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A Comprehensive Analysis of Eco-Friendly Cs2SnI6 Based
Tin Halide Perovskite Solar Cell through Device Modeling

Debashish Pal

Abstract: The choice of appropriate materials is of paramount importance in
realizing a high efficiency perovskite solar cell. Lead free eco-friendly
perovskite solar cell architecture is theoretically investigated using solar cell
capacitance simulator (SCAPS) for device performance. Preliminary
investigations on Cs2SnI6 solar cell architectures have indicated that the
presence of hole transport layer is crucial in achieving an open-circuit voltage
greater than 0.6 V. The presence of a valence band offset between the Cs2SnI6
absorber and hole transport layer has a significant detrimental impact on the
short-circuit current density and fill factor of the cell. A novel device
architecture employing TiO2 as an electron transport material and Cu2O as a
hole transport material is proposed to overcome the limitations associated
with the current designs. Theoretical investigations are carried out employing
1D SCAPS simulation program in order to optimize the structure by varying
the perovskite thickness, bandgap, and defect concentration. The proposed
solar cell after optimization has a practically realizable power conversion
efficiency of 17.77%.

1. Introduction

Solar photovoltaic technology continues to drive the growth in
renewable energy demand across the globe in which silicon is
themost commonly used semiconductormaterial accounting for
more than 95% of the total worldwide production. Perovskite ma-
terials offer a number of advantages compared to traditional Si so-
lar cells due to their direct energy bandgap, long diffusion length,
low exciton binding energy, ambipolar charge transport, and
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high absorbance. Furthermore they can be
developed through inexpensive solution
processing techniques.[1–4] Researchers
have dedicated considerable time and at-
tention to finding a suitable alternative for
lead-based perovskites primarily because
of its long-term detrimental impact on
the environment and human health. The
tin-based perovskite material has emerged
as a promising candidate to replace lead
perovskite solar cells, currently presenting
a maximum power conversion efficiency
of 14.8%.[5–11] The tin-based perovskite
materials do not offer long term stable op-
eration because Sn2+ ions rapidly oxidizes
to a more stable Sn4+ in the presence of air
and moisture. Recently significant progress
has been made in restricting the oxidation
of Sn2+ ions with the development of en-
capsulation and fabrication methods.[12–14]

Several first principles investigation have
suggested that Cs2SnI6 double perovskite

material can be utilized as an active material in prospective solar
cell devices.[15–17]

A two-step modified deposition can yield high purity stable
Cs2SnI6 films resulting in grain sizes ranging a few microme-
ters. The Cs2SnI6 double perovskite has a direct bandgap rang-
ing from 1.3 to 1.37 eV, exhibiting n-type semiconducting na-
ture with extremely high hole mobility (329 cm2 V−1 s−1) in io-
dine rich samples.[18] Cs2SnI6 films were obtained by employ-
ing a modified two-step process resulting in n-type semicon-
ducting characteristics of with remarkably high carrier mobil-
ity (425 cm2 V−1 s−1) and bandgap ranging from 1.29 to 1.42
eV.[19] Double perovskite air-stable photoconductive films were
reported to have an optical bandgap of 1.3 eV and open-circuit
voltage of 0.86 V for inorganic FTO/CdS/Cs2SnI6/C/Ag solar cell
configuration.[20] A power conversion efficiency of 0.86% was
achieved for a mesoporous solar cell utilizing the FTO/ZnO seed
layer/ZnOnanorods/Cs2SnI6/P3HT/Ag configuration where the
Cs2SnI6 film reportedly had a bandgap of 1.48 eV. In this ar-
chitecture the ZnO seed layer acted as the electron transport
material, whereas the ZnO nanorods serve as the scaffold for
Cs2SnI6 film.[21] High quality air-stable Cs2SnI6 thin film exhib-
ited an extremely impressive absorption coefficient (>105 cm−1)
with a bandgap of 1.48 eV. This absorber material when em-
ployed in a FTO/TiO2/Cs2SnI6/P3HT/Ag planar configuration
demonstrated an encouraging power conversion efficiency of
0.96%.[22] A summary of the recent experimental findings for
Cs2SnI6 solar cells using different architectures are shown in
Table 1.
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Table 1. Brief summary of synthesis techniques and electrical outputs of Cs2SnI6 solar cells.

