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layerst
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Lead toxicity is a barrier to the widespread commercial manufacture of lead halide perovskites and their
use in solar photovoltaic (PV) devices. Eco-friendly lead-free perovskite solar cells (PSCs) have been
developed using certain unique non- or low-toxic perovskite materials. In this context, Sn-based
perovskites have been identified as promising substitutes for Pb-based perovskites due to their similar
characteristics. However, Sn-based perovskites suffer from chemical instability, which affects their
performance in PSCs. This study employs theoretical simulations to identify ways to improve the
efficiency of Sn-based PSCs. The simulations were conducted using the SCAPS-1D software, and
a lead-free, non-toxic, and inorganic perovskite absorber layer (PAL), i.e. CsSnls was used in the PSC
design. The properties of the hole transport layer (HTL) and electron transport layer (ETL) were tuned
to optimize the performance of the device. Apart from this, seven different combinations of HTLs were
studied, and the best-performing combination was found to be ITO/PCBM/CsSnlz/CFTS/Se, which
achieved a power conversion efficiency (PCE) of 24.73%, an open-circuit voltage (Voc) of 0.872 V,
a short-circuit current density (Jsc) of 33.99 mA cm~2 and a fill factor (FF) of 83.46%. The second
highest PCE of 18.41% was achieved by the ITO/PCBM/CsSnls/CuSCN/Se structure. In addition to
optimizing the structure of the PSC, this study also analyzes the current density—voltage (J-V) along
with quantum efficiency (QE), as well as the impact of series resistance, shunt resistance, and working
temperature, on PV performance. The results demonstrate the potential of the optimized structure
identified in this study to enhance the standard PCE of PSCs. Overall, this study provides important
insights into the development of lead-free absorber materials and highlights the potential of using
CsSnls as the PAL in PSCs. The optimized structure identified in this study can be used as a base for
further research to improve the efficiency of Sn-based PSCs.
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1 Introduction

To meet the huge energy crisis of the 21st century, the popularity
of perovskite™ and thin-film solar cells has been channelized
toward the efficient production of renewable solar energy, which
has shown an exponential growth rate in the last few years.
Among the various types of solar cells, perovskite solar cells (PSCs)
have become predominant for their ideal tunable bandgaps, long
diffusion length, better carrier transfer and ease of fabrication.>*
It has also been noticed in recent studies that MAPDbI; is
conventionally used in perovskite solar cells since its introduction
in 2009 by Kojima et al.'® Extensive research also confirms that
lead (Pb)-based PSCs have higher efficiencies than those based on
Pb-free perovskites.'** Despite the advantage of efficiency, the
toxicity of Pb and environmental issues are always a concern while
using these perovskites. To overcome these problems, researchers
have proposed Pb-free perovskites, which provide greater effi-
ciency.”* A few metals, such as Sn, Ge, Bi, Sb, and Cu, can be
utilized instead of Pb for the synthesis of metal hybrid perov-
skites. Over the past few years, tin (Sn)-based perovskites are used
greatly amongst these metals because of their improved optical™®
and electronic properties, such as higher charge mobility and
narrow bandgaps.'*'® Meanwhile, the chemical instability of the
crystal structure and the mismatch of energy levels between the
absorber layer and charge transport layer are the main drawbacks
of Sn-based perovskites that impede them from achieving higher
efficiencies. Therefore, lead-free, non-volatile CsSnI; can be used
as the perovskite absorber material (PAL).

However, at the moment, simple oxidation of Sn> is the
fundamental issue that prevents the development of CsSnl;-
based PSCs. The devices nonetheless operate poorly despite
carrying out the whole manufacturing process in an inert
environment because a trace amount of oxidation products
already exists in the solution used as the precursor. B-CsSnlI;
easily degrades in the ambient environment to form the yellow
polymorph CsSnl; and then Cs,Snls, which contains tetrava-
lent tin. Compared with B-CsSnl;, Cs,Snls has a significantly
reduced light-harvesting capability.' Consequently, the poor
device stability, as well as low power conversion efficiency, of
CsSnlz-based solar cells is caused by the unintended oxidation
of Sn** to Sn**, which significantly reduces their application
potential in the photovoltaic field. The precursor state is where
Sn”" oxidation is about to take place, mostly in three ways. The
first possibility is Sn>" self-disproportionation, which results
in Sn*" and Sn,.>° The second is oxidation by dimethylsulf-
oxide (DMSO), a popular solvent for Sn-based perovskites.?*
The third method is oxidation by the extremely little quantity
of oxygen added to the precursor solution. According to a new
report by Marshall et al, adding SnCl, as an additive to
perovskite photovoltaics (PPV) based on CsSnl; results in
higher efficiency, as well as improved device stability.>* Their
findings might represent progress towards lead-free perovskite
PPVs. For a CsSnl; thin-film photovoltaic, Hatton and
colleagues evaluated the effect of a number of tin halide
additives, including SnF,, SnCl,, SnBr,, and Snl,, which
showed encouraging results.?*
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CsSnl; is a prototypical single halide perovskite with the
formula of AMXj;, where A denotes a monovalent inorganic/
organic cation (such as Cs', MA", FA"), M denotes a divalent
cation (such as Pb**, Sn**, Ge**) and X denotes a halogen anion
(such as I, Br~, CI7).** Among the monovalent cations, Cs"
could provide better power conversion efficiency (PCE) because
of its higher stability than MA" and FA" when used as a cation in
the PSC.”**?® Chen et al. have reported that despite having
a smaller bandgap of 1.3 eV, a PCE of 12.92% was achieved
when CsSnl; was used as the PAL."*"® On the contrary, Song
et al. found that the low efficiency for the absorber CsSnI; was
3.83% in comparison to other reported studies.”” The absorber
layer is placed in between the hole transport layer (HTL) and the
electron transport layer (ETL) and helps in the transfer of holes
and electrons in the entire device,?®*** whereas the ETL helps the
extraction and transport of electrons® in PSCs and eliminates
electrical shunts between the transparent electrode and the
perovskite layer. An ideal ETL should have high electron
mobility and hole-blocking properties, which can also prevent
potential reactions between the cathode and the perovskite
layer.** Among the many organic and inorganic ETL materials,
phenyl-C61-butyric acid methyl ester (PCBM) has been utilized
widely over the years due to the reduced number of film defects
and, by extension, less unwanted electron-hole recombination
between the perovskite layer and the electrode with the ETL.
Since it is crucial to achieve a homogeneous and pin-hole-
devoid PCBM layer, some attempts to enhance PCBM layers
have been made by employing processing methods, such as
refining the spin-coating rates and solvents. According to Bai
et al., PCBM used as the ETL in the PSC device improved the
efficiency up to 9.56%.*

On the other hand, the HTL generally aids in extracting and
transporting the holes®® in the absorber layer to the electrode
and functions as an energy barrier to prevent electron transport
to the anode.*” In Sn-based PSCs, the energy levels of ITO and
the PAL do not match, which results in decreased hole collec-
tion and photovoltaic (PV) outputs.* Therefore, the HTL should
match the energy level of the PAL and possess high hole
mobility for transporting holes to the anode along with a low
absorption coefficient.** Similar to the ETL, some organic and
inorganic HTLs, such as Spiro-MeOTAD, PEDOT:PSS, P3HT,
NiO, Cul, CuSCN, and CFTS (Cu,FeSnS,), are frequently utilized
in various solar cells.**** Amongst these HTLs, Spiro-MeOTAD
and PEDOT:PSS are being used widely in most PSCs due to
their high performance. However, among all these HTLs, CFTS
provides the best efficiency probably due to the low energy level
difference between CsSnl; and CFTS.*®

In our previous study,> we evaluated the suitability of
a variety of ETLs and HTLs from 70 different configurations to
find the ideal combination for the CsSnI; absorber layer-based
PSC to achieve good PV performance. In this study, CsSnl; is
used as the lead-free PAL to bring out the best configurations
from the previous study*® and optimize various parameters
toward increasing the device efficiency, for the very first time, by
combining the PCBM ETL with various HTLs, including Spiro-
MeOTAD, PEDOT:PSS, P3HT, NiO, Cul, CuSCN, and CFTS, via
SCAPS-1D (one-dimensional solar cell capacitance simulator)
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software. Because of the time and effort required to investigate
all these materials, getting the best possible result from scien-
tific experiments can be difficult. Only a few theoretical and
experimental studies have been done on CsSnlz-based PSCs,
offering many opportunities to improve their performance.
Here, the maximum efficiency of the non-toxic Sn-based CsSnlI;
PSC is targeted by varying different features, including the back
metal contact, PAL, ETL, and HTL, using the SCAPS-1D simu-
lation software. Additionally, the influence of series resistance,
shunt resistance, and working temperature on the PV perfor-
mance of the PSC have been investigated besides the current
density-voltage and quantum efficiency (QE) parameters.
Finally, the resulting highly efficient devices are contrasted
against earlier experiments in terms of their capacity to improve
the typical PCE.

