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1. Introduction

Achieving 27.20% efficiency for a lead-free double
perovskite solar cell with all inorganic Cs,BiAglg
using AZO UTL as a passivation layerf

Aminreza Mohandes and Mahmood Moradi*

A major challenge in the commercialization of perovskite solar cells (PSCs) is the presence of toxic
metals, like lead, in their composition. Compared with conventional lead halide perovskites, double
halide perovskites have garnered significant interest owing to their reduced toxicity, adjustable bandgap,
structural flexibility, and enhanced stability. This study focuses on evaluating a lead-free Cs,BiAglg-
double perovskite solar cell (DPSC) using a one-dimensional solar cell capacitance simulator (SCAPS-1D)
with a bilayer ZnO/AZO electron transport layer (ETL) and ZnO ETL, along with various hole transport
layers (HTLs) for the first time. The selected HTLs included CBTS, Cu,O, CuAlO,, CZTS, CuSCN, spiro-
OMeTAD, MoOs, and V,0s. Various factors, such as energy band alignment, recombination and
generation rates, absorber thickness, defect and doping densities for all layers, energy levels of ETLs and
HTL, interfacial defect densities, back metal contact, and operating temperature, were examined for
improving the performance of DPSC. This study was aimed at enhancing the efficiency and deepening
our understanding of the electron transport mechanisms in Cs,BiAglg-DPSCs. The research findings
suggested that V,05 and ZnO/AZO were the most suitable materials for the HTL and ETL, respectively,
among the various options considered. Therefore, we utilized ITO/ZNnO/AZO/Cs,BiAglg/V,Os/Au as the
required DPSC. To boost the performance of the DPSC, electron—hole pair handling at the ETL/perovs-
kite interface was optimized by adding a 10 nm AZO UTL, thereby enhancing the ZnO/double perovskite
interface properties. The bilayer structure of ZnO/AZO offered advantages such as efficient electron
extraction and minimal interfacial recombination owing to its enhanced energy level alignment and
defect passivation. After optimizing these parameters, the system with the ZnO/AZO bilayer ETL
achieved an efficiency of 27.20%, along with a V. of 1.3221V, J,. of 23.84 mA cm™2, and FF of 86.28%.
Thus, this work presents a straightforward and promising approach for fabricating photovoltaic devices,
particularly for various types of double perovskites, with favorable charge transport layers and recombi-
nation properties. Furthermore, these findings offer theoretical guidance to improve the efficiency of
Cs,BiAgle-based photovoltaic solar cells (DPSCs) and facilitate the widespread adoption of eco-friendly
and stable perovskites.

significant increase in efficiency from 3.8% to 26.1% since
2009.? The ABX; formula of perovskite solar cells (PSCs)

To meet the energy demands of daily life, we use fossil fuels,
such as natural gas and coal, which are harmful to society and
the environment."” Hence, the focus of global research is
shifted to the development of alternative energy sources and
sustainable energy options that address both economic and
environmental concerns. Solar cells are a key renewable energy
source, especially perovskite ones, which have attained a
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has a monovalent cation (MA" = CH;NH;", FA" = H,NCHNH,",
and Cs*) as A, a divalent metal cation (lead (Pb>*), tin (Sn>"),
titanium (Ti**), bismuth (Bi**), and silver (Ag>")) as B, and a halogen
anion (Cl™, Br, and I") as X. Lead-halide and organic-inorganic
hybrid PSCs have gained attention owing to their high power
conversion efficiency (PCE) of 26.1%, which is comparable to top
silicon solar cells.>® Despite this remarkable efficiency of PSCs, the
presence of toxic lead materials and volatile organic cations in their
composition hinders their widespread application.®"" Organic-
inorganic PSCs are unstable owing to the presence of oxygen,
moisture, and heat generated by organic cations.”> Moreover,
lead-based perovskites are very toxic and pose health risks."*™*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The demand for non-toxic PSCs has led to the research on
lead-free materials. To replace lead-based perovskites, Sn** and
Ge*™ (germanium) were used instead of Pb** in previous
studies. However, Sn*>" and Ge** in lead-free PSCs had limited
stability owing to oxidation.'® Pb** were also replaced with non-
toxic Bi*" ions, which are isoelectronic and stable.!” Bismuth
PSCs showed longer charge carrier diffusion owing to their
reduced trap densities.'® Introducing Bi*" in A'*B*'X; resulted
in optoelectronic properties that were worse than those of lead
perovskites.'®*° To recover from these inferior characteristics,
Bi** anion was added to an elpasolite structure or a double
perovskite structure.”’ Elpasolite structure has the formula
A,BY'B*'X¢, where A represents a monovalent cation, X repre-
sents a halide anion, B'* represents an inorganic cation, and
B’" represents an organic or inorganic cation. According to
recent investigations, double perovskites incorporating Bi**
and Ag"" ions exhibit considerable promise for application in
photovoltaic technologies because of their advantageous band-
gaps, comparable charge carrier effective masses, exceptional
photoluminescence lifetimes, extended carrier recombination
lifetimes, and robust stabilities.>>>” McClure et al. have stated
that Cs,AgBiBrs and Cs,AgBiCls show a noticeable bandgap
and exhibit higher stability than MAPbX;.>' However, Cs,Ag-
BiBre and Cs,AgBiClg exhibit low efficacy owing to their high
charge carrier effective masses, restricted charge carrier trans-
port capabilities, and substantial band gap,”®*° making them
unsuitable for integration into solar cells. The absorber Cs,Ag-
Bils exhibits a band gap of 1.12 eV, excellent light absorption
capability and enhanced efficacy compared to Cs,AgBiBrs and
Cs,AgBiClg, indicating its potential for double perovskite solar
cell (DPSC).*"3?

The physical properties of a material in a device are key to
understanding its state and potential practical applications.
Researchers have used density functional theory (DFT) to study
material properties, such as halide perovskites. These materials
have special properties spotless for optoelectronic and photo-
voltaic applications.**™** Hadi et al.*® studied Cs,AgBiBrg using
DFT to explore its properties by inducing disorder in the
compound through the creation of an antisite defect in the
sublattice; the indirect band gap of Cs,AgBiBre was reduced
and converted to a direct band gap. This modification
enhanced the optical absorption in the visible region, making
Cs,AgBiBr; suitable for solar cell applications.

Here, we conduct a literature review focusing on the ZnO/
AZO bilayer structure, exploring its various properties, applica-
tions, potential advancements, and efficiency enhancement in
the field of PSCs.*”

Dong et al>® reported that ZnO (zinc oxide) nanorods
modified with aluminum-doped ZnO (AZO) are utilized in PSCs
containing MAPDbI;. This modification has demonstrated a
beneficial impact on both the V,. (open-circuit voltage) and
the PCE. The average PCE is enhanced from 8.5% to 10.07%,
with the maximum efficiency reaching 10.7%. Tseng et al.>®
reported that Al doping proved to be effective in altering the
physicochemical characteristics of ZnO to enhance its perfor-
mance. A high-quality, fully coated thin film of AZO on an ITO
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(indium tin oxide) substrate was successfully fabricated using a
sputtering technique. When compared to a cell utilizing ZnO, a
perovskite cell incorporating AZO as the ETL exhibits superior
stability. The most efficient PSC based on AZO achieves a PCE
of 17.6% for the ZnO ETL-based PSC. Wu et al.*® reported that
the ZnO/perovskite interface has several drawbacks, including
the decomposition of MAPbI; and misaligned energy levels.
To solve these issues, we suggest a new design using a low-
temperature ZnO/AZO bilayer thin film with band alignment as
electron transport layers in PSCs. This enhances PSC efficiency.
The PCE increases from 12.3% to 16.1% with the incorporation
of the AZO thin film. In addition, some researchers have
worked experimentally on the performance of PSCs to improve
efficiency using ZnO/AZO bilayer.**™**

To the best of our knowledge, for the first time, the evalua-
tion of lead-free Cs,BiAgls-DPSC using a one-dimensional solar
cell capacitance simulator (SCAPS-1D) with bilayer ZnO/AZO
ETL and ZnO ETL with various HTLs is carried out and
compared. Various HTLs, including CBTS (copper barium
thiostannate), Cu,O (copper(i) oxide), CuAlO, (copper alumi-
num oxide), CZTS (copper zinc tin sulfide), CuSCN (copper(1)
thiocyanate), Spiro-OMeTAD (2,2',7,7'-tetrakis[N,N-di(4-ethoxy-
phenyljJamino]-9,9'-spirobifluorene), MoO; (molybdenum trioxide),
and V,0; (vanadium oxide) are selected. Next, we investigated the
impact of various factors to enhance the performance of the DPSC.
These factors included the energy band alignment, total recombi-
nation and total generation rate, thickness of the absorber, defect
and doping densities of all layers, the energy levels of both ETLs
and HTL, the interfacial defect densities of both the ETL and HTL
sides, the back metal contact, and operating temperature. This
study has the potential to enhance efficiency and deepen our
understanding of the electron transport mechanism in Cs,BiAgls-
DPSCs. Additionally, simulation work was carried out on the most
efficient cells to gain a more comprehensive understanding of the
device’s electrical properties. Ultimately, it was revealed that these
interfacial bilayers significantly enhanced the photovoltaic char-
acteristics and overall performance of the DPSC.

