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Abstract: The advancement of lead-free double perovskite materials has drawn great interest thanks
to their reduced toxicity, and superior stability. In this regard, Cs2AgBiBr6 perovskites have appeared
as prospective materials for photovoltaic (PV) applications. In this work, we present design and
numerical simulations, using SCAPS-1D device simulator, of Cs2AgBiBr6-based double perovskite
solar cell (PSC). The initial calibrated cell is based on an experimental study in which the Cs2AgBiBr6

layer has the lowest bandgap (Eg = 1.64 eV) using hydrogenation treatment reported to date. The
initial cell (whose structure is ITO/SnO2/Cs2AgBiBr6/Spiro-OMeTAD/Au) achieved a record effi-
ciency of 6.58%. The various parameters that significantly affect cell performance are determined and
thoroughly analyzed. It was found that the conduction band offset between the electron transport
layer (ETL) and the Cs2AgBiBr6 layer is the most critical factor that affects the power conversion
efficiency (PCE), in addition to the thickness of the absorber film. Upon engineering these important
technological parameters, by proposing a double ETL SnO2/ZnO1-xSx structure with tuned absorber
thickness, the PCE can be boosted to 14.23%.

Keywords: Cs2AgBiBr6; lead-free; double perovskite; double ETL; HTL; SCAPS-1D

1. Introduction

Recently, a wide variety of photovoltaic (PV) technologies have been established
by utilizing a vast number of photoactive absorber materials. Silicon solar cells are the
most widely used cells as they share over 90% of the global solar market [1], while their
efficiencies have reached more than 26% [2]. Because of their relatively high cost, various
efforts were dedicated to producing high-efficiency low-cost Si-based solar cells [3–6].
Similar p-n homojunction structures were investigated [7–10]; however, more studies
are needed to improve the reported efficiencies. Other heterojunction-based alternatives
have also attracted great interest, such as thin-film solar cells, especially perovskite p-i-n
heterojunction solar cells, in both research and industrial fields. Essentially, perovskite solar
cells (PSCs) are believed to be the most promising next-generation PV technologies [11].

After enormous attempts in the optimization of materials and devices, PSCs have
achieved record efficiencies of more than 25% [12]. Usually, higher efficiencies are ob-
tained from lead-based PSCs [13–15]. However, lead-based cells face some issues, such
as declined performance upon subjecting to moisture and light [16,17], in addition to
toxicity, which is considered a major obstacle to the commercialization of such cells [18].
To conquer the current deficiency associated with the existence of lead in PSCs, some
other additives, with the same lead group, were extensively researched. These include,
for instance, tin [19,20] and germanium [21]. However, tin-based PSCs have another chief
disadvantage corresponding to the oxidation of Sn2+ to Sn4+ resulting in instability is-
sues [22]. Other alternative ways have also been investigated. These include replacing the
Pb2+ ion with one monovalent combined with one trivalent ion such as Cs2AgBiBr6 [23],
Cs2AgBiCl6 [24], and (CH3NH3)2AgBiBr6 [25] double perovskite configurations. Of these
candidates, Cs2AgBiBr6, in which the lead is replaced by silver (Ag+) combined with

Crystals 2023, 13, 267. https://doi.org/10.3390/cryst13020267 https://www.mdpi.com/journal/crystals

https://doi.org/10.3390/cryst13020267
https://doi.org/10.3390/cryst13020267
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0001-8843-0969
https://doi.org/10.3390/cryst13020267
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst13020267?type=check_update&version=2


Crystals 2023, 13, 267 2 of 14

bismuth (Bi3+) cations, has been reported as the most promising structure thanks to its
high crystallinity, long carrier lifetime, and good stability compared to the lead-based
perovskite [26].

