14(b) shows the quantum efficiency (QE) curve with
respect to a different wavelength. The Cq, as ETL with PSC
showed the optimum QE of 80% when the wavelength was
almost 700 nm. The optimum QE of PCBM as an ETL-associated
solar cell structure exhibited around 95% at around 620 nm. In
addition, the other four ETL-associated PSCs demonstrated the
highest QE of around 100% at 350 nm. Fig. 14(b) shows that the
six sets of PSCs do not have QE above 800 nm. However, because
of recombination, where charge carriers cannot pass into an
external circuit, the QE for most solar cells is decreased. The QE
is impacted by the same processes that impact collection
probability. For instance, altering the front surface might
impact carriers produced close to the surface. Free carrier
absorption, which lowers QE in longer wavelengths, may also be
brought on by highly doped front surface layers.*

3.3 Comparison with wxAMPS simulation results and
previous work

3.3.1 Comparison between SCAPS-1D and wxAMPS results.
A comparison of Cs,BiAgls-based double perovskite solar cells
is conducted in this section. Table 5 gives a comparative view of
the performance parameters of eight Cs,BiAgls base solar cell
structures found by optimizing different ETL and HTL from
numerous simulations. PCBM as ETL associated with Cs,BiAgls
based perovskite solar structure shows 19.99% of PCE in SCAPS-
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1D simulator whereas 20.70% of PCE in wxAMPS simulator
(Table 5). In addition, TiO, as ETL associated with Cs,BiAgl-
based solar cells shows 21.55% of PCE while 23.06% of PCE in
the wxAMPS simulator. ZnO as an ETL-associated solar cell
structure shows 21.59% PCE when SCAPS-1D is used, whereas
WXAMPS shows 22.04% PCE. Similarly, C¢o, IGZO, SnO,, CeO,,
and WS, as ETL-associated Cs,BiAgls-based solar cell structures
show 17.47%, 20.41%, 21.52%, 14.44%, 21.43% of PCE in
SCAPS-1D simulator however in wxAMPS simulator, the PCE
values show 21.03%, 22.38%, 21.93%, —, 21.23%. In the case of
Voc, PCBM as an ETL-associated structure shows 1.08 V in the
SCAPS-1D simulator. In contrast, in the wxAMPS simulator, the
device structure shows 1.18 V. Like PCBM as ETL associated
structure, both simulator shows similar pattern results for Vpc
for all device configurations. In addition, the performance
parameters Jsc and FF in SCAPS-1D and wxAMPS simulator
show the closest pattern for all device structures. Comparing
the performance parameters of the eight solar cell structures,
SCAPS-1D and wxAMPS simulators show the nearest results
except for PCE and Vg, where wxAMPS shows a little higher
result than SCAPS-1D (Table 5). The obtained performance
parameters result from both simulators help us to understand
the charges transport layers and absorber materials that are
suitable for device configuration. Since both simulators give the
closest performance results for eight sets of optimum solar
device configurations, the presented results are reliable for
further investigation which is consistent with previous
studies.***°

3.3.2 Comparison of SCAPS-1D results with previous work.
Table 6 compares the performance parameters of the presented
eight device configurations with recently published optimum
configurations. Table 6 shows that the presented optimum Cs,-
BiAgls double perovskite-based solar cell shows a higher PCE
value than the previously published Cs,BiAgX, device structure.
Presented eight sets of device structures PCE are 19.99%,
21.55%, 21.59%, 20.42%, 21.52%, 21.43%, 17.47%, and 14.44%
whereas previously published device structures such as FTO/
PCBM/Cs,BiAgls/PTAA/Au structure shows almost 16.23% PCE,”