Structure Device architecture Synthesis route VOC [V] JSC [mA cm−2] FF [%] PCE [%] Refs.

A FTO/CdS/Cs2SnI6/C/Ag Solution 0.86 0.33 37.00 0.11 [20]

B FTO/ZnO seed layer/ZnO nanorods/Cs2SnI6/P3HT/Ag Solution 0.52 3.20 51.50 0.857 [21]

C FTO/TiO2/Cs2SnI6/P3HT/Ag Evaporation 0.51 5.41 35.00 0.96 [22]

D FTO/TiO2/Cs2SnI6/P3HT/Ag Solution 0.256 7.41 24.50 0.47 [23]

E ITO/B-𝛾-CsSnI3/Cs2SnI6/Au Evaporation 0.63 6.10 28.40 1.10 [24]

Interestingly none of the fabricated Cs2SnI6 solar cells could
achieve performance close to expectations, especially consider-
ing the reported bandgap which is favorable for light absorption.
This can be attributed to a number of factors like long-term insta-
bility, hysteresis loss, morphology, grain size, grain boundaries,
and the presence of interfacial defects.[25–34] Therefore it is ap-
parent that there is no clear consensus on the practically achiev-
able power conversion efficiency of Cs2SnI6 perovskite solar cells.
Also there are scarce theoretical reports, which address the lim-
itations encountered by Cs2SnI6 solar cells in achieving their
full potential in power conversion. An optimized FTO/graphene
oxide/Cs2SnI6/Cu2O/Au configuration was employed to obtain
maximum theoretical parameters ofVOC = 0.837V, JSC = 34.6mA
cm−2, FF= 81.64%, and 𝜂 = 23.64% considering a total 1014 cm−3

defect density.[35] A solar cell utilizing the same architecture, at
the same defect concentration was demonstrated to have an op-
timum VOC = 1.0 V, JSC = 25.93 mA cm−2, FF = 29.57%, and 𝜂

= 7.73%.[36] The discrepancies in theoretical results and exper-
imental values should be tackled in order to gain an in-depth
understanding of the physics behind the operation of perovskite
material based solar cells.
Inspired by the discussions above we conducted a systematic

and extensive theoretical investigation on the realistic power con-
version efficiency achievable by Cs2SnI6-based perovskite thin
film solar cell through numerical simulation. First, we used the
materials and configurations already used in the experiments to
obtain theoretically achievable electrical outputs and compared
these results. Based on these results the limitations associated
with the designs were discussed and a new architecture was pro-
posed which would hopefully overcome the limitations of earlier
configurations. To help us achieve this objective we employed the
1D solar cell capacitance simulator (SCAPS) program. We stud-
ied the effect of variation in thickness and bandgap of the Cs2SnI6
layer on the solar cell performance. In order to simulate a prac-
tically realizable device various defect states inside the absorber
were also taken into consideration. The interfacial properties of
the electron transport layer-perovskite and the perovskite-hole
transport layer were also accounted for in the simulations. Fur-
thermore we also demonstrated how the choice of a back metal
contact, having appropriate work function can boost the electrical
output of the proposed solar cell.

2. Methodology

SCAPS is an open source tool written in the C programming lan-
guage for the simulation of thin film solar cells, which was de-
signed and developed by the University of Ghent, Belgium.[37]

SCAPS program employs the 1D drift-diffusion model to solve

the Poisson’s and continuity equations together with the bound-
ary conditions to give an accurate description of the internal elec-
tric field and the movement of electrons and holes inside the de-
vice. The equations can be represented mathematically as

𝜕
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where 𝜑 is the potential, 𝜖 is permittivity, q is electronic charge,
p is free hole concentration, n is free electron concentration, N+