2. Materials and methodology

2.1. Methodology

Various simulation software, such as SCAPS-1D, PC-1D, AMPS-
1D, wxAMPS, COMSOL, and Silvaco, are utilized to simulate the
device structures and evaluate the photovoltaic performance of
different kinds of solar cells.* In this particular study, SCAPS-
1D version-3.3.08, developed by the Department of Electronics
and Information Systems (ELIS) at the University of Gent,
Belgium, is employed to simulate and model the DPSC with
Cs,BiAgl, as the active layer.*® The simulation process involves
using three semiconductor equations: eqn (1) represents the
Poisson equation, which establishes the relationship between
carrier concentrations and electrostatic potential, while eqn (2)
and (3) correspond to the continuity equations for electrons
and holes, respectively. These equations enable the analysis of
the charge carrier generation and recombination mechanisms

Mater. Adv., 2025, 6,1520-1539 | 1521
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in the semiconductor.

a%(—g(x) gli) qlp(x) — n(x) + Np™(x)

(1)

— Na™(x) + pi(x) — ni(x)],
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where  denotes electric potential; ¢ denotes the electric field;
¢ denotes the permittivity; g denotes the electronic charge; p(x)
and n(x) are concentrations of charge carriers; 1, , represents
the carrier lifetime, y, , denotes charge mobilities; Ny~ and Np'
denote shallow acceptor and shallow donor concentrations,
respectively; D, , denotes the diffusion coefficient of the charge
carrier; G, or G, denotes the charge carrier generation rate, and
P+x) denote the defect densities of electrons and holes, respec-
tively. At the (x) and p/(x) equilibrium state, we have the
following equation:
% (@)

o ot '

Table 1 Material parameters used in the simulation

View Article Online

Paper

2.2. Device structure and material parameters

In the formation of a double perovskite solar cell, the Cs,BiAglg
absorber layer is accompanied by ETL, HTL, and back contact to
create the DPSC structure, as it captures photons effectively owing
to its double heterostructure, ensuring charge and photon con-
finement. The performance of various double perovskite solar cell
structures (DPSCs) is investigated using SCAPS-1D software, with
the ambient temperature set at 300 K and the AM 1.5G sunlight
spectrum. Different structures are studied by incorporating two
ETLs and eight HTLs, with a gold back contact.

The Cs,BiAgls-DPSC is composed of multiple layers, includ-
ing indium tin oxide (ITO), ZnO as ETL, Cs,BiAgl, as the double
perovskite absorbing (DPPVK) layer, and CBTS as HTL.*”
Notably, the DPPVK layer, Cs,BiAglg, exhibits p-type carrier
characteristics, with a bulk defect density of 1 x 10" em™>.
This parameter significantly affects the charge carrier lifetime
of electrons and holes, resulting in a value of 100 ns for both. The
diffusion lengths of the electron and hole charge carriers, denoted
by L, and L,, respectively, are measured to be 0.72 pum. For
simulation purposes, the DPPVK layer is assumed to have a
thickness of 800 nm, as shown in Table 1. The thermal velocity
of electrons and holes is confirmed to be 1 x 10’ cm s %
Additionally, the defect energy level is positioned at the center
of E,, following a Gaussian distribution with a characteristic

Material parameters ITO ZnO Cs,BiAgl CBTS
Thickness (nm) 500 50 800 100
Energy band gap, E, (eV) 3.5 3.3 1.6 1.9
Electronaffinity, y (eV) 4 4 3.9 3.6
Relativedielectricpermittivity, &, 9 9 6.5 5.4
Conduction band effective density of state, Nc (cm ™) 2.2 x 10'® 3.7 x 10'® 1 x 10%° 2.2 x 10'®
Valence band effectlve den51t1y of state, Ny (cm™?) 1.8 x 10" 1.8 x 10" 1 x 10" 1.8 x 10"
Electronmobility, u, (cm V 20 100 2 30
Holemobility, p, (cm® v~ 10 25 2 10
Shallow uniform donor doplng density, Np (cm™?) 1 x 10> 1x10'® 0 0

Shallow uniform acceptor doping density, N, (cm™>) 0 0 1 x 10" 1 x 10"
Defect density, N; (cm™?) 1 x 10" 1 x 10" 1 x 10" 1 x 10"
Electron thermal velocity, V. (cm s™*) 1 x 107 1 x 107 1 x 107 1 x 107
Hole thermal velocity, %, (cm s 1 x 107 1 x 107 1 x 107 1 x 107
Ref. 47 47 and 48 47 47

(a)
Back contact

CBTS (N=1x 105 cm™3) _\

Cs,BiAgls (N=1x 105 cm™3%)

ZnO (N=1x 105 cm™3)

ITO (Ne=1x 10*° cm3)

Glass

Fig. 1
ETLs, HTLs, and the DPPVK layer.
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(a) Device structure of the Cs,AgBilg-DPSC. The defect densities of each layer (N;
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) are shown in the parentheses. (b) Energy band alignment of
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Table 2 Interface defect density parameters®’

Interface parameter ZnO/Cs,BiAgl,s Cs,BiAgls/CBTS

Defect type Neutral Neutral

o, (cm?) 1x10" 1x10 '8

0, (cm?) 1x10'® 1x10"

Distribution of energy Single Single

E~Ey Above the VB maximum Above the VB maximum
Energy level w.r.t. reference (eV) 0.6 0.6

N (em™?) 1 x 10" 1 x 10"

onp: capture cross section for electron and hole; E;: defect energy level; Ey: valence band minimum energy; N: interface defect density.

energy of 0.1 eV. These defects are electrically neutral and exhibit Fig. 2(a) shows our simulation of the current density-voltage
optimized capture cross sections for electrons and holes, with curve of DPSC, ITO/ZnO/Cs,BiAgls (800 nm)/CBTS/Au, with the
avalue of 1 x 10 *® cm®. The pre-factor for all the layers, denoted PV output parameters of V. of 1.0890 V, J,. of 24.18 mA cm 2,
as A, is 1 x 10° (cm ' eV *°).”” These values are determined FF of 81.87%, and PCE of 21.56%, and Fig. 2(b) demonstrates
xusing the following equation: o = A,(hv — E,)*°, where hv the simulation of the EQE curve against the wavelength
represents the photon energy. Fig. 1(a) depicts a schematic of the corresponding device. The EQE curve commences from
representation of the Cs,BiAgls-DPSC device configuration. The 27.922% at 300 nm and reaches a peak of 99.807% at 360 nm.
defect densities of each layer are specified in parentheses. Fig. 1(b) Then, it remains almost constant up to 600 nm and finally
shows the energy band alignment for two ETLs, eight HTLs, and  decreases to zero at 780 nm. Additionally, Fig. 2(c) shows the
the DPPVK layer. energy band alignment of this device.

The validation of the model is confirmed through a compar- Table 3 displays the comparison between the Hossain et a
ison of the results obtained from Hossain et al®’ with our result and our simulated performance parameters of ITO/ZnO/
model for the ITO/ZnO/Cs,BiAgls (800 nm)/CBTS/Au device. Cs,BiAgl; (800 nm)/CBTS/Au.

l.47

In Table 1, the material parameters for this device are pre- In this step, we examined AZO ETL and various HTLs to
sented. Table 2 shows the interface defect density parameters enhance efficiency. It is presumed that the Ny (cm™®) and
used in our simulation. N; (em™?) values of AZO ETL are the same as those of ZnO.
25 100 4
(a) (b)
& 20+ 80 -
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] w
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Fig. 2 Simulation results for the (a) current density—voltage (J-V) curve, (b) external quantum efficiency (EQE) curve, and (c) energy band alignment of
the ITO/ZnO/Cs,BiAglg (800 nm)/CBTS/Au device.*’
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Table 3 Comparison of the results of Hossain et al.*’ with our simulation

of performance parameters for ITO/ZnO/Cs,BiAgle (800 nm)/CBTS/Au

PV parameters Voe (V) Jse (MA cm™?) FF (%) PCE (%)
Hossain et al.*” 1.085 23.76 83.78 21.59
Simulation 1.089 24.18 81.87 21.56

Voo (Open-circuit voltage), Js. (short-circuit current density), FF (fill
factor), and PCE (power conversion efficiency).