Numerous experimental efforts have been performed to improve the properties of
Cs2AgBiBr6 PSC, thereby increasing the PCE of the produced solar cell. In [27], a PCE of
about 2.5% was obtained for an experimental configuration of FTO/TiO2/Cs2AgBiBr6/
Spiro-OMeTAD/Au. Another study reveals a PCE of 2.23% in an inverted planar heterojunc-
tion architecture [28]. Further, C. Wu et al. fabricated a structure of ITO/SnO2/Cs2AgBiBr6/
P3HT/Au, and the resulting PCE was 1.44% [29]. In addition to the efforts made in im-
proving the quality of the Cs2AgBiBr6 absorber, some studies were devoted to investigat-
ing alternative electron transport layers (ETLs) reporting enhanced efficiencies of up to
4.23% [30]. As can be observed from these studies, the reported PCEs of double perovskite
Cs2AgBiBr6-based solar cells are still much lower than those achieved by traditional lead-
based PSCs despite their superior stability. This can be attributed to its wide bandgap,
which exceeds 2 eV, which limits its light absorption capability. Additionally, the high
defects encountered in Cs2AgBiBr6 films result in low carrier lifetimes in the range of
13.7 ns [31]. Recently, by using a hydrogenation technique, the bandgap and carrier lifetime
of Cs2AgBiBr6 films have been engineered from 2.18 eV down to 1.64 eV and from 18.85 ns
up to 41.86 ns, respectively, resulting in a champion efficiency of 6.37% [32].

To facilitate more efficient studies, design recommendations for the solar cell should be
highlighted and are extremely needed. In this context, SCAPS-1D device simulator has been
extensively used in the simulation and design of thin-film solar cells [33–37]. Concerning
previous simulation efforts related to Cs2AgBiBr6, two designed cells were compared with
two different HTLs, namely organic P3HT and inorganic Cu2O. The calculated optimized
efficiencies, using SCAPS simulator, for P3HT-based and Cu2O-based cells were 11.69% and
11.32%, respectively [38]. Recently, a device structure of FTO/ZnO/Cs2AgBiBr6/NiO/Au
has been proposed [39]. It was found that, by using SCAPS simulator, the PCE declines
from 21.88% to 1.58% as the minority carrier lifetime reduces from 1 µs to 0.1 ns [39].

Accordingly, in this simulation work, the key factors restricting the performance
enhancement of the Cs2AgBiBr6-based PSCs are thoroughly investigated. These factors
include the bandgap energy and carrier lifetime of the absorber as well as the proper choices
of the ETL and HTL materials to achieve an optimum band alignment. First, the study
is initiated by selecting a recent hydrogenated Cs2AgBiBr6 solar cell that was fabricated
based on the structure ITO/SnO2/ Cs2AgBiBr6/Spiro-OMeTAD/Au [32]. Based on the
calibration of the simulated vs experimental cell behavior, the validation of the physical
models and distinct parameters is proved. Further, the design of the initial cell is carried out
in consecutive steps. It is found that the most severe issue causing the degradation of the
cell is the inappropriate value of the conduction band offset (CBO) between the SnO2 ETL
and Cs2AgBiBr6. Therefore, the design of CBO is performed by proposing a double ETL
structure. Next, the main material properties of Cs2AgBiBr6 to understand their impact
on the performance of the cell and to determine the most effective parameters which are
responsible for the performance enhancement. This study is the first to be implemented, to
the best of our knowledge, on a Cs2AgBiBr6-based PSC with the lowest recorded bandgap
(Eg = 1.64 eV) and highest PCE to date. All simulations are performed under AM1.5G
illumination utilizing SCAPS-1D device simulator.

2. Simulation Method and Device Structure and Materials
2.1. SCAPS Simulation Method

SCAPS simulator was created at ELIS, University of Gent [40]. In SCAPS software, up
to seven semiconductor layers can be implemented. It is a very efficient and widely used
device simulator software that is employed to handle a lot of different solar cell structures,
thin film solar cells, in particular, with a massive variety of materials [41–48]. This device
simulator is capable of analyzing various solar cells’ output indicators of the solar cell
under investigation, such as J-V characteristics, ac characteristics in terms of capacitance
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(C-V and C-f ), and spectral response in terms of external quantum efficiency (EQE). The
main PV factors can be attained easily through the J-V curve. Those include VOC, JSC, FF,
and PCE. Moreover, physical behavior trends can be traced via energy band diagrams,
carrier concentration, electric field, recombination rates, and others in the different regions
of the cell. The simulator solves the semiconductor basic equations iteratively to get the
desired output according to the input parameters by the user [49].