D
is donor ion concentration, N−

A is acceptor ion concentration, 𝜌n
is the electron defect distribution, 𝜌p is the hole defect distribu-
tion, Jn is electron current density, Jp is hole current density, Rn
is electron recombination rate, Rp is hole recombination rate, G
is the charge generation rate, μn is electron mobility, μp is hole
mobility, Dn is diffusivity of electrons, and Dp is the diffusivity
of holes. For the calculation of the absorption coefficient a model
corresponding to the following equation was adopted

𝛼 (𝜆) =
(
A + B

h𝜐

) √
h𝜐 − Eg (6)

where A and B are constants, h is the plank constant, 𝜐 is the fre-
quency of photons, and Eg is the energy bandgap of the material.
In this investigation, all simulations were carried out at room

temperature (300 K) and AM1.5G illumination with an intensity
of 1000Wm−2. Additionally, the surface recombination velocities
of electrons and holes at the front and back contacts were also
held constant at 107 cm s−1. Furthermore, in order to emulate a
realistic device and for the sake of computational simplicity the
light reflection at the front and back contacts were ignored.

3. Device Architecture and Input Parameters

An all-inorganic device structure comprising of TiO2 as an elec-
tron transport layer and Cu2O as a hole transport layer has been
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Figure 1. a) Crystal structure of Cs2SnI6 double perovskite and b) pro-
posed Cs2SnI6 solar cell architecture.

proposed (Figure 1) based on the results of initial investiga-
tions on the already existing configurations reported in exper-
iments shown in Table 1. The outcomes of these simulations
have been discussed in the subsequent section. The initial pro-
posed structure has material parameters, which are listed in Ta-
ble 2, layer defects in Table 3, and interfacial defects described
in Table 4. All the essential parameters used in this theoreti-
cal study have been derived from existing literature as follows:
FTO,[38] TiO2,

[39] Cs2SnI6,
[35,36,40–42] and Cu2O.

[43,44] Moreover the
other material parameters used for ZnO, CdS, and P3HT in the
simulation have been summarized in Table S1 of the Supporting
Information.

4. Initial Analysis

During the initial assessment it was found that the solar cell con-
figurations used in the experiments had yielded electrical outputs
which were very inferior in terms of performance when com-
pared to the simulation results. It is worthy of mention that the
factors listed in Tables 3 and 4 were also taken into account when
simulating the experimental solar cell architectures. Neverthe-
less, the disparity in the simulated and experimental study could

be ascribed to several factors especially the choice of materials,
since they can induce structural discontinuity, interfacial incom-
patibility having inconsistent grain sizes and boundaries. Fur-
thermore, the different values of electron affinity and bandgap
of materials can give rise to unfavorable conduction and valence
band offsets resulting in the obstruction of electron and hole
transport. One particularly noteworthy finding when Table 1 and
Figure S1 of the Supporting Information are compared, is the
very low values of short-circuit current density (JSC) reported in
the experiments. Therefore in order to have a fair comparison,
a standard Cs2SnI6 solar cell configuration was proposed, with
TiO2 as electron transport layer and Cu2O as the hole transport
layer, already discussed in the last section. A low value of JSC is
indicative of higher recombination rate of electrons and holes,
which can be elucidated by examining the energy band diagram
and the charge carrier recombination profile across the device,
as shown in Figures S2 and S3 of the Supporting Information.
As evident from Figure S2a of the Supporting Information, there
clearly exists a conduction band offset for configuration A at the
CdS–FTO interface, which hinders the flow of electrons toward
the FTO side. This is also reflected in the form of enhanced re-
combination of the charge carriers which is of the order of 1020

cm−3 s−1 at the CdS–FTO interface (Figure S3a, Supporting In-
formation). The configuration B has a very favorable energy band
alignment and thus a lower recombination rate (Figure S3b, Sup-
porting Information) for the transfer of electrons through the
conduction band and holes through the valence band. This con-
figuration therefore has the highest value of JSC and consequently
the power conversion efficiency (𝜂) in the simulation results (Fig-
ure S1b, Supporting Information). In spite of this the perfor-
mance of configuration B in practice is not satisfactory as evident
from Table 1. This result therefore suggests the importance of
conducting theoretical investigations for optimizing the solar cell
structure before fabrication. In terms of the structural configura-
tionsC andD are similar; however the simulation results indicate
that the performance of configuration C is more unsatisfactory
than that of configuration D. The presence of valence band off-
set at the Cs2SnI6–P3HT interface in the energy band diagram of
configurationC (shown by dotted circle in Figure S3c, Supporting
Information) severely impairs the flow of holes to the collector.
As a result the least value of JSC and 𝜂 is recorded for configu-
ration C among all other configurations. Interestingly, it can be

Table 2. Initial material parameters used in the simulation.