2 Materials and methodology

2.1 SCAPS-1D numerical simulation

The SCAPS-1D software was introduced by Professor M. Bur-
gelman at the University of Gent and has been used to simulate
different solar cell configurations.**** The SCAPS-1D simulator
uses fundamental semiconductor equations, in terms of the
Poisson equations (eqn 1), and continuity equations for exci-
tons (electrons and holes).****

d? e

e )=

v (P(x) + No +py —n(x) =Na—p,) (1)
where ¥ denotes the electrostatic potential, e denotes electron
charge, ¢, denotes vacuum permittivity, ¢, denotes relative
permittivity, Np and N, denote donor and acceptor densities,
respectively, p denotes the hole concentration, n denotes the
electron concentration, p, denotes the hole distribution, and p,
denotes the electron distribution.

The continuity equation for an electron is represented below

(eqn (2)),
dJy
Tdx

G-R @)

where, J, is the electron current density, G is the generation
rate, and R is the recombination rate.
The continuity equation for holes is given by eqn (3),

dJ,
—=G-R 3
o (3)
where [, is the hole current density.
The drift and diffusion equations are given by eqn (4) and (5),

respectively,

dn do
Jn —Dn&+}tnna (4)
dp do

Jn:Dpa‘f‘,Urppd (5)

X

where Dy, is the diffusion coefficient of an electron (hole) and
unep) is the electron (hole) mobility. SCAPS works in one-
dimensional and steady-state conditions.
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2.2 The CsSnl;-based perovskite solar cell structure

The structure consisted of ITO, which was used as the trans-
parent conductive oxide (TCO), the ETL, PAL, HTL, and lastly
a back metal contact. The PAL was sandwiched between the ETL
and the HTL. The ETL helps in extracting, collecting and
transferring electrons, and HTL works on blocking electrons
and collecting holes from the PAL and transferring these holes
to the cathode. The structure of our solar cell was ITO/ETL/
CsSnl;/HTL/Se. Fig. 1 shows the configuration of the CsSnI;-
based solar cell used in this simulation.

Here, initially, the PCBM ETL was combined with different
HTLs (CuSCN, NiO, P3HT, PEDOT:PSS, Spiro-MeOTAD, Cul, and
CFTS) along with a fixed PAL (CsSnl;) and back metal contact
(Au). After that, the back metal contact (like Au, W, Ni, Pd, Pt, Se,
Ag, C, Fe, and Cu) was varied to obtain the optimum structure
among the seven studied structures. Then, the input parameters,
such as the thickness of PAL, ETL, and HTL, the collective impact
of PAL and HTL acceptor and defect density, the ETL donor and
defect density, and interface defects were further optimized
stepwise, and the optimized outcomes were added progressively
with the other optimized parameters in this study. The study was
carried out at the illumination of AM1.5 and the solar irradiation
intensity of 100 mW c¢cm™>. In Tables 1 and 2, the input param-
eters utilized in the simulation are summarized. While Table 1
represents the values of the different parameters of ITO, the ETL
(PCBM), the PAL (CsSnl;), and different HTLs, Table 2 represents
the values of the interface defects.

3 Result and discussion

3.1 The influence of CsSnl; thickness and the acceptor
doping density on PV performance

Research on PSCs has seen tremendous progress in recent
years, achieving higher efficiency and potential for low-cost

Sunlight

9 ¥ $

Glass

(PCBM)

(CsSnl,)

(CuSCN, NiO, P3HT, Cul, CFTS,
PEDOT: PSS, and Spiro-MeOTAD,)

Fig. 1 Configuration of CsSnls solar cells used in this numerical
simulation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The input parameters of TCO, ETL (PCBM), HTLs, and PAL (CsSnls).*°

Parameters ITO CuSCN PCBM P3HT PEDOT:PSS Spiro-MeOTAD NiO Cul CFTS CsSnl;
Thickness (nm) 500 50 50 50 50 200 100 100 100 800°

Ey (eV) 3.5 3.6 2 1.7 1.6 3 3.8 31 1.3 1.3

X (eV) 4 1.7 3.9 3.5 3.4 2.2 1.46 2.1 3.3 3.6

& 9 10 3.9 3 3 3 10.7 6.5 9 9.93

Nc (em™) 2.2 x 10" 2.2 x 10" 2.5 x 10** 2 x 10> 2.2 x 10" 2.2 x 10" 2.8 x 10" 2.8 x 10" 2.2 x 10" 1 x 10"
N, (em™?) 1.8 x 10" 1.8 x 10'® 2.5 x 10" 2 x 10* 1.8 x 10" 1.8 x 10" 1x10" 1x10"° 1.8 x 10" 1x 10"
wn (em?> vV 's™Y) 20 100 0.2 1.8x10° 45x10% 21x10° 12 100 21.98 1.5 x 10°
wn (em®> v 's™) 10 25 0.2 1.86 x 1072 4.5 x 10> 2.16 x 10 2.8 43.9 21.98 5.85 x 10>
N, (em™?) 0 1x10"® 0 1x10'® 1x10'® 1.0 x 10'® 1x10"® 1.0x10"® 1x10"® 10*

Np (em™?) 1x10*" 0 2.93 x 10" 0 0 0 0 0 0 0

N¢ (em™?) 1x10™ 1x10"* 1x10" 1x10"” 1x10"* 1.0 x 10" 1% 10" 1.0 x 10™* 1 x 10™* 1 x 10"

“ In this study, these values remained constant during initial optimization to get the best combination of HTL, ETL, and Back metal contact.

Table 2 The input parameters of the interface defect layers.*°

Capture cross section:

Total density (cm™?)

Interface Defect type  electrons/holes (cm?) Energetic distribution ~ Reference for defect energy level  (integrated overall energies)
ETL/CsSnl;  Neutral 1.0 x 107" Single Above the VB maximum 1.0 x 10"

1.0 x 107*°
CsSnIz/HTL  Neutral 1.0 x 1078 Single Above the VB maximum 1.0 x 10"

1.0 x 107"

production. However, to further enhance the performance and
stability of PSCs, it is essential to examine the impact of
various parameters on device performance. Two such param-
eters are absorber thickness and acceptor doping density,
which are critical to optimizing the efficiency of PSCs. The
absorber thickness in PSCs plays a substantial role in deter-
mining the efficiency of the device. The optimal thickness of
the absorber layer is determined by the bandgap and absorp-
tion coefficient of the material, which dictate the amount of
light that can be absorbed by the device. A thick absorber layer
may increase the photon absorption rate, but it can also lead to
an increased recombination rate, which would reduce the
efficiency of the device. Conversely, a thinner absorber layer
may reduce the photon absorption rate but can also reduce the
recombination rate and improve device efficiency. Acceptor
doping density is another critical parameter that affects the
performance of PSCs. Doping acceptor atoms into the
absorber layer can modify the band structure and improve the
carrier transport properties of the device. However, excessive
doping can lead to increased defects and reduced carrier
lifetimes, which negatively impact the device efficiency.
Therefore, optimization of the acceptor doping density is
crucial to achieving high device efficiency.

A combined study of absorber thickness and acceptor doping
density is essential for optimizing the performance of PSCs. By
optimizing both parameters simultaneously, it is possible to
achieve the highest possible device efficiency. The absorber
thickness must be optimized to balance the photon absorption
and recombination rates, while the acceptor doping density
must be carefully controlled to minimize the influence of
defects on device performance. Therefore, a collective study of

© 2023 The Author(s). Published by the Royal Society of Chemistry

the effects of absorber thickness and acceptor doping density
was carried out. Fig. 2-5 illustrate the changes in the PV char-
acteristics, namely Vo, Jsc, FF, and PCE, of the solar cell with
the variation of the absorber layer acceptor density and thick-
ness; while the absorber layer was varied from 100 nm to
1300 nm, the acceptor density (N,) was varied from 1 x 10°
em > to 1.0 x 10** em ™.