It is assumed that the thickness of all HTLs is the same as the
value of CBTS, and the values of N, (cm*) and N, (cm ) are equal
to those of CBTS. Table 4 presents the input material parameters
of AZO ETL and different HTLs used in our simulation.

2.2.1. Influence of various ETLs and HTLs. Herein, we
explored a DPSC based on Cs,BiAgls with an initial configu-
ration using two kinds of ETLs, eight kinds of HTLs, and Au as
a back contact. For this study, we used a total of eight HTLs
comprising Cu,0, CuSCN, V,0s5, Spiro-OMeTAD, MoOs3;,
CuAlO,, CZTS, CBTS, and two ETLs (ZnO and ZnO/AZO) to
compare the PV performance for these 16 configurations.
During the performance evaluation, the appropriate Cs,BiAgls
absorber seems to be with HTLs, such as CBTS, CuAlO,, CZTS,
MoO;, and V,05 (Fig. 3). Compared with these HTLs, the
performance of Cu,0, CuSCN, and Spiro-OMeTAD was reduced
when paired with any of the ETLs. As a p-type layer, the HTL
must be thinner than the n-type ETL to avoid recombination
and allow for the fast exchange of sufficient charge carriers in
the structure. In Fig. 3(a), each of ZnO or ZnO/AZO ETLs and
V,0s HTL showed the highest V,. of 1.894-1.897 V, while
CuSCN HTL showed the lowest V,. of 1.0845-1.0847 V. The J.
of the CBTS HTL was the highest, 24.18 mA cm ™2, among all of
the studied HTLs, as illustrated in Fig. 3(b). ZnO/AZO ETL and
CuSCN HTL showed the lowest J;. of 24.16 mA cm 2. Fig. 3(c)
depicts that the V,05; HTL had the highest FF of 81.91-81.93%,
whereas the Spiro-OMeTAD HTL demonstrated the lowest FF of
81.19-81.21% for all the studied transport layers. Fig. 3(d)
illustrates the lowest performance of CuSCN HTL, 21.34-
21.35%, while V,05 HTL illustrates the highest performance
of 21.58-21.59%. The V,Os is characterized by several features,
including excellent climate stability and strong optical
and electrical properties. The V,05 film can be fabricated by
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applying an inexpensive and simple spin-coating technique;’”
additionally, it was used as an HTL and interlayer between the
perovskite absorber/HTL interface to achieve high solar cell
performance.*®*®' v,0; layer has a direct band gap of about
2.20 eV with good thermal stability, optical absorption coeffi-
cient, and long-term performance and has been recently put
into the high priority production list because of its low envir-
onmental impact and low-cost fabrication techniques.®?
Furthermore, V,05 nanoparticles were suitable for the modifi-
cation of PEDOT:PSS (poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate owing to their high stability in acid, good
dispersibility in polar solvents, and excellent photoelectric
properties, the). Therefore, the conductivity of the resulting
anode interfacial layer (AIL) improved. It exhibited different AIL
conductivities, where the V,05:PEDOT:PSS had the highest
conductivity owing to the V,0s nanoparticles filling the pin-
holes, exposing more PEDOT:PSS chains to the surface core-
shell structure.®®

For wiser decision of results, Fig. 3 illustrates the PV output
parameters (Vo (V), Jsc (mA cm™2), FF (%), and PCE (%)) of the
device of ITO/ETLs/Cs,BiAgls (800 nm)/HTLs/Au, for two ETL
and eight HTL materials, as contour mapping plots.

Table S1 (ESIt) presents the PV output parameters of 16
devices for two ETLs and eight HTLs of Cs,BiAgl;-DPSC, and
ITO/ETLs/Cs,BiAgls (800 nm)/HTLs/Au. Fig. Sla-d (ESIY) dis-
plays the J-V and EQE curves with the corresponding ETLs (a)
and (b) ZnO/AZO and (c) and (d) ZnO for the device of ITO/
ETLs/Cs,BiAgls (800 nm)/HTLs/Au. The eight HTLs are shown
in the inset of Fig. S1a-d (ESIt).

According to Table S1 (ESIT) and Fig. 3, it can be concluded
that the Cs,BiAgls-DPSC with ETL (ZnO/AZO) and HTL (V,0s)
has the maximum PCE, attaining 21.59%, together with a V. of
1.0897 V, Js of 24.17 mA cm ™2, and FF of 81.93%. We employ
an ultra-thin layer of AZO (10 nm) on a ZnO, ITO/ZnO/AZO/
Cs,BiAgls (800 nm)/V,05/Au device in our simulation. By incor-
porating an AZO UTL layer, the extraction of electrons is
improved at the interface, resulting in efficient carrier extraction,
minimal leakage loss,** and reduced energy loss.®> Additionally,
it enhances the alignment of energy levels, facilitates electron
transport, and enhances resistance to recombination.®® A bilayer
ETL can be designed to have superior film quality, lower trap

Table 4 Input material parameters of AZO (ETL) and different HTLs used in our simulation

ETL HTL
Material parameters AZO Cu,O CuAlO, CuSCN CZTS MoO; Spiro-OMeTAD V,05
Thickness (nm) 10 100 100 100 100 100 100 100
Ey (eV) 3.4 2.17 3.46 3.6 1.45 3 3 2.2
7 (ev) 4 3.2 2.5 1.7 4.5 2.5 2.45 3.4
& 9 7.1 60 10 9 12.5 3 10
Ng (em™) 2 x 10'® 2.02 x 107 22 x10® 22 x10"  22x10"® 22x10® 22x10" 9.2 x 10"
Ny (em™3) 1.8 x 10 1 x 10" 1.8 x 10 1.8 x 10" 1.8 x 10" 1.8 x 10" 1.8 x 10" 5 x 10'®
tn (em? visTh 150 200 2 100 60 25 2 x10°* 3.2 x 10*
tp (em* V7157 25 80 8.6 25 20 100 2 x 107" 4 x 10"
Np (em™?) 1 x 10" 0 0 0 0 0 0 0
Ny (em™?) 0 1 x 108 1 x 108 1 x 108 1 x 108 1 x 108 1 x 108 1 x 10'®
N (em ™) 1 x 10" 1 x 10" 1 x 10" 1 x 10" 1 x 10" 1 x 10" 1 x 10" 1 x 10"
Ref. 49-51 52 37 47 53 51 54 and 55 56
1524 | Mater. Adv,, 2025, 6, 1520-1539 © 2025 The Author(s). Published by the Royal Society of Chemistry
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2
(a) Voe (V) (b) Jsc (mAlcm?)
— 1.090 — 24.18
V205 1.0897 1.0894 V205 2447 2447
Spiro 1.0887 1.0884 | 10890 Spiro - 2447 2447 L 2418
MoO3 4 1.0894 1.0891 Mo03 2447 2447
- 1.088 t 2447
o CZTs 4 1.0883 1.0881 1 CZTs 4 2447 2417
B
T cusen A 1.0847 1.0845 CusSCN A 2416 2447
- 1.087 L2447
CuAIO2 1.0899 1.0896 CuAlO2 24.47 2447
Cu20 4 1.0864 1.0862 - 1.086 Cu20 4 2417 2447 - 24.16
CBTS 4 1.0893 1.089 CBTS 4 2418 2418
T T L 1085 T T L 24.16
ZnO/AZO Zno ZnO/AZO Zno
ETL ETL
FF (%) d PCE (%)
() — 8193 ( ) — 2159
V205 4 81.93 81.91 V205 4 21.59 21.58
Spiro ~ 81.21 81.19 - 8178 Spiro 2137 21.36 L 2154
MoO3 - 81.9 81.87 MoO3 2167 2166
- 8163
- 21.49
g T+ 819 8188 czTs 2185 2154
=
* T
CUuSCN ~ Lkt LEL | 8149 ~ CUSCN 2135 21.34
t21.44
CuAIo2 1 Lo n.e2 CUuAIO2 21.56 2155
i - 81.34
cu20 8162 816 ciizo' P - | 2130
CBTS 4 81.89 81.87
CBTS 2157 21.56
r . L 8119
ZnoIAZO zno T T o
ZnO/AZO Zno
ETL ETL

Fig. 3 Photovoltaic output parameters of (a) Vec (V), (b) Jec (MA cm™2), (c)

FF (%), and (d) PCE (%). Contour mapping plots of the device of ITO/ETLs/

Cs,BiAglg (800 nm)/HTLs/Au for two ETLs and eight HTLs with different materials.

density, and decreased charge accumulation at the ETL/perovs-
kite interface in the devices. The bilayer structure also displays a
uniform, smooth surface with fewer defects, which enhances
charge extraction at the ETL/DPPVK layer junction compared to a
single layer.®” This strategy presents a promising and efficient
approach for producing cost-effective, high-performance, and
reliable planar DPSCs.*°

Fig. 4(a) presents the current density-voltage (J-V) curve,
and Fig. 4(b) illustrates the external quantum efficiency (EQE)
curve of ITO/ZnO/AZO/Cs,BiAgl, (800 nm)/V,05/Au device. The
EQE curve originates from 27.782% at 300 nm and reaches a
peak of 99.711% at 360 nm. Then, it remains constant until

N
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600 nm and finally decreases to zero at 780 nm. Table S2 (ESIT)
shows the interfacial defect density parameters of ITO/ZnO/
AZO/Cs,BiAgls (800 nm)/V,05/Au device.