Material parameters FTO TiO2 Cs2SnI6 Cu2O

Thickness, t [nm] 500 100 650 (variable) 100

Bandgap, Eg [eV] 3.5 3.2 1.48 (variable) 2.17

Electron affinity, 𝜒 [eV] 4.0 4.1 4.01 3.2

Dielectric constant, 𝜖r 9.0 9.0 10.0 7.1

CB effective density of states, Nc [cm
−3] 2.2 × 1017 2.0 × 1018 2.2 × 1018 2.5 × 1018

VB effective density of states, Nc [cm
−3] 1.8 × 1017 1.8 × 1019 1.8 × 1019 2.2 × 1018

Electron mobility, μe (cm2 V−1 s−1] 20 20 310 200

Hole mobility, μh [cm2 V−1 s−1] 10 10 310 800

Donor concentration, Nd [cm
−3] 2.0 × 1017 1.0 × 1016 1.0 × 1015 –

Acceptor concentration, Na [cm
−3] – – 1.0 × 1015 9.0 × 1015
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Table 3. Shallow and deep level defects used in the simulation.

Description TiO2 Cs2SnI6 Cu2O

Type Neutral Neutral Neutral

Shallow Capture cross section for electrons
and holes, 𝜎e and 𝜎h [cm

−2]
1.0 × 10−15 and 1.0 × 10−15 2.0 × 10−14 and 2.0 × 10−14 1.0 × 10−15 and 1.0 × 10−15

Energy distribution VB tail/CB tail VB tail/CB tail VB tail/CB tail

Energy level with respect to Ec/Ev [eV] 0.02 above/0.02 below 0.02 above/0.02 below 0.02 above/0.02 below

Characteristic energy [eV] 0.01 0.01 0.01

Total defect density [cm−3] 1.0×1015 1.0 × 1015 (variable) 1.0 × 1015

Deep Capture cross section for electrons
and holes, 𝜎e and 𝜎h [cm

−2 ]
1.0 × 10−15 and 1.0 × 10−15 2.0 × 10−14 and 2.0 × 10−14 1.0 × 10−15 and 1.0 × 10−15

Energy distribution Gaussian Gaussian Gaussian

Energy level with respect to Ec/Ev [eV] 1.1 above/1.1 below 0.6 above/0.6 below 0.8 above/0.8 below

Characteristic energy [eV] 0.1 0.1 0.1

Total defect density [cm−3] 1.0 × 1015 1.0 × 1015 (variable) 1.0 × 1015

Table 4. Defect description at the interfaces.

Description TiO2/Cs2SnI6 Cs2SnI6/Cu2O

Type Neutral Neutral

Capture cross section for electrons and holes, 𝜎e and 𝜎h [cm
−2] 1.0 × 10−15 and 1.0 × 10−15 1.0 × 10−15 and 1.0 × 10−15

Energy distribution Uniform Uniform

Energy level with respect to Ec/Ev [eV] 0.0 above/0.0 below 0.0 above/0.0 below

Characteristic energy [eV] 0.1 0.1

Total defect density [cm−3] 1.0 × 1017 (variable) 1.0 × 1017 (variable)

noted that p-type semiconducting characteristic of Cs2SnI6 can
be detrimental to the performance of the solar cell because of
unfavorable band alignment with P3HT hole transport layer. It
can also be confirmed from the simulation results that the pres-
ence of hole transport material is essential in obtaining a high
open-circuit voltage (VOC).