The dependency of the V¢ of the ITO/PCBM/CsSnl;/CFTS/Se
device is shown in Fig. 2(a). Here, the highest V¢ of 0.927 V was
achieved at a thickness <800 nm and N, > 8 x 10%° cm ™2 and
started declining before and after 800 nm thickness. The lowest
value of V¢ i.e. 0.827 V was recorded at thickness >1000 nm.
From Fig. 2(b), while using Cul as the HTL, the highest Vo of
>0.914 V was achieved at thickness <200 nm and N, of >1.0 x
10*! em™>. With the increase in thickness to >200 nm and
decrease in N, to <8.0 x 10%° cm™3, the value of V¢ dropped
from 0.889 V to 0.826 V.

Similarly, Fig. 2(c) and (e)-(g) demonstrate that the Vo of
these configurations varied from 0.826 V to 0.927 V in the pres-
ence of other tested HTLs except NiO. The highest Vo 0f >0.914 V
was achieved at thickness <200 nm and N, >1.0 x 10*! cm ™.
With the increase in thickness to >200 nm and a decrease in N, to
<8.0 x 10*° em 3, the values of Vo dropped from 0.889 V to
0.826 V. On the contrary, while using NiO as the HTL, the Vo¢
varied from 0.839 V to 0.927 V, as seen in Fig. 2(d), while the
highest Voc of >0.914 V was achieved at absorber thickness
<600 nm and N, < 8.0 x 10%° cm 3. With the increase in thick-
ness to values >800 nm and decrease in N, below 8.0 x 10*°
cm?, the value of V¢ dropped from 0.894 V to 0.839 V (Fig. 2(d)).

The dependency of Js¢ of the device ITO/PCBM/CsSnl;/CFTS/
Se is shown in Fig. 3(a). From the figure, it is evident that Jg¢

RSC Adv, 2023, 13, 23514-23537 | 23517
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Fig. 2

varied from 6.20 mA cm~> to 34.10 mA cm ™. The highest Jsc
values > 30.61 mA cm ™2 were achieved at thicknesses <800 nm,
and they were independent of N,. At higher N, < 8.0 x 10°
cm?, the value of Jsc dropped from 20.15 mA cm ™2 to 6.20 mA
cm™ . Similarly, Fig. 3(b) demonstrates the Js¢ variation of the
device with Cul as the HTL from 6.20 mA cm™? to 34.30 mA
ecm 2. At thickness >400 nm and N, < 8.0 x10*° em 3, Js¢
increased from 27.28 mA cm ™ ? to 34.30 mA cm 2. At higher N, <
8.0 x 10%° cm 3, the value of Js¢ dropped from 20.25 mA cm >

23518 | RSC Adv,, 2023, 13, 23514-23537

View Article Online

Paper

(b) roxa0® 0.927
L
T 0914
Z 8.0x10%
= 0.902
Z60x10° 0.889
s /
5 { 0.876
£ 4.0x10°+ 0.864
=
2 0.851
2 2.0x10
0.838
0.0 L 0.826
02 04 06 08 10 12
Absorber thickness (um)
i Voc
(d) 1ox10 0927
2 sox0® I e
< - 0.905
Z6l 0.894
"g 0.883
'; 0872
S 0.861
¢
< 0850
- — 0839
02 04 06 08 10 12
Absorber thickness (um)
» Voc
(t) 1.0x10 0927
~ 0914
= gox107 ;
A 0.902
=
2 601071 059
'g 0.876
T 4.0x10™ 0.864
e
El 0.851
2 2.0x10%
- 0.838
0.0 0826

0.2 04 06 08 10 12
Absorber thickness (um)

(a)—(g) Contour graphs of the dependency of the V¢ of PSCs with different HTLs on the thickness and acceptor density of the absorber.

to 6.2 mA cm 2. Similarly, Fig. 3(c), () and (f) illustrate that Jsc
varied from 6.20 mA cm ™2 to 34.30 mA cm 2 in the presence of
other HTLs except NiO. At thickness >400 nm and N, < 8.0 x
10%° em 3, Jc increased from 27.28 mA cm 2 to 34.30 mA cm 2.
At higher N, < 8.0 x 10%° cm ™2, the value of Jsc dropped from
20.25 mA cm™? to 6.20 mA cm .

On the other hand, from Fig. 3(d), it can be seen that Jsc
varied from 6.20 mA cm ? to 34 mA cm > when NiO was
employed as the HTL. At thickness >800 nm, Jsc gradually

© 2023 The Author(s). Published by the Royal Society of Chemistry
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decreased from 16.63 mA cm > to 6.20 mA cm 2. At thick-
nesses higher than 800 nm, the value of Js¢ increased from
20.10 mA cm™ 2 to 34.00 mA cm %, The dependency of Jsc of the
device ITO/PCBM/CsSnl;/Spiro-MeOTAD/Se is shown in
Fig. 3(g); in this case, Jsc varied from 6.20 mA cm™ > to 34.20
mA cm 2. At thickness >400 nm and N, < 8.0 x 10%° ™73 jo.
increased from 27.20 mA cm ™ > to 34.20 mA cm ™~ >. At higher N,
< 8.0 x 10%° em™3, the value of Jsc dropped from 23.70 mA

cm 2 to 6.20 mA cm 2.
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(a)—-(g) Contour graphs of the dependency of the Jsc of PSCs with different HTLs on the thickness and acceptor density of the absorber.

The dependency of the FF for the device with the ITO/PCBM/
CsSnl;/CFTS/Se structure is shown in Fig. 4(a), and FF varied
from 74.58% to 80.90%. At thickness <400 nm and N, < 6.0 X
10%° em ™3, the device showed maximum FF values >80.11%,
and with the increase in thickness and N,, it gradually
decreased from 78.53% to 74.58%. Fig. 4(b) demonstrates that
FF varied from 73.60% to 82.60% while using Cul as the HTL; at
thickness >300 nm and N, < 6.0 x 10%° cm ™, the FF of the
device increased from 80.35% to 82.60% but with further
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increase in thickness to >1000 nm, the FF tended to decline. At
thickness <200 nm and N, > 6.0 x 10*° cm ™3, respectively, the
FF decreased from 80.35% to 73.60%. Similarly, from Fig. 4(e)
and (f), it can be seen that FF varied from 73.70% to 82.60% for
P3HT (Fig. 4(e)) and 73.88% to 82.60% for PEDOT:PSS (Fig. 4(f)).
Meanwhile at thickness >300 nm and N, < 6.0 x 10%° cm ™3, the
FF of the devices increased from 80.88% to 82.60%, but
a further increase in thickness to >1000 nm led to a decline in
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(a)-(g) Contour graphs of the dependency of the FF of PSC with different HTLs on the acceptor density and thickness of the absorber.

FF. Moreover, at thickness and <200 nm and N, > 6.0 x 10*°
cm ?, respectively, the FF decreased up to 73.70% and 73.88%
(Fig. 4(e) and (f)).

In contrast, Fig. 4(c), illustrates that FF varied from 73.60%
to 82.50% when the CuSCN HTL was employed. At thickness
>300 nm and N, < 6.0 x 10%° cm™>, the FF of the device
increased from 80.28% to 82.50%. However, a further increase
in thickness to >1000 nm caused an FF decline. At thickness
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<200 nm and N, > 6.0 x 10*° cm®, respectively, the FF
decreased from 80.28% to 73.60%. From Fig. 4(d), it can be seen
that the FF varied from 74.58% to 82.60% with the NiO HTL. In
particular, at thickness <800 nm, the FF of the device decreased
from 79.59% to 74.58%, but a further increase in thickness to
>900 nm causes the FF to rise in the range of 2.0 x 10*° cm > to
8.0 x 10%° cm™>. Further, the FF values of the ITO/PCBM/
CsSnl;/Spiro-MeOTAD/Se device varied from 72.90% to 80.40%;
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(a)—(g) Contour graphs of the dependency of the PCE of PSCs with different HTLs on the thickness and acceptor density of the absorber.

at thickness >200 nm and N < 6.0 x 10> em ™, its FF increased
from 78.52% to 80.40%, but a further increase in thickness to
>900 nm caused FF to decline. At thickness <200 nm and N, >
6.0 x 10%° cm ™ respectively, FF decreased to 72.90% (Fig. 4(g)).