3. Results and discussion

3.1. Energy band alignment

The energy band alignment between the passivation layer and
the DPSC plays a crucial role in determining the performance of
the DPSCs. The conduction band (CB) alignment between the
passivation layer and the DPSC is particularly important for

100 4

(b)

80 ~

= Simulation of DPSC

60 4

EQE (%)

40 +

1TOIZnOIAZOICs,BiAglg (800 nm)/V,045/Au
204

0
300

500 600 700

Wavelength (nm)

400 800

(a) J-V curve and (b) EQE curve for ITO/ZnO/AZO/Cs,BiAgle (800 nm)/V,0s/Au device.
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efficient electron extraction from double perovskite material. It is
necessary to have a minimal offset between the CB of the
passivation layer and the CB of the DPSC to ensure effective
electron extraction. However, the valence band (VB) alignment
between the passivation layer and the DPSC is important for
blocking the movement of holes. A considerable difference in the
VBs is required to prevent holes from migrating towards the ETL
and causing recombination. Similarly, proper alignment between
the valence band of the HTL and the double perovskite material is
crucial for facilitating hole separation. Additionally, a significant
offset in the conduction bands of the HTL and DPSC is necessary
to prevent electron migration towards the HTL and minimize
recombination. To achieve optimal band alignment in DPSCs, a
minimal offset at the CB and a maximal offset at the VB between
the double perovskite and the ETL are essential, enabling electron
flow while blocking hole transmission.®® Similarly, minimal VBO
(valence band offset) and maximal CBO (conduction band offset)
affect HTL and double perovskite characteristics. These offsets
enable seamless transmission of holes from the absorber to the
HTL while impeding electron mobility. Fig. S2 (ESIt) depicts the
energy band alignment of the Cs,BiAgl;-DPSCs, while Table 5
presents the VBO and CBO assessed by the respective layers. The
VBO and CBO values are calculated based on the material’s
electron affinity (x) and energy band gap (E;), as follows:

CBO = ypppvk — JcTL) (5)
VBO = (ycrL * Eg,cri) — (Xpppvk + Egpppvi)- (6)

The implementation of an interlayer (IL) is noted to modify
the arrangement of energy levels within the films and hinder
ion migration. The alignment of interface energy levels signifi-
cantly affects the rate at which electrons are injected, particu-
larly between the DPPVK layer and the ETL. The presence of an
energy barrier at the interfaces results in the recombination of
charge carriers, thereby restricting the efficiency of charge
transfer. Conversely, the lack of an energy barrier across the
interface promotes efficient charge transfer and injection,
leading to reduced recombination rates. The addition of an
AZO 1L, which acts as a passivation layer at the interface of the
DPPVK layer and the ETL, improves electron transport through

Table 5 CBO and VBO at interfaces

Interface CBO (eV) VBO (eV)
Double perovskite/ETL

Cs,BiAgle/ZnO —0.1 1.8
Double perovskite/passivation

Cs,BiAgls/AZO —0.1 1.9
Passivation/ETL

AZO/ZnO 0 0.1
Double perovskite/HTL

Cs,BiAgls/CBTS 0.3 0
Cs,BiAgls/Cu,0 0.7 —0.13
Cs,BiAgls/CuAlO, 1.4 0.46
Cs,BiAgls/CuSCN 2.2 —0.2
Cs,BiAgls/CZTS —0.6 0.45
Cs,BiAgls/M0O; 1.4 0
Cs,BiAgl/Spiro 1.45 —0.05
Cs,BiAgls/V,05 0.5 0.1
1526 | Mater. Adv, 2025, 6,1520-1539
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the interface and could potentially reduce interface charge
recombination.

3.2. Influence of total generation and recombination rate

Owing to the light incident on the double perovskite solar cell,
Fig. 5a-d illustrates the generation and recombination rates
for different ETLs. Electron transfers from valence to the
conduction band, leaving a hole. The release of electrons and
holes contributes to carrier generation. The SCAPS-1D software
utilizes the incident photon flux Nppo(4, X) to determine the
creation of electron-hole pairs G(4, x). By analyzing this photon
flux at different positions and wavelengths, the value of G(/, x)
can be calculated as follows:

G(;“i x) = OC(/l, x)'Nphot(j" x), (7)

where o(4, x) is the absorption coefficient and Nppo(4, X) is the
photon incident number. Recombination is the opposite of
generation, involving the pairing and annihilation of electrons
and holes in the conduction band. The recombination rate of a
solar cell is determined by the lifespan and density of the charge
carriers. Initially, electron-hole recombination is reduced owing
to defect states in the absorber layer. Subsequently, the creation
of energy states affects the electron-hole recombination profile
in the structure of the solar cell. Recombination rates alter owing
to defects, as shown in Fig. 5b and d.*® Recombination rate in
ZnO/AZO is a little smaller than that of ZnO for V,0s, as
illustrated in Fig. 5b and d.

3.3. Influence of the thickness of the double perovskite
absorber (DPPVK) layer on the Cs,BiAgls-DPSC performance

Herein, we determine the optimum parameters for the ITO
(500 nm)/ZnO (50 nm)/AZO (10 nm)/Cs,BiAgls (800 nm)/V,05
(100 nm)/Au device. The impact of varying the thickness of the
double perovskite absorber (DPPVK) layer on the cell para-
meters was calculated. The DPPVK layer thickness ranged from
50 to 1000 nm in 20 increments, with the parameters shown in
Fig. 6. In Fig. 6(a), the current density-voltage curves for DPPVK
layers from 50 to 1000 nm in 20 steps are shown. As depicted in
Fig. 6(b), increasing the DPPVK layer thickness from 50 to
1000 nm in 20 steps, up to 650 nm, boosts EQE; after that, it
rises slightly. This increase is due to more charge carriers
resulting from better light absorption.”® Fig. 6(c) illustrates
the device’s performance parameters in proportion to the
thickness of the DPPVK layer changing from 50 to 1000 nm
in 20 steps. The thickness of the DPPVK layer significantly
influences the quality and performance of the DPSCs.

In accordance with Fig. 6(c), the V,. and FF of the DPPVK layer
diminish as the thickness of the layer augments. This is because the
excitons generated from photon absorption are unable to overcome
the barrier potential of the depletion layer, resulting in a higher
recombination rate of charge carriers and an increased reverse
saturation current, which ultimately leads to a decrease in V.

Increasing the thickness of the DPPVK layer also enhances
photon absorption, resulting in the production of more exci-
tons, which, in turn, increases the Ji. and the overall PCE of the
DPSC.”" However, further increasing the thickness leads to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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higher series resistance, which introduces more defects and
increases the recombination rate, thereby reducing the FF.”>”?

Therefore, when determining the optimal absorber thick-
ness, it is crucial to consider all factors, including V., /s, FF,
and PCE. Experimental studies have demonstrated that the
performance of DPSCs is heavily influenced by the morphology
of the DPPVK layer, which directly affects the photogenerated
lifetime and diffusion length.”*”>

Fig. 6(c) demonstrates the performance parameters to
Cs,BiAgl, thickness (50-1000 nm in 20 steps). The optimal value
occurs at a thickness of 650 nm, with the corresponding PV
output parameters of V,. at 1.1005V, Js. at 23.78 mA cm’z, FF of
82.78%, and PCE of 21.67%. The V,. decreases from 1.2101 V to
1.0790 V, Js. increases from 9.85 mA cm ™2 to 24.45 mA cm™ 2, FF
decreases from 85.07% to 80.76%, PCE increases from 10.14% to
21.67% at 650 nm, and then decreases to 21.31% at 1000 nm.