5. Optimization of the Proposed Cs2SnI6 Solar Cell:
Results and Discussion

The energy band diagram of the proposed solar cell is shown in
Figure 2a exhibiting an excellent conduction and valence band
alignment favoring the transport of electrons and holes. The
charge carrier recombination rate of the solar cell as a function of
position is also demonstrated in Figure 2b. It is apparent that the
maximum recombination rate of the proposed solar cell (<1019

cm−3) is an order smaller than the maximum recombination rate
of the configurations A, B, C, andD. The current density–voltage
(J–V) characteristic curve and the initial results of the simula-
tion, based on the tabulated inputs in the last section are shown
in Figure 2c. These results were obtained considering an energy
bandgap of 1.48 eV and a total defect density of 1.0 × 1015 cm−3

for both shallow and deep level defects for the Cs2SnI6 material.
Also, importantly the defects concentrations at the TiO2/Cs2SnI6
andCs2SnI6/Cu2O interfaces were assumed to be 1.0× 1017 cm−3

for the simulations. It is also to be noted here that unless oth-
erwise stated, the back contact metal work function was con-

sidered to be flatband during the optimization of the proposed
solar cell.

5.1. Effect of Cs2SnI6 Bandgap and Thickness

It has been reported that the direct optical bandgap of Cs2SnI6
material varies from 1.3 to 1.62 eV.[40] Therefore in order to op-
timize the proposed solar cell the energy bandgap was varied
from 1.3 to 1.65 eV, while the thickness was changed from 100
to 1000 nm. It is evident from Figure 3a, that the highest VOC
is recorded for a thickness greater than 450 nm and an energy
bandgap of 1.5 eV. It must also be noted that the VOC is rela-
tively weakly dependent on the thickness of the absorber as com-
pared to the bandgap of the material. This is expected because
an increase in bandgap of the perovskite absorber layer implies
that the photogenerated electrons and holes are separated by a
greater energy barrier thus reducing the possibility of radiative
recombination.[45] On the other hand, the maximum value in
terms of JSC is obtained for bandgap lower than 1.37 eV and thick-
ness higher than 600 nm as clear from Figure 3b. A thicker ab-
sorber layer allows more absorption of photons in a perovskite
material because of the long diffusion length of charge carriers.
However the absorber layer thickness should be carefully cho-
sen as very thick absorbers increase the possibility of charge car-
riers being lost due to recombination before they are extracted
by the electron and hole transport layers.[46] It is obvious from
these results that a thick Cs2SnI6 absorber layer is beneficial for
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Figure 2. a) Energy band diagram, b) carrier recombination profile, and c) J–V characteristics of the proposed Cs2SnI6 perovskite solar cell.

Figure 3. Effect of varying the absorber layer bandgap and thickness on the a) VOC, b) JSC, c) FF, and d) 𝜂.

both VOC and JSC. An inspection of Figure 3c also shows that the
FF of the cell is independent of the energy bandgap of the ab-
sorber material but has a strong dependence on the thickness of
the material. This is because an increase in thickness of the ab-
sorber corresponds to an increase in the series resistance, which
ultimately leads to a decrease in FF of the solar cell.[47] The over-
all 𝜂 of the proposed solar cell can be maximized if the bandgap
and thickness of Cs2SnI6 can be restricted from 1.3 to 1.5 eV
and 300 to 900 nm, respectively, as evident from the results of
simulation in Figure 3d. The thickness and bandgap optimiza-
tion results of Cs2SnI6 layer suggests that in order to obtain
the maximum power conversion efficiency, the energy bandgap

and the thickness of absorber must be 1.40 eV and 600 nm,
respectively.

5.2. Effect of Shallow and Deep Level Defects in Cs2SnI6

Tap-assisted recombination can occur due to the presence of en-
ergy states close to the band edges or in the middle of the energy
bandgap. These trap states can significantly alter the carrier mo-
bilities and lifetimes by facilitating electron–hole recombination
and weakening the overall performance of the solar cell.[48,49] The
shallow acceptor and donor defects in a semiconductor lie close

Adv. Theory Simul. 2023, 2200856 2200856 (5 of 10) © 2023 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 4. Effect of varying the shallow defect density of absorber layer on the a) VOC and FF and b) JSC and 𝜂.