The dependency of the PCE of the ITO/PCBM/CsSnlI;/CFTS/
Se device is shown in Fig. 5(a). From the figure, it can be seen
that its PCE varied from 4.3% to 23.50%. At thickness >200 nm
and N, < 6.0 x 10*° cm ™, the PCE of the device increased from
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18.70% to 23.50%, and with the decrease in thickness and
increase in N,, the PCE gradually decreased from 18.70% to
4.30%. A similar trend of PCE was seen in the other devices
except for that using the Spiro-MeOTAD HTL, as shown in Fig.
5(b)—(f). For all these devices, PCE varied from 4.3% to 23.80%.
At thickness >200 nm and N, of < 8.0 x 10%° cm 2, the PCE of
the devices increases from 18.92% to 23.80%. At lower thick-
nesses <200 nm and N, of < 8.5 x 10%° em 2, the PCE values

Defect density, N, (em™

N » o 3

-] ] =

= = =
S % % =
S 2 2 2 2 2 2 2 °
t 2238 3% ¢ & ¢
" — L) ~ n - - ~>

02 04 06 08 10 12
Absorber thickness (um)

(c) 1.0x10

2 8.0x10°
g
<
7 6.0x10° 0.889
£ 0.880
S
2 4.0<10% 0.872
-
% 0.863
2 2.0x10%
0.854
0.0 0.845
02 04 06 08 1.0 12
Absorber thickness (um)
i Voc
(C) 1.0x10° 0916
~ 8~ 0.907
% 8.0x10°
g 0.898
7z 0.889
I3
= 0.880
]
= 0.872
]
- 0.863
& 2.0x10°
0.854
0.845
02 04 06 08 10 12
Absorber thickness (jum)
% Voc
(g) 1.0x10 0916
o 0.907
= 8.0x10%
e 0.898
e
£6.0x10% 0.889
- 0.880
2 20
E4.0x10 0.872
b 0.863
S2.0x10®
0.854
0.845

14
o

02 04 06 08 1.0 12
Absorber thickness (um)

Fig. 6

23522 | RSC Adv, 2023, 13, 23514-23537

View Article Online

Paper

decreased from 16.49% to 11.61%, and with a further increase
in the value of N,, the PCE dropped to 4.3% independent of
thickness variation. Moreover, the PCE for the device of ITO/
PCBM/CsSnl;/Spiro-MeOTAD/Se is shown in Fig. 5(g), which
was the lowest among all the structures. It was noticed that its
PCE varied from 4.35% to 23.30%. At thickness >200 nm and
Na < 8.0 x 10%° em ™3, the PCE of this device increased from
18.56% to 23.30%. At lower thicknesses <200 nm and N, of <
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(a)—(g) Contour graphs of the dependency of the Voc of PSCs with different HTLs on the defect density and thickness of the PAL.
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8.5 x 10%° cm 3, the PCE decreased from 16.19% to 11.46%,
but with a further increase in the value of N,, the PCE dropped
to 4.35% independent of the thickness variation.

3.2 The influence of CsSnl; thickness and defect density

Defect density is another essential parameter that affects the
performance of PSCs. Defects in the absorber layer act as
recombination centers, thereby reducing the carrier lifetime and
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efficiency of the device. Therefore, controlling the defect density
of the absorber layer is crucial to achieving high device efficiency.
The influence of CsSnl; absorber thickness and defect density on
PSC performance has been extensively studied, and it has been
shown that the two parameters are interrelated. By optimizing
both parameters simultaneously, it is possible to achieve the
highest possible device efficiency. The optimal CsSnl; thickness
and defect density depend on the specific material and device
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(a)—(g) Contour graphs of the dependency of the Jsc of PSCs with different HTLs on the defect density and thickness of the PAL.
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architecture. Fig. 6-9 illustrate the changes in PV characteristics,
including Vo, Jsc, FF, and PCE, of the solar cell with the variation
of absorber layer defect density (N,) and thickness. The thickness
of the absorber layer was varied from 100 nm to 1300 nm, and N;
was varied from 1.0 x 10° em ™ to 1.0 x 10** cm >, The depen-
dency of Vo of the ITO/PCBM/CsSnl;/CFTS/Se device was the
lowest of all structures, as shown in Fig. 6(a). From the graph, it
can be seen that its V¢ varied from 0.845 V to 0.909 V. Though it

Defect density, N, (em™)

02 04 06 08 1.0 12
Absorber thickness (um)

(C) 1.0x10% 78.70
=~ H 77.36

"2 8.0x10%
g 7603
>
~ 6.0x10° 74.69
z 7335
.;, 4.0x10* 7201
b} 70.68
2 2.0x10%
69.34
68.00
02 04 06 08 10 12
Absorber thickness (um)
» FF
(e) 1.0X10*" - pomn i 78.70
.. 77.36
- 8.0x10% -
£ 76.03
Z 6.0x10% 74.69
-
= 73.35
s 20
2 4.0x10 72.01
b1
= 70.68
2 2.0x10*
69.34
0.0 68.00

02 04 06 08 10 12
Absorber thickness (um)

(g) 1.0x10*" - 78.60
77.28
75.95
74.63

73.30

IS a ®
e ° °
X % X
- - -
S, S S
T % %
2 2 2

71.98

70.65

Defect density, N, (em™)

2.0x10%°
69.33

0.0 68.00

02 04 06 08 1.0 12
Absorber thickness (um)

Fig. 8

23524 | RSC Adv, 2023, 13, 23514-23537

View Article Online

Paper

seems like its Vo is almost independent of the thickness of the
absorber, at N, > 8.0 x 10%° em ™3, V¢ gradually decreased from
0.909 V to 0.845 V. The dependency of Vi for the rest of the
studied devices ITO/PCBM/CsSnlz/HTL/Se is shown in Fig.
6(b)-(f). From the graphs, it can be seen that their V¢ varied from
0.845 V to 0.916 V. The V¢ values seemed to be almost inde-
pendent of the thickness of the absorber. However, at defect
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(a)—(g) Contour graphs of the dependency of the FF of PSCs with different HTLs on the defect density and thickness of the PAL.
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density >8.0 x 10°° em ™, V¢ gradually decreased from 0.916 V to
0.845 V.

The dependency of Jsc of the ITO/PCBM/CsSnl;/CFTS/Se
device was the least among all the tested devices, as depicted
in Fig. 7(a). From the graph, it can be seen that its Jsc varied
from 4.15 mA cm > to 14.20 mA cm . Although it seems like its
Jsc is almost independent of the thickness of the absorber, at N,
> 7.5 x 10%° em?, Jyc gradually decreased from 14.20 mA cm >
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to 4.15 mA cm ™ 2. On the other hand, the dependency of the Js¢
of the rest of the studied devices ITO/PCBM/CsSnI;/HTL/Se was
higher, as shown in Fig. 7(b)—(f). From the graphs, it can be seen
that Jsc varied from 4.15 mA cm ™2 to 14.80 mA cm 2. Their Jsc
values seemed to be almost independent of the thickness of the
absorber. However, at N; > 8.0 x 10%*° em >, Js¢ gradually
decreased from 12.14 mA cm ™2 to 4.15 mA cm ™ 2, At lower Ny, all
the studied devices displayed better Jsc.
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(a)—(g) Contour graphs of the dependency of the PCE of PSCs with different HTLs on the defect density and thickness of the PAL.
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The dependency of FF of the ITO/PCBM/CsSnl;/CFTS/Se
device was the lowest of all, as shown in Fig. 8(a). From the
graph, it can be seen that FF varied from 68.00% to 78.10%. It
seems like its FF is almost independent of the thickness of the
absorber. However, at N; > 8.0 x 10*° em™>, FF gradually
decreased from 78.10% to 68.00%. On the contrary, the
dependency of FF for the rest of the studied devices ITO/PCBM/
CsSnl3/HTL/Se was higher, as shown in Fig. 8(b)—(f). From the
graphs, it can be seen that their FF varied from 68.00% to
78.70%. Their FF values seemed to be almost independent of
the thickness of the absorber. However, at N, > 8.0 x 10*° cm ™3,
FF gradually decreased from 78.70% to 68.00%.