SCAPS simulator solves the one-dimensional Poisson’s equation along with continu-
ity equations using a numerical technique. Poisson’s equation is given in Equation (1),
while the continuity equations of charge carriers (electrons and holes) are provided in
Equations (2) and (3). Additionally, the simulation package solves the drift–diffusion
model to get the transport parameters of the electrons and holes. Based on this model,
the corresponding electron and hole current densities (Jn and Jp) are calculated as in
Equations (4) and (5).

d2ψ

dx2 =
q
ε

(
n − p + N−

A − N+
D + nt − pt

)
(1)

1
q

dJn

dx
= Rn − G(x) (2)

1
q

dJp

dx
= G(x)− Rp (3)

Jn = −nµn

q
dEFn

dx
(4)

Jp = +
pµp

q
dEFp

dx
(5)

The trapped densities are denoted by nt and pt, while n, and p denote the electron
and hole concentrations, respectively. The doping levels of ionized acceptors and donors
are termed N−

A and N+
D , respectively. ψ is the potential across the device, q is the electron

charge, and ε is the permittivity. The mobility and quasi-Fermi level are expressed by µ and
EF, respectively. The generation rate G(x) is given in Equation (6), where x is the distance
computed below the illuminated surface,

G(x) =
∫ ∞

0
G(λ, x)dλ =

∫ λ2

λ1
α(λ)(1 − r(λ))N(λ, 0)Q(λ)e[−α(λ)x]dλ (6)

Here, α(λ) and r(λ) are the absorption and reflection coefficients, respectively, while
Q(λ) and N(λ, 0) are the internal quantum efficiency and incident photon flux (in
Photons/s·m2), respectively.

Moreover, the calculated recombination rates of electrons and holes include radiative
and deep traps. The recombination through deep traps is evaluated through the Shockley
Read Hall (SRH) recombination mechanism. In bulk, the rate due to SRH model is provided
in Equation (7). The model is characterized by a minority carrier lifetime (τ), which depends
on the defect density (Nt) as given in Equation (8). The interfacial recombination rates are
computed by the Pauwels–Vanhoutte model [50].

RRSH =

(
np − n2

i
)

τ
(

p + n + 2nicos h
(

Ei−Et
kBT

)) (7)

τ =
1

σNtvth
(8)

where σ is the capture cross-section (either for electrons or holes) and vth is the thermal
speed, while Et is the trap energy level position and Ei is the intrinsic level.
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2.2. Solar Cell Structure and Materials

Figure 1a illustrates the main device structure. The device configuration is based on
ITO/SnO2/Cs2AgBiBr6/Spiro-OMeTAD/Au as indicated where SnO2 and Spiro-OMeTAD
serve as ETL and HTL, respectively [32]. The thicknesses of the materials as well as the main
absorber characteristics are taken from an experimental work [32]. The band alignment
before contact, displayed in Figure 1b, denotes the electron affinities and energy bandgaps
of the various layers. The values of corresponding energy levels are obtained from the
literature [32,38]. Upon subjecting the cell to AM1.5G light illumination, electron-hole
pairs are generated. Then, the electrons are transformed in such a way as to migrate
toward the front ITO contact while being blocked by the HTL. On the other hand, the
generated holes are directed toward the back Au contact while being blocked by the ETL
as illustrated in Figure 1b. Moreover, the lattice structure is displayed in Figure 1c for a
single Cs2AgBiBr6 crystal showing a well-crystalline and phase-pure octahedral structure
as revealed in REF [51].
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Figure 1. (a) Device structure of ITO/SnO2/Cs2AgBiBr6/Spiro-OMeTAD/Au and (b) band align-
ment before contact, and (c) lattice structure of a single Cs2AgBiBr6 crystal (Reprinted with permission
from [51]. Copyright 2018, American Chemical Society).