to the band edges and contribute to the unintentional doping of
the semiconductor material due to ionization process at room
temperature. The presence of defects inside the lattice such as
interstitial defects and ionic vacancies are considered to be the
reason to contribute to shallow defect states. In this study the
shallow defects inside the absorber are located 0.02 eV below and
above the conduction and valence band, respectively. The shallow
defects present in Cs2SnI6 are neutral in nature with a character-
istic energy of 0.01 eV and has an exponential distribution. The
capture cross-section of the electrons and the holes used in this
study is held constant at 2.0 × 10−14 cm−2 for the absorber mate-
rial. It is evident from the results shown in Figure 4a,b that the
shallow defect trap density does not have a particularly signifi-
cant effect in degrading the performance of the solar cell. This
is in agreement with other findings that suggest that the shal-
low defects have negligible influence on the recombination of
charge carriers and thus does not hamper the VOC and JSC val-
ues to a great extent.[50–52] The results presented herein also sug-
gest that for shallow defect concentrations greater than 1017 cm−3

the performance of the solar cell starts degrading rapidly because
of increased trapping–detrapping mechanism, which ultimately
leads to reduced mobility of charge carriers.[53] It must also be
emphasized in this regard that Cs2SnI6 double perovskite mate-
rial has proven to be a robust alternative as compared to some
other double perovskite materials in terms of the resistance it
offers to the decrement in JSC with increase in shallow defect
density.[39]

Deep level transient spectroscopy was used to study the defect
states and their densities in CH3NH3PbI3 perovskite solar cells
prepared using two different techniques. The presence of deep
level defects was detected in both the samples with trap density
of 1.3 × 1015 and 5 × 1015 cm−3 located at 0.62 eV.[54] The deep
level defects or mid-band defect states considered in this study
are located at the mid of the forbidden bandgap at an energy level
0.6 eV above the valence band and 0.6 eV below the conduction
band, respectively. The capture cross-sectional area of electrons
and holes are considered to be 2.0 × 10−14 cm−2 and the total de-
fect density of the traps is varied from 1012 to 1018 cm−3. In a real-
istic perovskite solar cell the Gaussian type deep level defects are
accountable for charge carrier recombination, limiting the con-
ductivity of the device as well as restricting the effective mobil-
ity of the charge carriers due to multiple trapping and liberating
processes.[55] Therefore the energy distribution of the neutral de-
fect states in this simulation is also considered to be Gaussian
in nature having a characteristic energy of 0.1 eV. The recombi-

nation rate of charge carriers can be expressed by the Shockley–
Read–Hall (SRH) model given mathematically as

R =
np − n2i

𝜏p
(
n + NCexp

(
Eg − Et

)
∕kT

)
+ 𝜏n

(
p + Nvexp

(
Et
)
∕kT

)
(7)

where n is the concentration of electrons, p is concentration of
holes, ni is intrinsic carrier concentration, 𝜏n is electron lifetime,
𝜏p is hole lifetime, NC is conduction band density of states, NV
is valence band density of states, Eg is bandgap energy, Et is en-
ergy trap level, k is Boltzmann constant, and T is temperature.
Furthermore the lifetime of the charge carriers is given by the
relation

𝜏 = 1
𝜎vthNt

(8)

where 𝜎 is the capture cross section of the charge carriers, vth is
the thermal velocity, and Nt is trap defect concentration.
The results from Figure 5a suggests that the VOC and FF of

the solar cell remains fairly constant if the deep defect density
is restricted below 1015 cm−3, beyond which it falls over sharply.
It is also evident from Figure 5b that JSC sharply declines only
after the defect density exceeds 1016 cm−3, but the overall power
conversion efficiency of the proposed solar cell exhibits a rapid
decrease if the defect density increases beyond 1015 cm−3. The
decrease inVOC and JSC of the proposed solar cell is because of the
decline in charge carrier lifetime (𝜏) from 5000 ns to 5 ps when
the defect density is increased from 1012 to 1018 cm−3, which also
corresponds to a decrease in diffusion length (L) of electrons and
holes from 63.2 μm to 63.2 nm. Therefore nonradiative (SRH)
recombination of charge carriers inside the perovskite material
must be avoided in order to practically realize a device with high
efficiency by preferably limiting the concentration of deep defects
below 1015 cm−3.