The dependency of PCE of the ITO/PCBM/CsSnL;/CFTS/Se
device is shown in Fig. 9(a). From the graph, it can be seen that
PCE varied from 2.40% to 10.10%. It seems like its PCE is almost
independent of the thickness of the absorber. However, at N; > 8.0
x 10%*° em®, PCE gradually decreased from 10.10% to 2.40%. On
the contrary, the dependency of PCE for the rest of the studied
devices ITO/PCBM/CsSnl;/HTL/Se was higher, as presented in Fig.
9(b)-(f). For all the structures, it is evident that the PCE varied from
2.40% to 10.62%. It seemed like their PCE values were almost
independent of the thickness of the absorber. However, at N; > 8.0
x 10%° em 3, PCE gradually decreased from 10.62% to 2.40%.

3.3 The influence of the back metal work function

The choice of back metal contact (BMC) plays a crucial role in
the performance of PSCs. In this regard, a detailed investigation
was carried out to determine the impact of different BMCs on
the efficiency of the PSC. Initially, different metals were used as
the back metal contact (BMC) in the simulation to optimize the
performance of the structures. Table 3 depicts the work func-
tions (WFs) of the different BMCs used in the optimization
study. From this study, it was seen that the efficiency of the
different back contacts increased with the increase in the WF of
the structure. This is because the Schottky barrier vanishes
when the WF is increased to the Fermi level of the studied
HTL.®* The lowest efficiency was achieved for silver (Ag) as the
back contact because it presented a lower metal WF than others.
On the contrary, almost all BMCs, including when carbon (C),
nickel (Ni), tungsten (W), gold (Au), platinum (Pt), and palla-
dium (Pd), resulted in improved PV features (Table S1 in the
ESIt). Based on the availability, higher WF, and performance,
selenium (Se) was chosen as the optimum BMC, and the ITO/
PCBM/CsSnl;/HTL/Se configuration was used for further opti-
mization of PAL, ETL, and HTL in this study.

3.4 Optimization of PAL, ETL, and HTL thickness

The optimization of the thickness of the PAL, ETL, and HTL is
critical for achieving high efficiency in PSCs. The thickness of
these layers can significantly affect the absorption and

Table 3 The operational WFs of the studied BMCs.®?

Back metal contacts Cu Ag Fe C Au W Ni Pd Pt Se

Work function (eV) 4.65 4.26 4.81 5 5.1 522 5.5 5.6 5.7 5.9
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collection of light, charge transport, and recombination, which
ultimately determine the device performance. In this section,
we present the results of the optimization of PAL, ETL, and HTL
thickness aimed at achieving maximum device efficiency.

3.4.1 Optimization of the absorber layer thickness. In this
study, the absorber layer thickness was changed from 50 nm to
1300 nm to observe the changes in PV parameters, while the
thicknesses of ETL and HTL were fixed at their initial values, as
mentioned in Tables 1 and 2. As presented in Fig. 10(a), changes
in PV parameters were observed with the variation of the
absorber layer thickness.

For the ITO/PCBM/CsSnl;/CuSCN/Se device, when the PAL
thickness was increased, Voc dropped from 0.918 V to 0.909 V.
Moreover, Jsc increased initially from 10.39 mA cm™> to 14.84
mA cm~ > and then decreased slightly to 14.24 mA cm 2. Iden-
tically, with increasing PAL thickness, FF first increased from
77.50% to 78.68% and then decreased to 78.11%, and PCE also
increased from 7.39% to 10.61% and further declined to
10.11%. Similarly, the devices ITO/PCBM/CsSnl;/NiO/Se, ITO/
PCBM/CsSnl;/P3HT/Se, ITO/PCBM/CsSnl;/PEDOT:PSS/Se, ITO/
PCBM/CsSnl;/Spiro-MeOTAD/Se, ITO/PCBM/CsSnl;/Cul/Se also
presented similar trends of PV parameters with an increase in
PAL thickness. Because the highest efficiency was obtained at
200 nm, we considered this as the optimum thickness for the
simulated PSC structures.

On the other hand, for the device ITO/PCBM/CsSnI;/CFTS/
Se, as PAL thickness increased, Voc, Jsc, and FF increased
from 0.903 V to 0.909 V, 10.53 mA cm > to 14.24 mA cm ™2, and
76.91% to 78.11%, respectively. Although the PCE of the device
also increased initially from 7.32% to 10.11%, it stabilized at
10.11% with a further increase in absorber layer thickness.
Since the maximum efficiency was observed at 1000 nm, it was
taken as the optimum thickness for the next steps of optimi-
zation. The increment of all these parameters happens due to
the increase in the photon capturing ability with the CsSnl;
absorber thickness,® and then, the values tend to decrease with
a further increment in absorber layer thickness. At a certain
point, they almost stabilize at a fixed value because of the
increase in recombination charge carrier and pathway resis-
tance. For the optimum efficiency of the device, the absorber
thickness should match the diffusion length of the charge
carrier. After the simulation, based on the PCE, the optimum
thickness of the absorber layer was taken as 1000 nm when
CFTS is used as HTL and for other HTLs, the value was 200 nm.

3.4.2 Optimization of the ETL layer thickness. Fig. 10(b)
depicts the change in PV features observed when ETL thickness
was varied from 10 nm to 500 nm, while other parameters
remained constant, and the thickness of the PAL was taken into
account based on the above observations for the corresponding
HTLs. For the device of ITO/PCBM/CsSnl;/CuSCN/Se, while the
ETL thickness increased, Vo decreased from 0.913 Vto 0.899 V,
whereas, the other three parameters, ie. Jsc, FF, and PCE,
decreased from 14.68 mA cm ™2 to 8.12 mA cm 2, 82.14% to
81.47%, and 10.68% to 5.95%, accordingly. Similarly, the ITO/
PCBM/CsSnl;/NiO/Se, ITO/PCBM/CsSnl;/P3HT/Se, ITO/PCBM/
CsSnl;/PEDOT:PSS/Se and ITO/PCBM/CsSnl;/Spiro-MeOTAD/Se
structures also showed a relatively similar trend of PV features.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 The impact of variations in the (a) thickness of PAL, (b) thickness of ETL, and (c) thickness of HTL on the performance parameters of the

PSCs.

Because the highest efficiency was attained at 30 nm, it was
chosen as the optimum ETL thickness for these structures. For
the ITO/PCBM/CsSnl;/Cul/Se and ITO/PCBM/CsSnl;/CFTS/Se
devices, Voc, Jsc, and FF decreased with the increase in ETL
thickness. However, PCE increased initially in both structures
and declined after a while. The values of V¢ and Jgc decreased
with the increase in ETL layer thickness. This decrease may be
because of the reduction in charge collection and generation.*
The FF showed some decline with an increment in the thickness
of the ETL layer because the series resistance increases with the
increase in ETL thickness.** The efficiency of the solar cell
increased until the thickness reached 30 nm; then, it is gradu-
ally reduced with the increment of the thickness of the ETL
layer. The primary reason behind this decline with the increase
in ETL layer thickness is the generation of large pinholes and
uneven surfaces and also an increment in electron-hole pair
recombination, which results in rising series resistance (Rs).*
3.4.3 Optimization of the HTL layer thickness. The impact
of the thickness of HTL on the efficiency of PSC (CsSnly) is
illustrated in Fig. 10(c). The thickness was varied from 10 to
500 nm to identify the optimum thickness of HTL, while the
thickness of ETL was fixed at 30 nm. However, it seemed like
Voc, Jsc, FF, and PCE were not dependent on the thickness of
HTL as the graph was flat for most of the HTLs; this is because
inorganic HTLs have high hole mobility and conductivity.**
Only Spiro-MeOTAD showed a little change in Vo, Jsc, FF, and
PCE. Its Vo increased from 0.913 V to 0.9128 V, Jsc dropped to

© 2023 The Author(s). Published by the Royal Society of Chemistry

14.493 mA cm > from 14.495 mA cm >, FF dropped from
81.85% to 81.67% and PCE also decreased from 10.83% to
10.80% due to low conductivity and low carrier mobility, which
increase the layer resistivity with increasing HTL layer thick-
ness.” To avoid recombination, the thickness of the HTL
should be greater than the ETL.*® As the optimized thickness of
ETL is 30 nm, the optimum thickness for all HTLs was chosen
as 50 nm.

3.5 Optimization of the PAL properties

3.5.1 Optimization of the PAL acceptor density. The N, was
varied from 10° em ™ to 10°* em ™ to observe how it affects the
PV parameters of the device and find out the optimum N, for
the absorber, while the other parameters of the absorber layer,
ETL, and HTL remained unchanged. Fig. 11(a) illustrates the
change in Vo, Jsc, FF, and PCE with the variation of N, in the
absorber in devices with different HTLs.