3.4. Influence of defect density in the double perovskite
absorber (DPPVK) layer on the Cs,BiAgls-DPSC performance

Various processes involving generation, recombination, and
absorption occur within the DPPVK layer, directly affecting
the quality of the layer and the defect density.”® The efficiency
of Cs,BiAgls-DPSC is significantly affected by high defect
densities in the DPPVK layer. These defects act as recombina-
tion centers, accelerating the recombination rate and short-
ening the lifespan of charge carriers, which ultimately leads to
a decrease in device performance. In Cs,BiAgls-DPSC,

© 2025 The Author(s). Published by the Royal Society of Chemistry

Shockley-Read-Hall (SRH) recombination is prevalent, and
the trap-assisted SRH recombination model can be utilized to
calculate the diffusion length.”” The SRH recombination for-
mula is represented as follows:

np — n?

RsrH = AR
Tup <p +n+2n; cosh( lkT t>>

where Rggyy denotes SRH recombination; n and p denote the
electron and hole concentration density, respectively; n;
denotes intrinsic density; t,, denotes carrier lifetime; E;
denotes the intrinsic energy level; and E, denotes trap energy
level. Thus, we have

(8)

1
Onp X Np X v

Thp = (9)
where ¢, , denotes the capture cross section of electrons and
holes, vy, denotes the thermal velocity of charge carriers and N,
denotes the total bulk defect density of the DPPVK layer of the
Cs,BiAgls-DPSC. Moreover, the diffusion length L and the
diffusion coefficient D are as follows:

L= /D X 1y, (10)
kT
D= 7:”;1,/77 (11)

where k, T, g, and p,, represent Boltzmann’s constant, tem-
perature, charge carriers, and carrier mobility, respectively.
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The maximum distance that charge carriers can travel is
determined by these equations, which are primarily influenced by
the lifetimes of the carriers. In principle, the diffusion length of
charge carriers depends mainly on their lifetimes. Furthermore,
the defects found in the DPPVK layer serve as non-radiative SRH
recombination centers.

Fig. 7a and b display the PV parameters against the defect
density of the DPPVK layer, N;pppyk, Which ranges from
1 x 10" em™® to 1 x 10" em 3. As demonstrated in Fig. 7,

14
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Fig. 7
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(a) J-V curve, (b) EQE curve, and (c) performance parameters for different double perovskite absorber layer thicknesses ranging from 50 to

the optimal value occurs at a defect density of 1 x 10"* em ™,

with corresponding PV output parameters of V. at 1.321V, J,.
at 23.83 mA cm %, FF of 84.50%, and PCE of 26.61%. As
depicted in Fig. 7(a), V,. decreases from 1.321 V to 0.8248 V
as N, pppv increases from 1 x 10" em > to 1 x 10" cm™?, and
Jse remains fixed at 23.83 mA ecm ™2 for both 1 x 10 cm ™ and
1 x 10" em ™, and 23.78 mA ecm 2 at 1 x 10"° cm > and then
decreases to 2.10 mA cm 2 at 1 x 10" em 3. As illustrated in
Fig. 7(b), FF decreases from 84.82% to 58.15% as Nipppvk

—o—FF (%)

PCE (%)
A———a.

(b)

PCE (%)

™~

10'14 10'15 10’16 10'17

Defect density of Absorber (cm™)

10’13

(@) Vo and Js., and (b) FF and PCE curves for Cs,BiAglg-DPSC against defect density of absorber.
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increases from 1 x 10 em ™ to 1 x 10" em >, and the PCE
value is 24.39% at 1 x 10** em ™ and then decreases to 1.01%
at1 x 107 em™.

3.5. Influence of acceptor doping concentration in the
absorber layer on the Cs,BiAgls-DPSC performance

The performance of the Cs,BiAgls-DPSC device is greatly affected
by the doping in the DPPVK layer. To explore the effect of
acceptor doping density on the Cs,BiAgls-DPSC performance,
we initially model the device performance by adjusting the
acceptor doping concentration of the DPPVK layer (N pppv)
from 1 x 10" em > to 1 x 10"® ecm ™3, as shown in Fig. 8.

Enhancing the density of dopants can increase the concen-
tration of charge carriers, thus improving the performance of the
Cs,BiAgl-DPSC.”®”° Nevertheless, excessively high levels of dop-
ing in the DPPVK layer can lead to reduced device performance, as
high doping introduces more traps in the DPPVK layer that affect
the mobility of charge carriers and result in increased recombina-
tion. Excessive doping densities also influence the semiconductor
behavior of Cs,BiAgls-DPSC, making it more metallic.

Fig. 8a and b show how the values of V,, Js, FF and PCE vary
with the acceptor density of the DPPVK layer, which alters from 1 x
10" em ™ to 1 x 10" em ™. Regarding the acceptor density in the
DPPVK layer, the highest efficiency of 27.18% was achieved at an
acceptor density of 1 x 10'® ecm ™, with the V. of 1.3213 V, J,. of
23.83 mA cm 2, and FF of 86.31%. As depicted in Fig. 8(a), V. is
1.321 V when N, pppyk increases from 1 x 10 em™ to 1 x
10" ecm™* and then increases to 1.3213 V at 1 x 10'® em ™, and
Jse remains unchanged at 23.83 mA cm 2 from1 x 102 em 2 to1 x
10" em™>. As illustrated in Fig. 8(b), FF is 84.42% when Ny pppyk
increases from 1 x 10" em™® and 1 x 10" cm™?, marginally
increases up to 84.50% at 1 x 10" cm >, and then increases to
86.31% at 1 x 10'® cm % the PCE value is 26.58% as N pppvk
increases from 1 x 10> em ™3 to 1 x 10™ em ™3, increases to 26.61%

at1 x 10" em™>, and increases to 27.18% at 1 x 10'® cm™>.

3.6. Influence of defect density of V,05-HTL on the Cs,BiAgl,-
DPSC performance

Deficiencies in the V,05 (HTL) film lead to an increase in defect
density, causing a higher rate of electron and hole recombina-
tion within the film. Consequently, the PCE of Cs,BiAgl;-DPSC

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 PV output parameters for Cs,BiAglg-DPSC against the defect
density of V,Os-HTL.

decreases.?%2 Fig. 9 demonstrates the variation of V., Jsc, FF

and PCE for defect density of V,05 and Ny v o, altering from 1 x
10 ecm ™ to 1 x 10"® cm™>. The optimum value increases at
1 x 10" em ™, and the PV output parameters of Cs,BiAgls-
DPSC are V,. of 1.3213 V, Js. of 23.83 mA cm ™2, FF of 86.31%,
and PCE of 27.18%. As shown in Fig. 9, V,. is 1.3213 V when
Nev,o0, increases from 1 x 10'* em™* to 1 x 10" em™* and then
decreases to 1.3203 V at 1 x 10™® em 3, J,. is 23.83 mA cm?
when N,y o, increases from 1 x 10" em™ to 1 x 10'® em™,
FF is 86.31% when N,y o increases from 1 x 10" ecm™ to 1 x
10'® cm™~?, and PCE value is 27.18% when N,y o increases from
1 x 10 em™® to 1 x 10" em™® and then moderately falls to
27.17%.

3.7. Influence of conduction and valence band offset of V,05-
HTL based on the Cs,BiAgls-DPSC performance

In the Cs,BiAgls-DPSC, a comprehensive numerical analysis is
conducted with device simulation to understand the device
operation mechanism and develop an optimal layer configu-
ration for enhanced efficiency. It is essential to examine the
electronic properties of HTL and ETL, such as their electron
affinity and band gap, when designing highly efficient solar
cells. In this study, we aim to determine the ideal energy levels
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for efficient Cs,BiAgls-DPSC design. To achieve this goal, careful
selection of CBO; and VBO; is necessary. In this study, we
investigate how modifying the affinities and band gaps of the
V,05 can lead to optimal values of CBO; and VBO;. To achieve a
higher V,. and reduce recombination, CBO; or VBO; must be
positive and below 0.3 eV. Negative CBO, or VBO; values increase
electron and hole accumulation, causing more recombination
and lower charge output.’> A positive CBO; or VBO; restricts
electron movement, while a negative one facilitates it.** The
charge polarity of CBO; and VBO; is determined by the barrier
height of the charge carriers generated by light, as follows:

CBO; = yurL — XpPPVKS (12)

VBO; = (xurL + Egure) — (xppevk + Egpeevi).  (13)
The electron affinity of HTL changes from 1.5 eV to 2.5 eV, and
VBO; is altered from —0.6 eV to +0.4 eV. Therefore, according to
Table S3 (ESI{), when the energy band gap of HTL is concerned,
the optimum value increases at 2.1 €V or VBO; is 0.0 eV, with
the PV output parameters obtained as V,. of 1.321 V, J,. of
23.84 mA cm >, FF of 86.32%, and PCE of 27.19%. Fig. S3(a)
(ESIT) shows the current density-volt xage curve, Fig. S3(b)
(ESIf) illustrates the energy band diagram, and the inset of
the figures demonstrates the variation of the energy level of
V,05-HTL based versus VBO, values. Fig. 10a-d illustrates the
PV output parameters with a variation of VBO, between —0.6 eV
and +0.4 eV. According to our calculations, there is no change
in CBOy, see Table S4 (ESIf).
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(a)-(d) PV output parameters with the variation of VBO; of V,0s/Cs,BiAgle between —0.6 eV and +0.4 eV.