5.3. Effect of Interfacial Defects

Interfacial defects impair the performance of the device to a large
extent because of the interaction of electron and hole transport
materials with the perovskite precursor during the deposition
process resulting in the formation of grain boundaries.[56] The
performance of the solar cell can be restored to some extent by

Adv. Theory Simul. 2023, 2200856 2200856 (6 of 10) © 2023 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 5. Effect of varying the deep defect density of absorber layer on the a) VOC and FF and b) JSC and 𝜂.

Figure 6. Effect of varying the total defect density at the TiO2/Cs2SnI6 interface on a) VOC and FF and b) JSC and 𝜂.

inhibiting interfacial charge carrier recombination by passivation
of trap states thereby restoring the VOC of the cell.[57–59] In this
investigation the TiO2/Cs2SnI6 and Cs2SnI6/Cu2O interfaces are
characterized by neutral defects having uniformdistributionwith
capture cross section of 10−15 cm−3 for electrons and holes. The
defect density at the interfaces was varied from 1012 to 1018 cm−3

and the changes in the electrical parameters were recorded. Fig-
ure 6a clearly shows that the VOC of the cell almost immediately
shows a sharp decrease when the defect concentration increases
beyond 1018 cm−3. This result clearly suggests that nonradia-
tive recombination originating from the interface of the electron
transport material and perovskite is the reason for the most sig-
nificant VOC loss in perovskite solar cells, in agreement with ear-
lier reports.[60,61] On the other hand, the impact of TiO2/Cs2SnI6
interfacial defect concentration is not so pronounced in case of

JSC (Figure 6b), as an insignificant decline is noted at densities
greater than 1016 cm−3. It is evident from these results that the
power conversion efficiency in this case is largely governed by the
VOC of the solar cell. Interestingly, at the Cs2SnI6/Cu2O interface,
it was found that increasing the defect concentration from 1012

to 1018 cm−3 had a negligible effect on the VOC and JSC of the pro-
posed solar cell (Figure 7a,b). This is in agreement with similar
investigations carried out in the past where it was reported that
the electron transport/perovskite layer induces more interfacial
recombination compared to perovskite/hole transport layer.[62,63]

This argument is in general however applicable for perovskite
and charge transport materials exhibiting no energy band mis-
alignment at their interfaces.
The important parameters which dictate the performance of

the solar cell were optimized the results of which are summa-

Figure 7. Effect of varying the total defect density at the Cs2SnI6/Cu2O interface on a) VOC and FF and b) JSC and 𝜂.
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Figure 8. a) J–V characteristics and b) quantum efficiency of the optimized Cs2SnI6 perovskite solar cell.

Table 5. Optimum parameters of the proposed solar cell.

Parameters Values

Cs2SnI6 thickness [nm] 600

Cs2SnI6 energy bandwidth [eV] 1.4

Absorber layer-shallow defect density [cm−3] ≤1017

Absorber layer-deep defect density [cm−3] ≤1015

TiO2/Cs2SnI6 interface-total defect density [cm
−3] ≤1015

Cs2SnI6/Cu2O interface-total defect density [cm−3] ≤1018

rized in Table 5. In the light of the discussions above it should
be ensured that in order to extract the best performance from
the Cs2SnI6 perovskite solar cell, the thickness of the absorber
must be 600 nm and the energy bandgap 1.4 eV. It is also to
be assured that the shallow defect density inside the absorber
material is restricted to less than 1017 cm−3 and the deep defect
concentration is limited to 1015 cm−3. Unlike the hole trans-
port layer–perovskite interface, the interface between electron
transport material and the perovskite is the reason for most
open-circuit voltage loss in the device and the total defect density
at this interface should be confined to 1015 cm−3 in order to
extract the optimum performance from the Cs2SnI6 perovskite
solar cell. The J–V characteristic curve of the optimized solar cell
is shown in Figure 8a with all the realistically achievable elec-
trical parameters. The spectral response from Figure 8b shows
that the proposed solar cell is highly responsive to visible light
illumination with the ability to convert the energy of the photons
throughout almost the entire visible range to electrical energy.