The bulk defect density for Cs2AgBiBr6 is taken to be in the order of 1 × 1016 cm−3

as measured for this absorber [52]. A single energetic distribution having a defect level
at 0.8 eV is taken as a deep defect. The electron and hole capture cross-sections in the
bulk were calculated to be approximately 2 × 10−16 cm2 to obtain a carrier lifetime of a
little above 40 ns as measured in [32]. Moreover, the carrier mobility was taken as the
measured value at 9.28 cm2V−1s−1 [32]. At both interfaces, the electron and hole capture
cross-sections are kept at 10−15 cm2 where the capture cross-sections of both electrons and
holes are taken to be equal, while the interfacial defect density at both SnO2/Cs2AgBiBr6
and Cs2AgBiBr6/Spiro-OMeTAD interfaces is taken to be 1 × 1010 cm−2, resulting in a
carrier surface recombination velocity of 102 cm/s. Also, the thermal velocity of electrons
and holes is the same (vth = 1 × 107 cm/s). The previous material parameters along with
other parameters such as relative permittivity, conduction and valence DOSs, as well as
doping concentrations, are also indicated in Table 1.
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Table 1. Primary input material parameters of the solar cell [32,38,39,46].

Parameters ITO SnO2 Cs2AgBiBr6 Spiro-OMeTAD Au

t (nm) 100 40 140 300 50
Electron affinity (eV) 4.40 3.72 2.20
Bandgap energy (eV) 3.50 1.64 3.00
Relative permittivity 9.0 5.8 3.0

Electron mobility (cm2/V·s) 240 9.28 2 × 10−4

Hole mobility (cm2/V·s) 25 9.28 2 × 10−6

Effective conduction DOS (cm−3) 2.2 × 1018 1 × 1016 2.2 × 1018

Effective valence DOS (cm−3) 1.8 × 1019 1 × 1016 1.8 × 1019

Donor density (cm−3) 2 × 1019 - -
Acceptor density (cm−3) - 1 × 1014 1 × 1019

Work function (eV) 4.7 - - - 5.1

2.3. SCAPS Calibration

In this subsection, the physical models and material parameters presented in the previ-
ous subsections are implemented to simulate the initial cell subjected to the same conditions
as encountered in the experimental study in REF [32]. The J-V curves of the experimental
and simulated cells are provided in Figure 2 while a comparison between the SCAPS results
and those from measurements is provided in Table 2. The target hydrogenated cell whose
bandgap is 1.64 eV is also compared to the pristine cell whose bandgap is 2.18 eV. When
considering the pristine cell without hydrogenation, the carrier mobility is 1.71 cm2V−1s−1,
and the carrier lifetime is only 18.85 ns [32]. As indicated in Figure 2, the performance of
the pristine cell is much lower than that of the hydrogenated cell due to the differences in
bandgap, mobility, and lifetime. The decent agreement between measurements and SCAPS
results reveals the appropriate calibration of the tool.
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Figure 2. J-V characteristics of hydrogenated and pristine cells for measurements vs. SCAPS
simulations.

Table 2. Comparison between PV cell metrics for measured and simulated hydrogenated cells.