3.8. Influence of defect density of AZO UTL on the Cs,BiAgls-
DPSC performance

Defects in the AZO UTL film lead to more electron-hole
recombination. Consequently, the PCE of the Cs,BiAgls-DPSC
decreases.®"®> Fig. 11 shows the variation of Vo, Js, FF and
PCE for defect density of AZO UTL, N az0, increasing from 1 x
10" em ™ to 1 x 10" ecm ™. The optimum value increases at
1 x 10" ecm ™, and the PV output parameters of Cs,BiAgls-
DPSC are V. of 1.321 V, Je. of 23.84 mA cm~2, FF of 86.32%,
and PCE of 27.19%. As depicted in Fig. 11, V,. is 1.321 V when
Niazo increases from 1 x 10" cm ™ to 1 x 10'® em ™2, slightly

==V, (V)=0=J,. (MA/cm?)}=a= FF (%)=0=PCE (%)
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Fig. 11 PV output parameters for Cs,BiAglg-DPSC against the defect
density of AZO UTL.
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decreases to 1.3189 V at 1 x 10'® em ™, and then increases to
1.3224 V at 1 x 10" em™>. J,. is 23.84 mA cm™ when N az0
increases from 1 x 10 em™ to 1 x 10" em ™ and then
decreases to 22.96 mA cm > at 1 x 10'° cm™>. FF is 86.32% as
Ny azo increases from 1 x 10" cm ™ to 1 x 10" em™?, increases
to 86.39% at 1 x 10'® cm >, and then decreases to 81.90% at
1 x 10" em 2. PCE value is 27.19% as N, azo increases from 1 x
10 cm ™ to 1 x 10'® cm™>; to some extent, increases to 27.18%
at 1 x 107 em™ and 27.17% at 1 x 10" em™>; and then
decreases to 24.87% at 1 x 10"° ecm™3.

3.9. Influence of valence and conduction band offset of AZO
UTL on the Cs,BiAgls-DPSC performance

To determine the optimal energy level, it is crucial to carefully
select the values of CBO, and VBO, for the AZO UTL.%®
The barrier heights (CBO, and VBO,) can be influenced by
photo-generated charge carriers, either positive or negative, as
follows:

CBO; = ypppvk — Jazo» (14)

VBO, = (yppevk * E, ,DPPVK) — (xazo * Eg,AZO)~ (15)
Eqn (14) represents the electron affinity of the DPPVK layer
(xoppvk) and the electron affinity of the AZO UTL (yazo)-
Eqn (15) presents the band gap energy of the DPPVK layer
(Eg,pppvi) and the band gap energy of the AZO UTL (Eg az0)-
There is no change in VBO,; see Table S5 (ESIT). In Table S6
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AZO ranges from 3.5 eV to 4.1 eV, and the CBO, values change
from +0.4 eV to —0.2 eV. Fig. S4(a) (ESIT) shows the plots of
current density-voltage curves for different values of CBO,, while
Fig. S4(b) (ESIY) illustrates the energy band diagram with various
CBO, values as indicated by different colors. Fig. 12a-d presents
the PV output parameters corresponding to several CBO, values.
The optimal value for the DPPVK layer/AZO UTL interface
occurs when the electron affinity of AZO UTL is 3.9 eV. The
optimum value increases at CBO, = +0.0 eV because it has better
energy alignment and an efficiency of 27.20%, while the PV
output parameters of Cs,BiAgls-DPSC are as follows: V,. of
1.3221 V, J.. of 23.84 mA cm 2, FF of 86.29%, and PCE of
27.20%.

3.10. Influence of defect density of ZnO layer on the
Cs,BiAgls-DPSC performance

Because of ZnO layer flaws, the defect density increases, leading
to more charge carrier recombination. This leads to a decrease
in the PCE of the Cs,BiAgls-DPSC.%¢ As depicted in Fig. 13,
the defect density of ZnO changes from 1 x 10> em ™ to
1 x 10" em ™. As illustrated in Fig. 13, V.. is a constant value
at 1.3222 V as Nizn,o increases from 1 x 10 em™® to
1 x 10" em ™, and then marginally decreases to 1.3220 V at
1 x 10" em™>. J remains fixed at 23.84 mA cm > as Ny zno
increases from 1 x 10" em ™ to 1 x 10'® em ™ and slightly
decreases to 23.79 mAcm > at 1 x 10'® cm™>. FF value is 86.28%

(ESIt), PV output parameters are shown, the electron affinity of ~when N; 7,0 increases from 1 x 102 em ™ to 1 x 10" cm ™ and
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Fig. 12 (a)-(d) PV output parameters with the variation of CBO, of Cs,BiAgls/AZO UTL between —0.2 eV and +0.4 eV.
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m°. PCE value is

Sto1x 10 em™3
3

then fairly decreases to 86.27% at 1 x 10'®
27.20% when N, z,0 increases from 1 x 10"
and then scarcely decreases to 27.14% at 1 x 10" cm™

3.11. Influence of interfacial defect density on the Cs,BiAgls-
DPSC performance

To optimize the efficiency of DPSCs, the quality of the junction
plays a crucial role in determining the capabilities of the
interface. Our focus in this stage was on adjusting the
defect densities at the interface to emphasize the signifi-
cance of interface quality and recombination rate in actual
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Cs,BiAgls-DPSCs. Interactions between double perovskites and
transport materials often contain multiple defect states, high-
lighting the importance of the quality of these interfaces for the
PCE of Cs,BiAgls-DPSC. Notably, the interface defect density
near the illuminated side exerts a more pronounced influence on
Cs,BiAgls-DPSC performance compared to the back interface.®”
With an increase in these defects, additional trap levels emerge
at the interface, consequently elevating the resistance of
Cs,BiAgls-DPSC. The heightened resistances impede the move-
ment of charge carriers, promoting recombination and ulti-
mately diminishing the PCE of DPSC.®®

Herein, there are three categories of interface defect densi-
ties: the first one is between the HTL and DPPVK layer, the
second one is between AZO UTL and DPPVK layer, and the third
one is between AZO UTL and ZnO layer.

In Fig. 14(a), it is demonstrated that the optimum value for
the interface defect density (N;) of the HTL/DPPVK layer (Nj
changes from 1 x 10°cm ?to 1 x 10" em ?)is 1 x 10*° cm™%;
the PV output parameters are as follows: V,. of 1.3221 V, Js. of
23.84 mA cm >, FF of 86.28%, and PCE of 27.20%. Regarding
HTL/DPPVK interface defect density, V. is 1.3222 V from 1 X
10° em™? to 1 x 10° cm™? and then decreases to 1.1852 V
at 1 x 10" cm™ > The parameter of J,. remains constant,
23.84 mA cm 2, as N, increases from 1 x 10° cm ™2 to 1 X
10" ¢cm™? and then slightly decreases to 23.72 mA cm > at
1 x 10" ecm ™2 The FF remains constant at 86.28% from 1 x
10° cm 2to 1 x 10'° em ™2, increases to 89.36% at 1 x 10 ecm™?,
and then decreases to 88.47% at 1 x 10> e¢m™ > The PCE
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Fig. 14 PV output parameters for interface defect density of (a) V,Os layer/DPPVK layer, (b) DPPVK layer/AZO UTL, and (c) AZO UTL/ZnO layer of

Cs,BiAgle-DPSC.
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2to1 x

remains immutable, 27.20%, from 1 x 10° cm~
10"° cm™? and then decreases to 24.88% at 1 x 10" cm™ 2.