Table 5 Comparison between SCAPS 1D and wxAMPS software simulation

Device structure Software Voc (V) Jsc (mA cm™?) FF (%) PCE (%)
ITO/PCBM/Cs,BiAgls/CBTS/Au SCAPS-1D 1.08 22.39 82.56 19.99
WXAMPS 1.18 20.86 84.21 20.70
ITO/TiO,/Cs,BiAgls/CBTS/Au SCAPS-1D 1.08 23.8 83.61 21.55
WXAMPS 1.18 23.00 84.69 23.06
ITO/ZnO/Cs,BiAgls/CBTS/Au SCAPS-1D 1.085 23.76 83.78 21.59
WXAMPS 1.18 21.97 84.81 22.04
ITO/Cg0/Cs,BiAgls/CBTS/Au SCAPS-1D 1.07 19.62 82.65 17.47
WXAMPS 1.18 21.09 84.73 21.03
ITO/IGZO/Cs,BiAgls/CBTS/Au SCAPS-1D 1.09 23.65 79.04 20.42
WXAMPS 1.19 22.87 82.02 22.38
ITO/Sn0O,/Cs,BiAgls/CBTS/Au SCAPS-1D 1.08 23.76 83.54 21.52
WXAMPS 1.18 21.94 82.62 21.93
ITO/CeO,/Cs,BiAgls/CBTS/Au SCAPS-1D 0.92 23.59 66.21 14.44
WXAMPS — — — —
ITO/WS,/Cs,BiAgls/CBTS/Au SCAPS-1D 1.08 23.53 83.91 21.43
WXAMPS 1.18 21.16 84.94 21.23

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 6 The comparison of PV parameters of Cs,BiAglg and similar absorbers-based solar cells

Type® Device structure Voc (V) Jsc(mAcm™?) FF (%) PCE (%) Year Ref.
E FTO/c-TiO,/mTiO,/Cs,AgBiBrs/N719/spiro-OMeTAD/Ag 1.06 5.13 — 2.84 2020 92
E FTO/TiO,/Cs,AgBiBre/spiro-OMeTAD/Au 0.98 3.96 62.40 2.43 2021 91
T FTO/PCBM/Cs,BiAgls/PTAA/Au 1.08 19.94 74.87 16.23 2021 72
T Ohmic contact/spiro-OMeTAD/Cs,BiAgls/TiO,/Sn0,:F(ZnO,)/ohmic contact 1.18 16.2 80.20 15.90 2018 93
T Glass/FTO/TiO,/Cs,AgBiBrs/Cu,O/Au 1.5 11.45 42.10 7.25 2020 90
T ZnO-NR/Cs,AgBiBr/P3HT(base) 0.91 11.10 44.02 4.48 2021 40
T ITO/PCBM/Cs,BiAgls/CBTS/Au 1.08 22.39 82.56 19.99 — b

T ITO/TiO,/Cs,BiAgls/CBTS/Au 1.08 23.8 83.61  21.55 — b

T ITO/ZnO/Cs,BiAgls/CBTS/Au 1.08 23.76 83.78 21.59 — b

T ITO/Cy0/Cs,BiAgls/CBTS/Au 1.07 19.62 82.65  17.47 — b

T ITO/IGZO/Cs,BiAgls/CBTS/Au 1.09 23.65 79.04  20.42 — b

T ITO/Sn0,/Cs,BiAgls/CBTS/Au 1.08 23.76 83.54  21.52 — b

T ITO/Ce0,/Cs,BiAgls/CBTS/Au 0.92 23.59 66.21  14.44 — b

T ITO/WS,/Cs,BiAgl/CBTS/Au 1.08 23.53 83.91  21.43 — b

9 E = experimental, T = theoretical. ” This work.

FTO/TiO,/Cs,BiAgls/spiro-OMeTAD/Au structure shows around
2.43% PCE.”" The Vi values of the presented solar structures are
compatible with published device configurations. In contrast,
the Jsc and FF values of the presented solar structure are higher
than those of the previously published Cs,BiAgXs-base device
structure. All presented solar structure shows Jsc of greater than
19 mA cm 2, whereas earlier published device structure shows
the lowest Jsc value except FTO/PCBM/Cs,BiAgls/PTAA/Au
structure. Table 6 shows that the presented eight solar struc-
tures are shown more effective performance than the previously
reported Cs,BiAgXs-based solar cells.