VOC
[V]

JSC
[mA/cm2]

FF
[%]

PCE
[%]

Measurements [32] 0.920 11.40 60.93 6.37
SCAPS Simulation 0.921 11.41 63.10 6.64

3. Results and Discussion

In this section, the influence of the key cell parameters is examined to provide some
design guidelines to improve the PCE of the calibrated solar cell. First, a physical analysis



Crystals 2023, 13, 267 6 of 14

is performed to investigate the most crucial parameters that limit the performance of the
initial cell. One of the key factors is the band alignment between the different interfaces.
This can be indicated by the CBO and VBO between the ETL/absorber and absorber/HTL
interfaces that significantly affect cell performance. In addition, the thickness and carrier
lifetime of the photoactive absorber come as crucial parameters to be studied. Additionally,
in each step of investigation regarding each parameter we explore, the influence on the
figures of merit PV parameters is given and compared. A physical explanation of the
various trends is likewise given in each step.

3.1. Determination of Critical Design Parameters

First, to highlight the underlying physics of the behavior of the initial cell, the different
simulated current components are plotted as displayed in Figure 3a. This step is important
to determine the most critical parameters that need to be engineered in order to alleviate the
issues related to the operation of the cell under study. The figure shows the total generation
and recombination currents which are equal at VOC. The minority currents at the back and
front contacts are also shown. More importantly, the bulk and interface current components
are demonstrated. The trend of these currents indicates that the interface recombination is
higher than the bulk one. The higher interface recombination is not desirable as it causes
cell degradation. This result can be further assessed by plotting the energy band diagram
as shown in Figure 3b.
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conditions (showing band offset in the inset) of the initial calibrated cell.

Eventually, higher PCEs are achieved in type-I ETL/absorber interface that is char-
acterized by a spike-type junction in which the CBO is positive [53]. Notably, the CBO is
calculated as the difference between the electron affinities at the absorber and ETL sides
(i.e., CBO = χabsorber − χETL). For small positive values of the CBO, the charge carriers flow
is appropriate, resulting in a prevalent recombination mechanism in the bulk (absorber),
which is desirable [54]. However, if the CBO is high enough, a barrier will be formed,
causing a hurdle to the electron transport. On the other hand, when the CBO is negative,
a cliff-type junction occurs, which does not prevent electron transport; however, the ac-
tivation energy (EA) is lower than the absorber bandgap, resulting in increased interface
recombination compared to the bulk recombination, causing a degraded functioning [54,55].
The previous discussion is, however, valid for the single ETL design.

Now, referring to Figure 3b, it is obvious that the SnO2/Cs2AgBiBr6 interface is of a
cliff style as the CBO is −0.68 eV. The activation energy is also indicated in the inset of the
figure, which has a value of 0.96 eV. The results clearly reveal the inappropriate design of
this CBO. On the other hand, it is depicted in Figure 3b that the band alignment is suitable
for the Cs2AgBiBr6/Sprio-OMeTAD interface as electron blocking is satisfied. In addition,
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the hole transport from the Cs2AgBiBr6 active layer to the HTL is facilitated via the small
offset. Based on these results, one can conclude that the main issue in the initial cell comes
from the improper alignment manifested from the CBO, while the VBO has no issue. It
should be pointed out here that the alignment of SnO2 with the ITO contact is suitable as
the majority carrier barrier height is about 0.357 eV, which, to a high extent, does not affect
the hole injection into the contact.

3.2. Proposed Double ETL Structure

Notably, promoting charge collection and separation is considered one of the most
favorable strategies to enhance the overall performance of a solar cell. As discussed herein,
the ETL plays an important role in this regard. Actually, some experimental studies have
been conducted to develop double ETL by using two materials instead of only using a single
ETL to overcome the issues discussed in the previous subsection. For instance, the influence
of double TiO2/PFN ETL on the performance of organic P3HT:PC61BM-based solar cells
was investigated and it was found that the PCE increases up to 2.5 times compared to that
of single ETL cells [56]. Further, a double TiO2/SnO2 ETL was employed resulting in a
PCE improvement from 18.02% to 21.13% for a lead-based PSC [57]. Double Nb2O5/ZnO
ETL was also applied in lead-based PSCs, resulting in a high device performance in terms
of efficiency and stability thanks to the energy band matching between the ETLs and the
absorber and the ITO contact [58]. Thus, development of double ETL (DETL) is, remarkably,
an encouraging approach to accomplish both band alignment at the ITO and absorber
interfaces. Essentially, using DETL, the benefits of various ETL materials can be realized
while avoiding their drawbacks. Thus, we proceed our study by investigating another ETL
material along with SnO2 to form a DETL (SnO2 is used in contact to the ITO because it has
a good alignment). The aim of this design is to facilitate and offer some possible solutions
that can be utilized to achieve the proper band alignment throughout the whole proposed
lead-free PSC.