In Fig. 14(b), the DPPVK layer/AZO UTL interface defect
density is changed from 1 x 10° em 2 to 1 x 10" ecm 2 V,,
is fixed at 1.3222 V as Nj, increases from 1 x 10° cm 2 to 1 x
10° cm 2 and then decreases to 1.1750 V at 1 x 10*® em ™2, Js.
remains unchanged at 23.84 mA cm ™~ as N;, enhances between
1 x 10° em 2 and 1 x 10" em™>. At this point, it marginally
dwindles to 23.83 mA cm ” at both 1 x 10" em™? and 1 x
10 cm > and then decreases to 23.80 mA cm > at 1 X
10*® cm 2 The FF value is fixed at 86.28% when N;, increases
from 1 x 10° em > to 1 x 10"° em ™2 and subsequently increases
to 89.17% at 1 x 10" cm > The PCE value is constant at
27.20% as Nj increases from 1 x 10° cm 2 to 1 x 10'° cm™>
and subsequently decreases to 24.94% at 1 x 10 cm 2
Concerning the optimal value of this interface defect density,
it occurs at 1 x 10'° em™?, with the following PV output
parameters: V,. of 1.3221 V, Js,. of 23.84 mA cm™2, FF of
86.28%, and PCE of 27.20%.

AZO UTL/ZnO layer interface defect density is varied from
1 x 10° ecm 2 to 1 x 10" ecm 2. As depicted in Fig. 14(c), Vi
remains fixed at 1.3221 V as Ny, increases from 1 x 10° cm ™2 to
1 x 10*® em 2. J,. remains constant at 23.84 mA cm 2 as Ny
enhances between 1 x 10° cm™2 and 1 x 10" em™2, subse-
quently slightly decreases to 2383 mA cm > at 1 x 10" cm 2,
and then slightly decreases to 23.82 mA cm > at1 x 10** cm 2.
FF remains constant at 86.28% when Nj;, increases from 1 x
10° cm 2 to 1 x 10" em ™. PCE has a fixed value of 27.20% as
Njincreases from 1 x 10° em 2 to 1 x 10™ cm™?; at that point,
it decreases to 27.19% at 1 x 10" em™% and 27.18% at 1 x
10" em 2. The optimum value of this interface defect density
occurs at 1 x 10" ecm™2, and the PV output parameters are as
follows: Vo of 1.3221V, J,. of 23.84 mA cm ™2, FF of 86.28%, and
PCE of 27.20%.

In this article, we achieved an efficiency of 27.18% by
optimizing the thickness, defect density, and acceptor doping
concentration of the Cs,BiAgls absorber layer. Here, we want to
find the optimum value of the defect density for ETL and HTL.
Fig. 9 shows that the optimal defect density for the V,05-HTL is
1 x 10" em™® (PCE = 27.18%). In Fig. 11, the optimal defect
density for the AZO UTL-ETL is 1 x 10"® em ™ (PCE = 27.19%),
while Fig. 13 depicts that the ZnO-ETL layer’s optimal defect
density is also 1 x em™® (PCE = 27.20%). Finally, Fig. 14(c)
illustrates the optimal interface defect density for AZO/ZnO as
1 x 10" em™? (PCE = 27.20%).% The J-V-T (current density vs.
voltage for various temperatures) and C-f~T (capacitance vs
frequency for various temperatures) measurements can help
researchers to determine the defect properties in the perovskite
solar cell. Using the J-V-T technique, the j-V curves can be
measured at different temperatures. After obtaining the
amount of V., and plotting it against different temperatures,
this linear curve intersection with the V,.-axis gives E/q (E:
defect energy, g: electron charge); the amount of E; is required
in the SCAPS program.’® We can also calculate the C—f curves
for different temperatures and C-f-T (thermal admittance
analysis, TAS method) using the SCAPS package, which might

© 2025 The Author(s). Published by the Royal Society of Chemistry
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allow us to calculate the defect density as a function of defect
energy N(E,) from a set of C(f, T) experimental measurements.
More information regarding the parameters (such as Vj;, built-
in voltage) could be obtained by referring to the Mott-Schottky
analysis, specifically (1/C* vs. V).°"®> Moreover, some other
techniques are available for considering the defect properties,
such as temperature-dependent space charge limited current
(SCLC); deep-level transient spectroscopy (DLTS); Laplace cur-
rent DLTS (I-DLTS); steady-state photoluminescence (SSPL);
time-resolved photoluminescence (TRPL); PL mapping; time-
resolved microwave conductivity (TRMC); thermally stimulated
current (TSC); transient photocapacitance (TPC); surface photo-
voltage (SPV) spectroscopy; and time-resolved spectroscopies
such as transient absorption and reflection techniques, ultra-
violet photoemission spectroscopy (UPS), and scanning tunnel-
ing microscopy (STM).??

3.12. Influence of the work function of back metal contact on
Cs,BiAgls-DPSC performance

For the enhanced PCE of Cs,BiAgls-DPSC, the back metal
contact’s work function is a critical factor. The value of ¢pc
(work function) directly impacts the presence of an appropriate
built-in electric field in Cs,BiAgls-DPSC,”* affecting the electric
field that aids in hole transport and collection; thus, ¢gc
significantly influences V,..”> To study the effect of different
back electrode ¢pc values on Cs,BiAgls-DPSC performance, we
explored ¢gc ranging from 4.65 eV to 5.9 eV.’® Our findings
from simulations are presented in Fig. 15.

The work function of the back metal contact is a critical
parameter for increasing the PCE of the Cs,BiAgls-DPSC. The
value of ¢pc directly affects the presence of an appropriate
built-in electric field in the Cs,BiAgls-DPSC, which in turn
influences the transport and collection of holes and ultimately
determines the V,.. To investigate the impact of different ¢pc
values on the performance of the Cs,BiAgls-DPSC, we con-
ducted simulations with ¢gc ranging from 4.65 eV to 5.9 eV.
The work functions of different materials for back electrodes
are as follows: Cu (4.65 eV), Fe (4.81 eV), C (5 eV), Au (5.1 eV), W
(5.22 eV), Ni (5.5 eV), Pd (5.6 eV), Pt (5.7 eV), and Se (5.9 eV).”
Fig. 15(a) illustrates that at low ¢pc values, the J-V curves
display an S-shaped pattern because of the presence of elevated
Schottky barriers at the interface between the HTL and back
metal contact, leading to an impediment in hole transfer and a
decrease in the FF.°”°® Copper (4.65 €V) and iron (4.81 eV)
showed this phenomenon in our study. Fig. 15(b) presents the
PV parameters of the device ITO/ZnO/AZO/Cs,BiAgls (650 nm)/
V,0s/BC for different ¢pc values ranging from 4.65 eV to 5.9 eV.
The highest efficiency of 27.20% was reached with Ni, Pd, Pt, or
Se as the back metal contact, as depicted in Fig. 15(b).

As the work function of the back electrode decreases, the
Schottky barrier gradually increases, leading to a higher energy
requirement for holes to pass through the barrier. This hinders
the transport of holes to the back metal contact,®® which
ultimately impedes the effective collection of holes and causes
a gentle decrease in V., thereby reducing efficiency. By utilizing
a back electrode with a high work function, the Fermi level

Mater. Adv,, 2025, 6,1520-1539 | 1533
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is lowered, facilitating the formation of improved Ohmic
contacts.”® Therefore, selecting the appropriate back contact
material is crucial for achieving high efficiency in Cs,BiAgls-
DPSCs. It is essential to ensure that the V,05-HTL and back
contact form an ohmic contact at the interface to prevent the
formation of a high Schottky barrier. Incorporating a low-cost
metal, such as Se, as the back contact, as shown in Fig. 15(b),
can significantly enhance the efficiency of Cs,BiAgls-DPSCs.

3.13. Influence of working temperature on Cs,BiAgls-DPSC
performance

When Cs,BiAgls-DPSCs are exposed to high temperatures, the
performance parameters are affected by the temperature.'®
An increase in temperature results in a decrease in V,. and a
slight increase in J. of Cs,BiAgl-DPSC."1 %3

Cs,BiAgls-DPSCs are typically used in outdoor settings
where temperatures exceed 300 K,'®! the outdoor temperature
directly affects the performance of Cs,BiAgls-DPSCs. Investigat-
ing temperature’s impact on Cs,BiAgls-DPSC, T ranges from
300 K to 500 K. As temperature increases, V,. decreases, low-
ering Cs,BiAgl,-DPSC PCE.'® As temperature increases, the
defect density in the device increases, and mobility decreases,
hurting Cs,BiAglg-DPSC performance.'®® Changes in tempera-
ture greatly affect the performance of Cs,BiAgls-DPSC through
its impact on V... The relationship between V,. and T can be
expressed as follows:'*®

Eq

dV()c_ Vocf_

dT T

(16)

Eqn (16) reveals an inverse relationship between V,. and T.
An increase in T leads to a decrease in V,. and an increase in
the diode reverse saturation current.'®*

The results from Fig. 16 indicate that the performance of
the Cs,BiAgls-DPSCs significantly decreases as the operating
temperature increases. This is because Rgs increases with
temperature, which reduces diffusion length and increases
recombination rate. Consequently, the FF and efficiency of
the Cs,BiAgl,-DPSC decreases.'*®*°”

1534 | Mater. Adv,, 2025, 6,1520-1539

In Fig. 16a-d, the PV output parameters are plotted against
various temperatures, which vary from 300 K to 500 K in 11
steps. According to Fig. 16(a), V,. diminishes from 1.3221 V to
1.0501 V. In Fig. 16(b), /s increases from 23.84011 mA cm > at
300 K to 23.85634 mA cm™ > at 500 K. As depicted in Fig. 16(c),
FF decreases from 86.28% to 76.25%. In Fig. 16(d), PCE
decreases from 27.20% to 19.10%. At 300 K, the optimum value
is obtained, with the following PV output parameters: V,. of
1.3221 V, J,. of 23.84 mA cm 2, FF of 86.28%, and PCE of
27.20%.

