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1. INTRODUCTION

zenodo.23075993

Abstract

The stability and toxicity issues, lead (Pb)-based perouskite solar cells face
significant limitations. Under such circumstances, the development of
efficient perouskite solar cells (PSC) may depend heavily on tin (Sn)-based
organicinorganic perouskite solar cells. An environmentally friendly, stable,
and lead (Pb) free CH3NH3SnBrsbased organicinorganic n-i-p-shaped
perouskite solar cell (PSC) with the use of all inorganic charge transport
elements for optimal reliability is suggested here by a theoretical
investigation(1). By examining elements such as charge transport materials
and their interface defect density, absorber defect density, ETL, HTL, and
absorber thickness, a highwrise performance PSC is attained at room
temperature. According to the data obtained, CH3NH3SnBrs has the
potential to be a significant absorbing perovskite in perovskite solar cell
technology(2).

People’s curiosity in sustainable energy sources has
risen due to climate change, as the world's energy
consumption is increasing daily due to non-
renewable energy sources. One of the most
affordable and eco-friendly solutions available is
solar energy(3). The first solar cell design was stated
by A. Kojima et al. in 2009, even though perovskite
materials have long been known. They used
mesoporous TiO2 sheets in conjunction with

nanocrystals of the organometallic halide

perovskites CH;NH;Pbl; and CH;NH;PbBr; as an
electron transport medium. They showed that these
materials exhibit strong optical absorption and
efficiencies of up to 3.13 percent and 3.8 percent,
respectively(4). A 2-3 nm nanocrystal perovskite cell
was created in 2011 by J.-H. Im et al. Quantum dots
are produced by spin coating metal halide and
organic-inorganic halide solutions on the TiO,
surface. At a wavelength of 530 nm (EQE), they

attained 78.6 percent external quantum efficiency
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using the AM 1.5G sun intensity spectrum.
Additionally, using these solar cells triggered an
optimal power conversion efficiency of 6.54
percent(5). Therefore, the Power Conversion
Efficiency (PCE) of lead-based perovskites solar
cells (PVSCs) elevated from 3.9 percent to more
than 22.7 percent between 2009 and 2019.
Without a doubt, solar cells predicated on metal
halide perovskites having a formula ABX; where X
is a halide anion, B is a lead or tin cation, and A is
either an organic or inorganic cation that has
completely development of
photovoltaic technology. (4, 6-9). Owing to its more
manufacturing  simplicity,
Perovskite, a third-generation solar cell, has the
capability to
photovoltaic technology in the modern society(10-
12). Lead is environmentally toxic despite its high
efficiency (13). As a result, it's critical to guarantee
stability while guaranteeing photovoltaic efficiency
in addition to lowering environmental toxicity by
eradicating Pb from the perovskite composition(14,
15). Consequently, lead is replaced with tin (Sn),
which is a clear choice among the several methods
investigated because of their comparable ionic radii
and electronic topologies that might preserve the
2. Theoretical concept:

The FTO/ETL/Absorber/HTL/Au one-
dimensional n.i.p planar heterojunction structure
makes up the stimulated Perovskite Solar Cell
(PSC). The Electron Transport Layer (ETL),
Perovskite Active Layer (PAL), and Hole Transport
Layer (HTL) are displayed separately in each of the
three regions (n, i, and p) in Figure 1. This structure
uses lead-free organic-inorganic CH;NH;SnBr; as
PAL, inorganic n-ZnO, n-CdS, and n-TiO2 as ETL,
and inorganic p-CuSCN, p-Cul, p-MoQO;s, and p-
NiO as HTL. A and B are two ions, and X is a halide
in the symmetric ABX; perovskite structure. It is
believed that atom arrangement in the three-
dimensional (3D) structure are related to the
reliability needed for a charge
neutralization process(20). Perovskite minerals
seem to have a straightforward basic structure, yet
their structural deformation characteristics vary
greatly(21). As a result, researchers investigated a tin
(Sn)-based perovskite solar cell as a substitute, in