A suitable candidate that can be combined with SnO2 to form a double ETL is the
ternary compound Zn(O, S), which has a lot of advantages that include its bandgap and
affinity tunability as well as its high mobility. It has been experimentally realized in a double
Zn(O, S)/CdS ETL and showed promising results [59]. The energy gap and the electron
affinity of ZnO1-xSx vary from 3.30 eV to 3.76 eV and from 4.50 eV to 3.14 eV, respectively,
upon increasing the sulfur composition (x) from zero to one. Other electrical and optical pa-
rameters for ZnO1-xSx are obtained from the literature to continue the simulation [59,60]. The
change in the electron affinity and the energy gap against x is illustrated in Figure 4a [59,60].
Moreover, the CBO between ZnO1-xSx and Cs2AgBiBr6 is shown.
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It should be noted here that the design of the double ETL is different from that of the
single ETL as there are other contradicting effects aside from the CBO. That is why the
sweep of the CBO is to be expanded in the next simulation to widen the analysis. The
simulation results in terms of the PV parameters variation with the CBO is pictured in
Figure 4b. In this simulation, the range of the CBO is taken from −0.55 eV to +0.08 eV,
as the performance deteriorates beyond this value. These values correspond to a sulfur
composition from 0.2 to 0.8. As the CBO increases, both VOC and FF increase as well while
JSC decreases slowly. After a certain value of CBO, both VOC and FF decrease but JSC is
almost unchanged. The overall effect on the PCE is that it increases and then decreases.
There is a flat region from CBO = −0.27 up to −0.12 eV; however, a maximum PCE of
10.35% is observed at a CBO of −0.27 eV, which is not expected as it is characterized by a
low spike-like interface. However, again, this proposed design is not the same as the single
ETL, and that is why it gives a different trend. This value of CBO can be attained for a
sulfur composition of 0.6, i.e., for ZnO0.4S0.6 compound.

The previous results can be assessed by drawing the J-V characteristics as shown in
Figure 5 where four cases are shown in the figure. The first case is regarding the initial cell
with a single SnO2 ETL. The other three cases represent the difference between various
CBO values. For CBO = +0.08 eV, the compound used is ZnO0.2S0.8 (as x = 0.8), while for
CBO = −0.55 eV, the compound used is ZnO0.8S0.2 (as x = 0.2). The final case is for the
optimal PCE, which occurs when using ZnO0.4S0.6 (corresponding to CBO = −0.27 eV).
Moreover, a physical explanation of the behavior of the cell upon applying the DETL design
can be understood by drawing the energy band diagram for the three design cases. As
clearly indicated in Figure 6, there are two competing band offsets that may influence
the performance. Regarding Figure 6a, which illustrates the case of SnO2/ZnO0.2S0.8,
although the band alignment at ZnO0.2S0.8/Cs2AgBiBr6 is a suitable small spike band, the
extremely high barrier at the SnO2/ZnO0.2S0.8 interface is the main cause to limit the carrier
flow. That is to say, the carriers are easily injected from the absorber but face an obstacle
at the interface between the two ETLs. On the other hand, while the band offset at the
ZnO0.4S0.6/Cs2AgBiBr6 interface is a cliff band (see Figure 6b), the barrier between the two
ETLs becomes slower, and the carrier transport is enhanced. Finally, regarding Figure 6c,
the cliff band becomes severe and, in turn, recombination will be very large. Although,
in this case, the barrier between the two ETLs is the lowest amongst the three cases, the
transport is minimal due to the cliff at the ZnO0.8S0.2/Cs2AgBiBr6 interface. This behavior
is apparently reflected on the J-V curve given in Figure 5.
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3.3. Absorber Parameters Optimization