For the ITO/PCBM/CsSnl;/CuSCN/Se device, with increasing
N, in the PAL, Vo increased from 0.898 V to 0.955 V, Js¢ increased
from 24.33 mA cm™? to 24.70 mA cm™ 2 and then dropped to 2.53
mA cm™> with a further increase N,, FF increased initially from
80.87% to 82.29% and then dropped to 81.04%, and PCE also
increased from 17.68% to 17.79% and later dropped to 1.96%.
The ITO/PCBM/CsSnl;/P3HT/Se, ITO/PCBM/CsSnl;/PEDOT:PSS/
Se, ITO/PCBM/CsSnl;/Spiro-MeOTAD/Se, ITO/PCBM/CsSnl;/Cul/
Se, and ITO/PCBM/CsSnl;/CFTS/Se structures also showed
a similar trend in performance. Considering the highest

RSC Adv, 2023, 13, 23514-23537 | 23527
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efficiency, the optimum N, in the absorber layer was decided as
10" ecm™ for all HTLs except the CFTS HTL. On the contrary,
while increasing the N, of the absorber, the ITO/PCBM/CsSnl,/
NiO/Se structure showed an increase in Vyc from 0.903 V to
0.927 V and a decrease in Jsc from 24.63 mA cm 2 to 5.56 mA
cm 2, while FF increases from 79.97% to 82.3% and then dropped
to 81.93%, and PCE decreased from 17.8% to 4.22%. Considering
the maximum efficiency, the optimum N, of the absorber layer is
determined as 10"® cm ™ while NiO is used as HTL.

Voc increased with the increase in N, because when Ny
increases, the Fermi energy level drops, which results in a V¢
rise.®” In the case of most HTLs, PV features like J5¢, FF, and
PCE tended to increase gradually till 10'® cm ™, and then, the
values dropped. Because more electric field is generated with
the increase in N,, it also causes the recombination of charge
carriers. While CFTS was used as the HTL, the optimum value
of 10'” ecm > was considered, for which the best improvement
in efficiency from 10.30% to 24.28% was achieved. For all the
other HTLs, the optimum value of N, was 10'® cm™3.
However, CFTS provided the best efficiency because of the
better band alignment between the HOMOs of CFTS and
CsSnl;.»

3.5.2 Optimization of the PAL defect density. Fig. 11(b)
illustrates the change in performance parameters with the
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density in the absorber on the performance parameters.
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variation of the total defect density (N,) of the PAL. To get the
optimum efficiency, N, was varied from 10° cm™> to 10*° em >,
and the variation in PV parameters was observed while the other
parameters remained unchanged.

For the ITO/PCBM/CsSnl;/CuSCN/Se device, with the increase
in absorber layer N;, Voc decreased from 0.904 V to 0.764 V, Jsc
decreased from 24.63 mA cm™? to 12.16 mA cm ™2, FF decreased
from 79.95% to 63.52% and PCE also decreased from 17.79% to
5.9%. The ITO/PCBM/CsSnl;/NiO/Se, ITO/PCBM/CsSnl;/P3HT/
Se, ITO/PCBM/CsSnl;/PEDOT:PSS/Se, ITO/PCBM/CsSnl;/Spiro-
MeOTAD/Se, ITO/PCBM/CsSnl;/Cul/Se, and ITO/PCBM/CsSnl;/
CFTS/Se structures displayed a similar kind of decline in PV
performance with the increase in absorber layer N,. The optimum
absorber layer N, was taken as 10" em ™ for all the structures
except the case of CFTS as the HTL, for which an N, of 10** cm 3
was considered.

The values of Vo, Jsc, FF, and PCE remained constant till
an N, of 10** cm ™ when CFTS was used as the HTL, and for all
other HTLs, they were constant till the N; value of 10" cm™>
and decreased with a further increase in absorber layer N,
which is similar to the previous studies.®® Therefore, these
values are taken as the best optimum absorber layer N.. The
reason behind this decline in PV parameters at higher
absorber layer N, is carrier recombination, which leads to
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lifetime reduction and thereby reduced device performance.*
The maximum efficiency was achieved at a lower defect density
as well, but we could not consider it as the optimum value as it
is nearly impossible to experimentally synthesize a material
with such a small N..%”

3.6 Optimization of the ETL properties

3.6.1 Optimization of the ETL layer donor density.
Fig. 12(a) illustrates the changes in Vo, Jsc, FF, and PCE with
the variation of the donor density Np, in the ETL. To get the
optimum efficiency, the value of ETL (PCBM) donor density was
varied from 10'" em™ to 10** em ™.

In the simulation of the device structure ITO/PCBM/CsSnl;/
CuSCN/Se, while on increasing the Ny, value of the ETL, Voc
increased from 0.903 V to 0.911 V, Jsc decreased from 24.63 mA
cm ™2 to 22.82 mA cm™?, FF increased from 80.79% to 87.01%
and PCE increased from 17.98% to 18.09%. The ITO/PCBM/
CsSnl,/NiO/Se, ITO/PCBM/CsSnl;/P3HT/Se, ITO/PCBM/CsSnls/
PEDOT:PSS/Se, ITO/PCBM/CsSnl;/Spiro-MeOTAD/Se, ITO/
PCBM/CsSnl;/Cul/Se, and ITO/PCBM/CsSnl;/CFTS/Se devices
also showed an increase in Vo, FF, and PCE, while Jy¢ declined
for all the combinations. Based on the results, the optimum Np
of ETL PCBM was taken as 107, 10%°, 10*4, 10", 10'%, 10", and
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10'® em?, which resulted in the maximum performance of the
respective structures.

The Vo, FF, and PCE increase with the increase in Ny, of the
ETL because at higher donor density, more charge extraction
and transportation occur at the ETL/perovskite interfaces, and
at lower values of Np,, these parameters are low because of series
resistance.®””° The J5c tended to decrease after a certain value of
donor density of the ETL. Therefore, we chose the value of Ny, as
close as possible to the reference work given in Table 1 with
better efficiency.

3.6.2 Optimization of the ETL layer defect density. To
understand the influence of the N of the ETL layer on the Vg,
Jsc, FF, and PCE of the PSC, the value of N, was varied from 10"
em ™ to 10" em ™3, as illustrated in Fig. 12(b).

For the device of ITO/PCBM/CsSnl;/CuSCN/Se, while
increasing the defect density of the ETL, Vo decreased slightly,
Jsc decreased from 24.64 mA cm > to 24.56 mA cm %, FF
decreased from 80.47% to 78.98% and PCE decreased from
17.91% to 17.52%. Similarly, the ITO/PCBM/CsSnl;/NiO/Se,
ITO/PCBM/CsSnl;/P3HT/Se, ITO/PCBM/CsSnl;/PEDOT:PSS/Se,
ITO/PCBM/CsSnl;/Spiro-MeOTAD/Se, ITO/PCBM/CsSnl;/Cul/
Se, and ITO/PCBM/CsSnl;/CFTS/Se devices tended to decline
in PV performance. The optimum N, for the ETL for the
respective devices were 10, 10", 10", 10", 10", 10" and 10"°
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em ?, accordingly. It can be seen that there was not much
change in the electrical parameters with the variation of the ETL
layer defect density. However, the Voc, Jsc, FF, and PCE values
tended to decrease after the value of defect density reached 10"*
em™>. This is maybe because of the recombination of charge
carriers.®® For CFTS and P3HT, the maximum values of ETL
defect density remained at the initial values, while for the other
HTLs used, the value of 10** cm ™ was considered it is closer to
their initial values.

3.7 Optimization of the HTL properties

3.7.1 Optimization of the HTL acceptor density. Fig. 13(a)
illustrates the change in Vo, Jsc, FF, and PCE with the variation
of the N, of the HTL. The value of N, of the HTLs was varied
from 10" ecm™® to 10%° ecm ™ to investigate the changes in
performance parameters, while the other parameters were fixed
at the optimized values from the above optimization studies.