The first 2 solar cell device structures of Table 6 used
a different absorber, i.e., Cs,AgBiBr, (which shows less than 3%
efficiency) than our studied absorber, i.e., Cs,BiAgls. Up till
now, the research on photovoltaics using a Cs,BiAgls absorber
has been unique which was different from the experimental
studied Cs,BiAgBrs absorber-based solar cells. Our studied
absorbers' characteristics like thickness, bandgap, acceptor,
defect density, etc. varied from the previous theoretical and
experimental studies of device structures. At the same time, our
studied ETLs, and HTLs are not matched with previously
studied experimental ones as per their properties as well.
Furthermore, optical properties also vary from absorber to
absorber which leads to solar energy absorption. The studied
Cs,BiAgls absorber had better optical properties which were
evident from the performance of 16.23% of PCE in the case of
FTO/PCBM/Cs,BiAgls/PTAA/Au structure reported by Srivastava
et al.” From all the above reasons, we can conclude that our
studied Cs,AgBiBr, solar cell shows better PCE than other
studied similar solar absorbers, i.e., Cs,AgBiBrs based different
structured solar cells.

4 Summary

This work concludes a combined DFT, SCAPS-1D, and wxAMPS
based study to design, investigate and optimize Cs,BiAgl,
double perovskite-based solar cells. Both the band structure
and density of states via DFT analyses confirm the semi-
conducting nature of Cs,BiAgl material. The bonding nature of

35022 | RSC Adv, 2022, 12, 35002-35025

Cs-T and Ag-I bonds is found to be ionic, while it is a covalent
Bi-I bond. Moreover, the analysis of optical properties suggests
the possible application of this double perovskite in solar cells.
In the next step, Cs,BiAgls-based double perovskite solar cell
configurations are investigated with ninety-six combinations of
solar cell structures using eight ETLs and twelve HTLs through
SCAPS-1D simulation. The Cs,BiAgls absorber layer-based
device with CBTS as HTL delivered 19.99%, 21.55%, 21.59%,
17.47%, 20.42%, 21.52%, 14.44%, and 21.43% PCE with PCBM,
TiO,, ZnO, Ce, IGZO, SnO,, CeO,, WS, ETL respectively. After
a comparison of various characteristics among these eight best-
optimized configurations, the following findings are
summarized:

(1) Among all studied combinations, TiO,, ZnO, and SnO,
ETLs-associated devices showed comparatively better PCE of
~21.5% with CBTS HTL due to its suitable band alignment.

(2) From the effect of absorber and ETL thickness, it is
evident that SnO, and WS, ETLs-associated devices can deliver
~21.5% of PCE.

(3) ITO/ZnO/Cs,BiAgls/CBTS/Au PSC showed a considerable
decline of PCE while series resistance increased to 6 Q cm?.

(4) In the case of shunt resistance, the performance of ITO/
ZnO/Cs,BiAgls/CBTS/Au structure is better in comparison with
other devices.

(5) While the temperature increased from 275 K to 475 K the
performance of the ZnO ETL-associated structure is the best
among all devices.

(6) Voc, and Jsc were almost independent with respect to R,
and Jsc also remained unaffected with temperature.

(7) For capacitance and Mott-Schottky characteristics, CeO,
and Cgo ETLs-associated devices showed relatively maximum
PCE at 0.8 V for a voltage sweep from —0.4 V to 0.8 V.

(8) Also, CeO, and Cgo ETLs associated devices showed the
highest generation and recombination rates at 0.9 and 1 um
respectively.

(9) ZnO ETL device showed better -V and QE characteristics
due to its suitable band alignment in comparison with other
ETLs associated devices.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(10) Comparing SCAPS-1D results with wxAMPS results, it is
evident that the difference between all the devices is marginal,
which might help to understand the accuracy of the work.

Extensive numerical simulations reported in this work can
be extended to other perovskite materials to study the potential
perovskite absorber materials for solar cell applications, fol-
lowed by development using device simulators. This can help
the experimentalists to synthesize the desired material with the
most efficient device architecture.
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