The thickness of the photoactive film (tabs) in a solar cell is a critical characteristic that
can effectively regulate the function of the thin-film solar cell. In order to be able to increase
the collection efficiency of the photogenerated carriers inside a solar cell, it is required to
have a long diffusion length (L) for the minority carriers inside the absorber. The diffusion
length is defined as in Equation (9):

L =

√
kT
q

µτ (9)

If L << tabs, the carriers may recombine before transferring to the contacts. On the
other hand, if tabs is very thin, then the probability of absorbing the incident photons will be
limited because of the inadequate absorber thickness. Thus, there should be a careful design
for the L and tabs to enable higher photon absorption rates besides lower recombination
rates following carrier collection. tabs should be high enough but not higher than L. It can be
deduced from Equation (8) that if the defect density is reduced, the carrier lifetime becomes
higher, resulting in longer diffusion lengths. Therefore, an increase in defect density will
be unfavorable to cell operation. Hence, for a proper design of the absorber material, it is
important to simultaneously study the impact of thickness and defect density as they are
closely related. In the next simulation, the absorber thickness and bulk defect density are
concurrently varied.

The variation in the PCE against the absorber thickness and defect density (Nt) is
exhibited in Figure 7 for two cases, namely the initial cell in which a single ETL is adopted
(Figure 7a), while the second case is corresponding to the optimum case obtained from the
double SnO2/ZnO0.4S0.6 ETL design (Figure 7b). In this simulation, tabs is varied in the
range 100 nm to 520 nm while Nt is varied from 1 × 1013 to 1 × 1017 cm−3. It can be inferred
from the figure, for both cases, that as the absorber becomes wider, the PCE progressively
enhances thanks to the improvement in photon absorption. When the absorber thickness
becomes higher than 300 nm (for the single ETL case) or 350 nm (for the DETL case),
the PCE becomes almost unchanged. This is due to the fact that the thickness is now
comparable to the diffusion length and any further increase in the thickness will result
in more bulk recombination, which will deteriorate the performance. It is also noted that
the impact of the defect density is minor in proportion to that of the absorber thickness.
Therefore, to obtain an enhanced PCE, it is adequate to control the thickness while keeping
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reasonable trap densities. Increasing the thickness beyond 300 nm can result in a PCE of
higher than 8% or 14% in the case of the calibrated cell or the double ETL cell, respectively.
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3.4. Possible Indoor Applications

To investigate the possibility of the presented lead-free PSC for use in indoor applica-
tions where the light intensity is low, the initial cell and an optimized double ETL cell are
simulated under low levels of intensity. When simulating the initial cell, all parameters
indicated in Table 1 are applied. On the other hand, when simulating the double ETL
cell, an optimized thickness of 400 nm is taken while keeping the same initial trap density.
Figure 8 shows the results in terms of the PV parameters for the initial cell (Figure 8a)
and optimized DETL cell (Figure 8b). It can be depicted in the trend of the cells that
despite the decline in VOC and JSC, the FF is enhanced when the light intensity deceases
until 40 mW/cm2. As the input power becomes lower for reduced intensities, the overall
impact is that the PCE slightly boosts. For lower intensities below 40 mW/cm2, the PCE
significantly decreases due to the dominant effect of both VOC and JSC. The presented
results reveal the suitability of the designed cell to be utilized in indoor applications down
to a certain low light intensity level.
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Finally, to compare the initial cell and other designed DETL cells, the J-V characteristics
are presented in Figure 9. Moreover, the figure shows the case when neglecting the effect of
the series and shunt resistance to give a figure of merit of the efficiency promotion limit.
The PCE of each case is highlighted in the figure. Additionally, Table 3 addresses the PV
parameters of the design cases of DETL (with and without absorber optimization) besides
the corresponding parameters of some state-of-the-art Cs2AgBiBr6-based solar cell devices
either from simulation or experimental research studies. The main absorber parameters
are also indicated in the table. The table obviously demonstrates the crucial impact of
the bandgap energy. Despite the higher values of the VOC when Eg is high, the reported
PCEs are lower than those reported for lower Eg mainly because of the low JSC. Based
on the current simulation, we believe that the combination of ETLs along with growing
relatively thicker Cs2AgBiBr6 films would pave the way for obtaining high efficiency
Cs2AgBiBr6-based solar cells which are non-toxic and eco-friendly that can be suitable
for many applications. To further boost the efficiency of Cs2AgBiBr6-based devices, more
experimental work should be carried out in order to improve the quality of the bulk and
interfaces to minimize the defects and thus lower recombination losses. A high-quality
absorber, low interfacial recombination velocities, and good contacts to reduce Rs are
extremely needed to reach the theoretical efficiency which is about 29.5% on the ground of
the ideal Shockley–Queisser limit, given a bandgap of 1.64 eV [61].
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Table 3. Comparison of various experimental and simulation studies.