For the device of ITO/PCBM/CsSnl;/CuSCN/Se, while
increasing the value of the N, of CuSCN, V¢ decreased from
0.9035 V to 0.9034 V, Jsc increased from 24.644 mA cm™? to
24.638 mA cm 2, FF increased from 80.18% to 80.49%, and PCE
increased from 17.85% to 17.92%. The performance of the ITO/
PCBM/CsSnl;/NiO/Se, ITO/PCBM/CsSnl;/Spiro-MeOTAD]/Se,
and ITO/PCBM/CsSnl;/CFTS/Se structures was very similar to
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this. The optimum N, for the CuSCN, NiO, Spiro-MeOTAD, and
CFTS HTLs was taken as 10'® cm ™. On the other hand, for the
ITO/PCBM/CsSnl;/P3HT/Se structure, while increasing the
value of the N, of P3HT, V¢ decreased from 0.904 V to 0.903 V,
Jsc decreased from 24.80 mA cm > to 24.63 mA cm 2, FF
increased from 80.65% to 80.81%, and PCE decreased from
18.07% to 17.98%. Moreover, the performance of ITO/PCBM/
CsSnl;/PEDOT:PSS/Se also showed the same trend with
increasing N,. The optimum N, values for P3HT and
PEDOT:PSS were taken as 10'° and 10"® cm ™2, respectively. For
the device ITO/PCBM/CsSnl;/Cul/Se, while increasing N, of Cul,
Voc and FF remained unchanged in this range, while Jsc
decreased marginally, and PCE decreased from 18% to 17.99%.
The optimum N, for the Cul HTL was taken as 10'® cm >, the
same as the initial value.

Here, it seems like the change in HTL N, did not affect the
performance parameters much. However, for all the HTLs
except CFTS, the value of Vo decreased with the increase in Ny
of the HTL, and for CFTS, the value increased from 0.868 to
0.876 V. This increment may be due to the electric potential at
the HTL/perovskite interface.” In contrast, Jsc, FF, and PCE
increased with the increase in N, of the HTL because, at higher
acceptor concentrations in the HTL, the conductivity increases
and thus helps in collecting the charges faster due to enhanced
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electric field.”” For P3HT and PEDOT:PSS, the optimum N, was
considered as 10'® em™ and 10" ecm™3, respectively, as their
performance parameters declined after these values, and for the
rest of the HTLs, the optimum N, remained the same as the
initial value.

3.7.2 Optimization of the HTL defect density. The N of the
HTL was varied from 10" ecm™> to 10" ecm ™ to identify its
influence on the Vg, Jsc, FF, and PCE of the PSC, as illustrated
in Fig. 13(b).

For the device of ITO/PCBM/CsSnl;/CuSCN/Se, while
increasing the N; of CuSCN, Vy¢ increased from 0.903 V to
0.904 V, Jsc decreased very slightly, while FF decreased from
80.47% to 80.18% and PCE decreased from 17.91% to 17.85%.
The ITO/PCBM/CsSnlI;/NiO/Se and ITO/PCBM/CsSnl;/CFTS/Se
structures performed similarly. The optimum N; for the CuSCN,
NiO, and CFTS HTLs was taken as 10"> cm >, which is the same
as the initial value. On the contrary, for the ITO/PCBM/CsSnl;/
P3HT/Se and ITO/PCBM/CsSnl;/PEDOT:PSS/Se structures, while
increasing the N, of P3HT and PEDOT:PSS, Vo decreased from
0.904 V to 0.903 V (almost unchanged), while Js¢, FF, and PCE
decreased as well like the other structures. The optimum N, for
P3HT and PEDOT:PSS was taken as 10** cm™, which is almost
the same as the initial value.

However, for the ITO/PCBM/CsSnl;/Spiro-MeOTAD/Se device,
while increasing the N, of Spiro-MeOTAD, Ve remained
unchanged in this range, and Jsc, FF, and PCE decreased similar
to the other studied structures. Meanwhile, for the ITO/PCBM/
CsSnl;/Cul/Se device, while increasing the N, of Cul, all the PV
features like Vo, Jsc, FF, and PCE remained unchanged within
this range. The optimum N, for Spiro-MeOTAD and Cul was
taken as 10'® em 3, which is the same as the initial value.

The values of the PV features remain unchanged until
a certain value of N; of the HTL, and then they begin to drop
with a further increment in N,. This decline is because of carrier
recombination at higher defect densities.®® The maximum PCE
was obtained at lower N; too, but as it is nearly impossible to
synthesize a material with very low N, we chose the close value
of 10"> em 3 as the optimum N, and it is the same as the initial
value from Table 1.
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3.8 Optimization of the interface properties

The band energy alignment of the interface energy levels of the
charge transport layers and absorber material represents one of
the issues that the PSC community is concerned about. To get
overcome these challenges, attempts should be made to link
experimental and theoretical studies. We could observe the
formation of two distinct formations connected to the CBO of
the ETL/CsSnl; interface by the theoretical modeling described
in Section 2, which hinges on the distinction between the
electron affinities of the ETL (EAgy) and the absorber
(EAppsorber)- In the scenario of PCBM, the energy cliff CBO- is
generated with no possible barrier for electrons, which aids in
the collection mechanism, if the conduction band of the ETL is
less than that of the absorber. The spike-like conformation
CBO+ is produced and acts as an electron barrier, if the
conduction band of the ETL is substantially high in comparison
with that of the perovskite. At the perovskite/HTL interface, an
optimal energy band alignment is also necessary for enhanced
PSC efficiency. The valence band of the absorber layer and that
of HTM differ significantly. Valence energy alignment is
necessary, as already mentioned, to improve the photovoltaic
characteristics. The energy diagram of the perovskite active
layer, HTLs, and ETL is shown in Fig. 14. This figure remarks
the suitability of CFTS, which offers a suitable band alignment
that enhances the collection mechanism and establishes an
efficient blocking barrier for electrons.

3.8.1 Optimization of defect density in the HTL and the
CsSnl; absorber layer. Fig. 15(a) illustrates the influence of the
change in the HTL/CsSnl; interface defect density, N, on the PV
performance parameters. The value of N, was varied from 10"°
em ™2 to 10*> em ™2 to observe its effect on the performance
parameters of the PSC. The values of Vo¢, Jsc, FF, and PCE
decreased with the increase in N, of the HTL/CsSnl; interface
for all the studied structures. The best efficiency was obtained
when the value of N, was about 10'° em ™2 Then, all the PV
features of the device started to decline because of the accel-
eration of the recombination of the charge carriers.®® Therefore,
for all the HTLs, the optimum value of HTL/CsSnl; interface
defect density was kept at the initial value of 10" em™>.

-2.2

-3.3 -3.5
Ccul SpE0
ul - meoran | CF1s LI payT
PSS
-4.6
-5.2 5.2 VBO = -5.2
VBO*  VBO* VB VBO*

CBO : EAgp»EApy. Cliff like conformation

CBO*: EAgmn < EAgy: Spike like conformation

VBO : EAyn + Egyn < EApu+ Egpa: Cliff like conformation
VBO" EAyn + Egyn > EApa+ Egpa: Spike like conformation

Fig. 14 The energy diagram of the perovskite active layer and the charge transport materials.
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3.8.2 Optimization of defect density in the CsSnl; absorber
layer and the ETL PCBM. Fig. 15(b) illustrates the change in Vi,
Jsc, FF, and PCE with the variation of the CsSnI;/PCBM interface
defect density, Ni. To observe the variations in these perfor-
mance parameters, the value of N was varied from 10°> cm 2 to
10" em™2. Vo, Js, FF, and PCE remained nearly unchanged till
10° em 2 and then, they started to decline with a further
increase in defect density. This decline may be because of the
higher recombination rate of the charge carriers at high values
of N..°® For CuSCN and CFTS, the optimum value of CsSnIy/
PCBM was taken as 10® ecm ™2, and for the other HTLs, the value
remained the same as the initial value 10'° cm 2.

3.9 The influence of series resistance, shunt resistance, and
temperature

3.9.1 The influence of series resistance. Series resistance Rg
is one of the factors that are responsible for the reduction in the
efficiency of the PSC. The origin of Rg is generally associated
with charge transporting layers, the absorber layer, and the
front and back contacts (ITO and Se). Fig. 16(a) represents the
influence of changing series resistance Rs on the Vo, Jsc, FF,
and PCE of the PSC. In this work, the value of Rg was varied from
0 Q cm” to 6 Q cm?, while the shunt resistance (Rsy,) was fixed at
10° Q cm®.