3.14. Comparing the results of ITO/ZnO/AZO/Cs,BiAglg
(650 nm)/V,05/Se device before and after optimization

Fig. 17 presents the results of before and after optimization for
(a) the J-V curve (Table S7 and Fig. S5, ESIt) and (b) the EQE
curve of ITO/ZnO/AZO/Cs,BiAgls (650 nm)/V,0s/Se device.
Regarding the EQE curve, prior to optimization, it initiates at
27.806% (300 nm), increases to 99.765% (360 nm), and then
remains relatively constant until 550 nm (99.416%) before
decreasing to zero at 780 nm. Following optimization, the
EQE curve commences at 27.789% (300 nm), increases to
99.849% (355 nm), reaches its peak at 100% (377 nm), main-
tains a nearly constant value until 550 nm (99.662%), and
eventually decreases to zero at 780 nm, as illustrated in
Fig. 17(b). Table 6 illustrates the comparison of the results of
the J-V curve before and after optimization for ITO/ZnO/AZO/
Cs,BiAgl (650 nm)/V,05/Se device.

3.15. Comparing our investigation results with those of
previous studies

The electron transport layer plays a vital role in facilitating the
movement of charge carriers within DPSCs to achieve the
Shockley-Queisser limit. Employing a bilayer electron transport
layer (ZnO/AZO) demonstrates superior charge transfer capabil-
ities and enhanced charge collection, leading to a decrease in
trap-assisted recombination at the interface. Comprehensive
findings suggest that the utilization of a bilayer electron trans-
port layer presents an efficient approach to improving the
interface and fabricating high-performing planar double

© 2025 The Author(s). Published by the Royal Society of Chemistry
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perovskite solar cells. Table 7 provides a comparison of the PV
output parameters for different double perovskite solar cells
and our results.

Table 6 Comparing the results of the J-V curve before and after
optimization for ITO/ZnO/AZO/Cs,BiAgle (650 nm)/V20O5/Se device

Parameter Voec (V) Jse (MAcm™)  FF (%) PCE (%)
Before optimization ~ 1.1005  23.78 82.78 21.67
After optimization 1.3221  23.84 86.28 27.20

© 2025 The Author(s). Published by the Royal Society of Chemistry

4. Conclusion

Toxic metals in perovskite solar cells hinder their commercia-
lization. Double halide perovskites have garnered significant
interest owing to their reduced toxicity, adaptable bandgap,
structural versatility, and enhanced stability when compared to
conventional lead halide perovskites. This study focused on
assessing the performance of lead-free Cs,BiAgls-double per-
ovskite solar cells (DPSCs) using a one-dimensional solar cell
capacitance simulator (SCAPS-1D) with bilayer ZnO/AZO ETL
and ZnO ETL, in addition to various HTLs for the first time. The
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Table 7 Comparison of PV output parameters for different double perovskite solar cells

Device configuration Voe (V) Jse (MA cm™?) FF PCE (%) Procedure Ref.
FTO/c-TiO,/m-TiO,/Cs,AgBiBrs/Spiro-OMeTAD/Au 0.98 3.93 0.63 2.43 Experiment 108
ITO/c-TiO,/Cs,AgBiBrs/Spiro-OMeTAD/Au 1.06 1.55 0.74 1.22 Experiment 109
ITO/SnO,/Cs,AgBiBr/P;HT/Au 1.04 1.78 0.78 1.44 Experiment 110
FTO/c-TiO,/Cs,AgBiBrs/P;HT/Au 1.12 1.79 0.68 1.37 Experiment 111
ITO/c-TiO,/Cs,AgBiBrs/Spiro-OMeTAD/Mo0O;/Au 1.05 2.06 0.65 1.41 Experiment 112
ITO/Cu-NiO/Cs,AgBiBrs/C60/BCP/Ag 1.01 3.19 0.69 2.23 Experiment 113
FTO/c-TiO,/C-Chl m-TiO,/Cs,AgBiBrs/Spiro-OMeTAD/Ag 1.04 4.09 0.73 3.11 Experiment 114
FTO/c-TiO,/m-TiO,/D149/Cs,AgBiBrs-Ti;C,T,/Spiro-OMeTAD/Ag 0.722 8.85 0.701 4.47 Experiment 115
ITO/SnO,/Cs,AgBiBrs/Zn-Chl/Ag 0.99 3.83 0.736 2.79 Experiment 116
FTO/c-TiO,/m-TiO,/Cs,AgSby »5Bi 75Brs/Spiro-OMeTAD/Au 0.64 1.03 0.38 0.25 Experiment 117
ITO/ZnO/AZO/Cs,BiAgls (650 nm)/V,05/Se 1.322 23.84 0.863 27.20 This work

HTLs selected for evaluation included CBTS, Cu,O, CuAlO,,
CZTS, CuSCN, spiro-OMeTAD, MoO;, and V,0Os. Several para-
meters, such as energy band alignment, recombination and
generation rates, absorber thickness, defect and doping den-
sities for all layers, energy levels of ETLs and HTL, interfacial
defect densities, back metal contact, and operating temperature,
were investigated to enhance the efficiency of the DPSC. Simula-
tion works on the most effective cells were carried out to gain a
comprehensive understanding of the electrical characteristics of
the device, which demonstrated that these interfacial bilayers
significantly enhanced the photovoltaic properties and overall
performance of the device. This research also aimed to boost
the efficiency and deepen our comprehension of electron trans-
port mechanisms in Cs,BiAgls-DPSCs. Results indicated that
V,0s and ZnO/AZO were the most appropriate materials for
HTL and ETL, respectively, among the various options considered.
Consequently, the required DPSC was opted as ITO/ZnO/AZO/
Cs,BiAgls/V,05/Au. To achieve high performance in planar DPSCs,
optimizing the extraction and recombination of electron-hole
pairs at the ETL/perovskite interface is crucial. The main concept
involved enhancing the ZnO/double perovskite interface proper-
ties by introducing a 10 nm ultra-thin layer (UTL) of AZO, which
served as a passivation layer. The ZnO/AZO bilayer structure
offered benefits, such as effective electron extraction and reduced
interfacial recombination owing to its improved energy level
alignment and defect passivation. The Cs,BiAgls absorber layer
had a thickness of 650 nm, with a defect density of 1 x 10" cm™®
and an acceptor density of 1 x 10'® em™>. The V,O; layer had a
defect density of 1 x 10" em™2 and its VBO; was 0.0 eV. The AZO
layer had a defect density of 1 x 10" em™> and its CBO, was
0.0 eV. The defect density of ZnO (N, zno) was 1 x 10'® em ™. The
interface defect density achieved for the V,05/Cs,BiAgls side was
1 x 10" em™? and for the Cs,BiAgl/AZO side, it was 1 x
10" em 2. For the AZO/ZnO side interface, the defect density
was 1 x 10" em™>. Selenium (Se) was chosen as the back metal
contact and the temperature was set at 300 K. Upon fine-
tuning these factors, the efficiency of the ZnO/AZO bilayer ETL
system reached 27.20%, together with a V,. of 1.3221 V, Js. of
23.84 mA cm 2 and an FF of 86.28%. Thus, this study introduces
a direct and promising method for producing photovoltaic
devices, especially for various double perovskite types, featuring
advantageous charge transport layers and recombination charac-
teristics. Furthermore, these results offer a theoretical framework

1536 | Mater. Adv, 2025, 6,1520-1539

for enhancing the efficiency of Cs,BiAgls-based photovoltaic solar
cells (DPSCs), promoting the widespread use of environmentally
friendly and durable perovskites.
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