Cell Structure
(ETL/Absorber/HTL)

Eg
(eV)

tabs
(nm)

τ
(ns)

VOC
(V)

JSC
(mA/cm2)

FF
(%)

PCE
(%) Ref.

SnO2/Cs2AgBiBr6/P3HT 2.05 150 30 1.04 1.78 78.00 1.44 [29]
TiO2/C-Chl/Cs2AgBiBr6/Spiro-OMeTAD 2.07 200 NA 1.04 4.09 73.12 3.11 [30]

SnO2/Cs2AgBiBr6/Spiro-OMeTAD 1.64 140 41.86 0.92 11.40 60.93 6.37 [32]
SnO2/Cs2AgBiBr6/P3HT 2.05 1200 100 2.02 6.39 90.00 11.69 [38]
ZnO/Cs2AgBiBr6/NiO 1.70 700 1000 1.29 20.69 81.72 21.88 [39]

SnO2/ZnOS/Cs2AgBiBr6/Spiro-OMeTAD 1.64 140 41.86 1.29 11.31 71.00 10.35 This work
SnO2/ZnOS/Cs2AgBiBr6/Spiro-OMeTAD 1.64 400 41.86 1.30 17.44 62.59 14.23 This work

4. Conclusions

This simulation study analyzed a low bandgap Cs2AgBiBr6-based PSC and provides
some design recommendations for this type of cell. A cell arrangement of FTO/SnO2/
Cs2AgBiBr6/Spriro-OMeTAD/Au has been adopted, which is based on a previous ex-
perimental work. After the calibration of the simulation versus available experimental
data, the key factors that are responsible of limiting the efficiency were highlighted and
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investigated. It was found that although the absorber/HTL and ITO/SnO2 interfaces are
well-designed due to the appropriate band alignment, the SnO2/absorber interface was
found to suffer from high recombination due to band misalignment. In order to resolve this
issue while keeping other advantages intact, a double ETL structure has been proposed.
An optimum structure was found to alleviate the absorber/ETL issue by incorporating
ZnO0.4S0.6/Cs2AgBiBr6 DETL system. Moreover, the PCE before and after absorber opti-
mization was found to be 10.35% and 14.23% for an absorber thickness of 140 nm and 400
nm for the single and double ETL structures, respectively. Moreover, the performance of the
proposed cell was investigated in low light intensity conditions, and the results revealed
that a better functioning of the cell may be obtained for just an intensity of 40 mW/cm2 at
which the PCE is 15.61% for the optimized DETL cell. Overall, the produced results imply
that low bandgap Cs2AgBiBr6 can play a significant role as an absorber layer to achieve a
highly efficient, eco-friendly, stable PSC technology for outdoor and indoor applications.
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