23532 | RSC Adv, 2023, 13, 23514-23537

As seen in the figure, the values of Vo and Jsc of all studied
structures were not influenced much by the change in series
resistance but the values of FF and efficiency gradually
decreased with the increase in Rg. Because, whenever series
resistance increases, it causes a lack of power in the solar cell,
thus declining the PCE of the solar cell.

3.9.2 The influence of shunt resistance. Recombination
defect states are the main sources of Rg, in the solar cell. The
influence of Rgy, on the PV parameters Vg, Jsc, FF, and PCE is
illustrated in Fig. 16(b) while the value of R}, was varied from 10
to 10” Q cm? and Rs was fixed at 0.5 Q cm?.

The values of the performance parameters decreased with
the increase in Rg, because when the shunt resistance
increases, the defect states decrease, leading to a reduction in
the charge recombination rate, which increases the PCE of the
solar cell.”>” Therefore, it is obvious that a low value of Rg and
a high value of Rg, are required to get a higher PCE. For an ideal
solar device, the value of Ry is zero, and the value of shunt
resistance is infinite, but in practice, it is impossible to imple-
ment these values.

3.9.3 The influence of temperature. The temperature of
a solar cell is greater than the room temperature most of the
time, and this increase in temperature plays an important role
in the PV characteristics of the solar cell. To observe its impact,
the temperature was varied from 275 K to 475 K, and the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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parameters Voc, Jsc, FF, and PCE of PSCs.

influence of this change on Vo, Jsc, FF, and PCE is illustrated in
Fig. 16(c).

Here, the V¢ of all structures tended to decrease with the
increase in temperature because at higher temperatures, the
reverse saturation current density (J,) increases. Due to the
reverse relationship between Vo and Jo, Voc decreases with the
increase in J, and this is represented in eqn (6).

AKgT Jse
Voe = In{ 1+ — 6
q { ( JO)} ©

KT
where A is the ideality factor, and % is the thermal voltage.

From the simulation, it could be seen that temperature had
almost no influence on Js¢, but FF and PCE decreased with the
increase in temperature. This decline may be due to the cutback
of shunt resistance.”” Another possible reason for this decre-
ment in PCE might be the enhanced charged recombination
rate at higher temperatures due to the drop in charge recom-
bination resistance.

3.10 The influence of current-voltage density and quantum
efficiency

3.10.1 The influence of current-voltage density. Fig. 17(a)
and (b) show the change in current density with respect to

© 2023 The Author(s). Published by the Royal Society of Chemistry

voltage (J-V) for the initial and final optimized structures of ITO/
PCBM/CsSnl;/HTL/Se. To study the influence of different
parameters on the PCE, the physical parameters were used;
then, at every optimization stage, the value of the current
density started to rise, and at the final stage, the highest change
was for the device with CFTS, which was almost 140% of the
initial value because of the good band alignment of CFTS with
the CsSnl; PAL.

3.10.2 The influence of quantum efficiency. The quantum
efficiency curves for the initial and final optimized devices are
shown in Fig. 17(c) and (d), respectively. With every optimi-
zation, the value of QE tended to rise. While CFTS was used as
the HTL, the curve was almost square-shaped, which is the
ideal shape of QE for PSCs. The external quantum efficiency
(EQE) vs. wavelength curve showed approximately 99.6% effi-
ciency in the 620 nm-650 nm visible range when CFTS was
used as the HTL.

3.11 Comparison of the SCAPS-1D results with previous
work

The optimized results of the absorber layer, ETL layer, and
HTL layer for the best-optimized device are listed in Table 4.
Meanwhile, Table 5 represents the PV parameters from

RSC Adv, 2023, 13, 23514-23537 | 23533
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Table 4 The optimized values of the characteristic parameters of the
final optimized device

Parameters CFTS CsSnl; PCBM
Thickness (nm) 100 1000 30

Eg (eV) 1.3 1.3 2

x (eV) 3.3 3.6 3.9

& 9 9.93 3.9

N¢ (em™?) 2.2 x 10" 1 x 10" 2.5 x 10*
Ny (em™?) 1.8 x 10" 1 x 10" 2.5 x 10*
tn (em> vt 21.98 1.5 x 10° 0.2

wn (em®> v 's™ 21.98 5.85 x 10> 0.2

N, (em™?) 1x 10" 1 x 10*° —

Np (em™?) — — 2.93 x 10"
N (em™?) 1.0 x 10" 1.0 x 10" 1.0 x 10"

previous works (theoretical and practical studies) using CsSnl;
as the absorber layer for comparison with this work. From the
table, it can be seen that CsSnl; as an absorber layer couldn't
provide the expected efficiency, but in the case of our opti-
mized device, it provides greater efficiency compared with
other works. Song et al. mixed piperazine with CsSnl; to
increase its PCE but was only able to achieve an efficiency of
3.83%.%” Chen et al. tried to replace the halide of CsSnI; to get

23534 | RSC Adv, 2023, 13, 23514-23537

a better PCE but only got a PCE of 12.96%."° Kumar et al. tried
to mix SnF, with an absorber layer and got only 2.02% effi-
ciency for the device.”® Rahman et al. and Wang et al. experi-
mentally obtained 11.41%77 and 3.31% PCE,” respectively.
With the optimized values from this study and our previous
study,*® we found that the PCE of our device increased from
10.11% to 24.73%, and for a Pb-free PSC, this PCE value is
remarkable as this solar cell is environmentally friendly due to
its inorganic charge transport layers. Regarding fabrication
feasibility, most of the sandwiched architecture-based perov-
skite solar cells reported in the literature are fabricated using
spin-coating techniques, and the same can be utilised to
fabricate the optimised ITO/PCBM/CsSnl;/CuSCN/Se-based
solar cell. The thickness of each layer, material quality,
annealing temperature, and encapsulation are important
parameters to be considered when fabricating the device by
spin-coating. With careful control of these parameters, it is
possible to fabricate high-performance ITO/PCBM/CsSnl;/
CuSCN/Se devices. Besides, the optimized CsSnl; can be
fabricated via different commonly used fabrication tech-
niques, such as the doctor blade process, sequential deposi-
tion, hybrid chemical vapor, and alternating layer-by-layer
process.”

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Comparison of previous works using CsSnls as the absorber material and this work®

Type Device structure Voc (V) Jsc (mA cm™?) FF (%) PCE (%) Ref.
1 FTO/TiO,/CsSnl;/Au 0.34 20.63 54.18 3.83 27
1 ITO/TiO,/CsSnl;/Spiro-OMeTAD/Au 0.86 23.20 65.00 12.96 16
1 FTO/TiO,/CsSnl;/m-MTDATA/Au 0.24 22.70 0.37 2.02 76
2 ITO/NiO,/CsSnl;/PCBM/Al 1.19 17.29 55.27 11.41 77
2 ITO/TiO,/MASnI;/Spiro-OMeTAD/Au 0.88 16.80 0.42 6.40 80
2 ITO/PCBM/CsSnl;/NiO,/Al 0.52 10.21 62.50 3.31 78
2 ITO/PCBM/CsSnl,;/Cul/Au 0.91 14.24 78.11 10.10 50
2 ITO/PCBM/CsSnl;/CFTS/Se 0.87 33.99 83.46 24.73 b

“ Note: 1- experimental, 2- theoretical. ? This work.

4 Conclusion

In this study, we conducted simulations for the optimization
of the performance of lead-free CsSnlz-based solar cells with
various HTLs and PCBM as the ETL. Our findings demonstrate
that the optimal structure is ITO/PCBM/CsSnl;/CFTS/Se,
which is capable of achieving a PCE of 24.73%, along with
a Voc of 0.87V, aJsc of 33.99 mA cm ™2, and a FF of 83.46%. We
also explored the influence of both series and shunt resis-
tances on the PCE of the solar cells. Our results suggest that
a smaller value of series resistance and a higher value of shunt
resistance are suitable for achieving maximum efficiency.
Additionally, we observed that the temperature significantly
affects the PCE of the PSC, with the highest efficiency being
achieved at 300 K. Furthermore, our study also reveals that the
QE of solar cells is highly dependent on the choice of HTL.
While using CFTS as the HTL, the QE curve showed a higher
value of 99.6% in the visible range of 620 nm-650 nm. Overall,
our simulations provide valuable insights into the optimiza-
tion of CsSnl;-based solar cells with various HTLs and PCBM
ETL. These findings can potentially contribute to developing
cost-effective solar cells with higher efficiency for future
applications.
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