5.4. Effect of Metal Back Contact

It should at this point be highlighted that the investigations car-
ried out on the proposed solar cell till now assumed that the back
contact was flatband, which meant that the effect of the work
function of the anode material was ignored. In a practical so-
lar cell device however the work function of the anode plays a
crucial role in regulating the power conversion efficiency of a so-
lar cell. The metal contact and hole transport material interface
in practice exhibits ohmic or rectifying characteristics impeding
the transport of holes.[64–66] Therefore, various back metal con-

tacts with different work functions were studied, which can be
employed as anode materials in the proposed Cs2SnI6 perovskite
solar cell. The potential energy barrier at the hole transport ma-
terial and back metal contact interface is governed by the relation

Vb =
Eg
q

+ 𝜒 − 𝜙m (9)

where 𝜒 is the electron affinity and ϕm is the metal work
function.[67] When the work function of the back metal increases
the potential energy barrier decreases, facilitating the transport
and collection of holes at the anode thereby leading to an increase
in efficiency. The different metals used in the simulations were
Al, Ni, Cr, Cu, Ag, Au, and Ni with work functions 4.3, 4.33, 4.5,
4.7, 4.74, 5.1, and 5.15 eV were used in this investigation.[43,68–70]

As apparent from Figure 9a, the VOC of the solar cell increases
with the increase in work function of the metals below 4.7 eV
and saturates thereafter.[71] The variation in the JSC, on the other
hand is not so distinct which can be observed fromFigure 9b. The
FF and 𝜂 of the proposed solar cell (Figure 9c,d) also increases
with the increase in the work function of the back metal contact.
It was found from the analysis that Au and Ni were good candi-
dates as hole selective contacts, which can be employed in con-
junction with Cu2O hole transportmaterial in a Cs2SnI6 solar cell
to achieve over 17% power conversion efficiency. In fact it was
apparent from the results of the simulation that metals having
work function less than 5.1 eV formed Schottky barrier contact
with Cu2O hindering the transport of holes. On the other hand
for metals having work functions greater than 5.1 eV the metal–
semiconductor junction acted as an ohmic contact favoring the
transfer of holes.

6. Conclusion

Numerical simulation was conducted to investigate the perfor-
mance of a novel double perovskite solar cell utilizing Cs2SnI6
absorber material. The 1D SCAPS program was used to study
the fully inorganic, nontoxic FTO/TiO2/Cs2SnI6/Cu2O solar cell
architecture. The proposed double perovskite solar cell could
achieve an open-circuit voltage of 0.74 V, short-circuit current
density of 30 mA cm−2, fill factor of 80.5%, and a power conver-
sion efficiency of 17.77%. It was found that the performance of
the solar cell was highly dependent on the thickness and bandgap
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Figure 9. Variation of a) VOC, b) JSC, c) FF, and d) 𝜂 of the Cs2SnI6 perovskite solar cell for back contact metals with different work function.

of the absorber layer and to extract the best performance from the
device the thickness of the Cs2SnI6 should be 600 nm with an
energy bandgap of 1.4 eV. As expected the shallow defect states
inside the absorber material had a negligible control in dictat-
ing the performance of the device unless the defect concentra-
tion exceeded an extremely high value of 1017 cm−3. A similar
behavior was observed for Cs2SnI6/Cu2O interfacial characteris-
tics wherein we found insignificant dependence of device perfor-
mance on the defect density if the total concentration could be
limited below 1018 cm−3. The results of the theoretical investiga-
tion also suggest that the performance of the proposed solar cell is
strongly governed by the deep level nonradiative recombination
centers present in the perovskite material and the TiO2/Cs2SnI6
interfacial defect concentration, both of which must be restricted
below 1015 cm−3 to achieve a high efficiency device. The role of
back contact work function is also critical factor and it was estab-
lished that the back metal should have a work function greater
than or equal to 5.1 eV to realize practically achievable conver-
sion efficiency greater than 17%.
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