transformed the
economical and
advanced

become the most

chemical

remarkable  semiconducting  capabilities  of
APbX;5(16). Using an organic-inorganic Perovskite
Solar Cell (PSC) and a solar cell capacitance
simulator (SCAPS 1D), the lead (Pb) free absorber
used in this study is CH3;NH;SnBry(17). Since
organic charge transport materials exhibit hostile
behavior with perovskite material because they are
hygroscopic and costly, inorganic charge transport
materials will be assessed. Because inorganic charge
transfer materials offer clarity in the visible,
ultraviolet, and infrared spectrum, researchers are
taking these disadvantages into consideration. To
achieve optimal performance, the best Hole
Transport Layer (HTL) and Electron Transport
Layer (ETL) for CH;NH;SnBr; based PSC will be
selected by varying its thickness(18). Examine the
absorber defect density, interface defect density,
and how the device's operation is affected by
working temperature. Power Conversion Efficiency
(PCE), Fill Factor (FF), Open Circuit Voltage (Voc),
and Short Circuit Current Density (Jsc) are
performance metrics. Therefore, analysing the
device performance using these criteria could help
design environmentally benign Sn-based perovskite
solar cells for cutting-edge advancements(19).

which tin is substituted for lead and the material
structure is modified to look like ASnXj;. Tin-based
perovskite solar cells have two main merits: they are
lead-free and can aid in further optimising the
bandgap of the active layer. Reducing the active
layer's acceptor doping concentration can increase
the productivity of tin-based solar cells. The
electron/hole mobility and absorber layer defect
density can be computed using the following
equation (22).

1
Nt - ToVin (1)

—Da
K=Y 2

lz
D=— 3)

T
N;is the defect density, T is the charge carrier

lifetime, W is the electron and hole mobility, o is the
hole/electron capture cross section, V, is the
hole/electron thermal velocity, D is the diffusion
coefficient, and 1 is the diffusion length. The
following expression can also be used to compute
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the effective valence band density of states Nv and
the effective conduction band density of states Nc.

N, = 2(ZakTy; )
N, - Z(ZmZ;DKT)% (5)

where m,, and my, stand for the electron and hole,
respectively. In this context, the diffusion length
and electron and hole carrier lifetime values are
obtained from the literature(23). Au and FTO have
work functions of 5.1eV and 4.4eV, respectively.
Therefore, the following equation can be employed
to analyze the absorption coefficient.

1
a = Ay(hd.Ey)? (6)

For incoming radiation, a conventional AM1.5 G
illumination spectrum (1000 Watt/m2; T = 300 K)
was utilized. Therefore, the conventional layer
thickness was utilised from many documented
journal (21, 24, 25).

A Gaussian energy distribution with a characteristic
energy of 0.1 eV was employed for all defect states
during simulation, and the thermal velocity of the
holes and electrons was found to be 1x107.

I

Sunlight
Figure 1: Layer-by-layer schematic of a regular-structured n-i-p perovskite photovoltaic device

3. Device structure and parameters:

A powerful tool for quickly understanding the
physical behaviour of many optoelectronic
characteristics of any solar cell is the simulation
environment. The short circuit current density
(Jsc), open circuit voltage (Voc), fill factor (FF), and
efficiency (eta) of perovskite solar cells were
explored in this study using the Solar Cell
Capacitance Simulator (SCAPS 1-D)(26). The
efficiency of a tin (Sn) based lead (Pb) free
perovskite material that functions as an absorber
layer and is positioned between the two transport
layers was demonstrated through simulation-based
theoretical study. Figure 1 depicts the device's

configuration with ETL and HTL as
FTO/ETL/CH;NH;SnBr;/HTL/Au. In this case,
Au and FTO have work functions of 5.1 eV and 4.4

eV, respectively.

4. Results and discussion:

This work uses self-developed codes to alter the
thickness of the Perovskite Absorber Layer (PAL),
Electron Transport Layer (ETL), and Hole
Transport Layer (HTL). In addition, we suggest a
novel structure to maximize PAL defect density,
interface defects, and its operating temperature
influence.

Table 1: Input parameters for different ETMs, HTMs with CH;NH;SnBr; of the PSC structure

p- p-Cul p-NiO p-MoO; | CH;NH;SnBr; | n-TiO, n-ZnO n-CdS
CuSCN
d (hm) 10 10 10 10 100 10 10 10
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E, (eV) 3.6 3.1 3.8 3 1.3 3.2 3.3 2.4

X (eV) 1.7 2.1 1.46 2.5 4.17 4.1 4.1 4.18
€, 10 6.5 10.7 12.5 10 9 9 10
N.(cm?) | 2.2E+19 | 2.8E+19 | 2.8E+19 | 2.2E+18 | 2.2E+18 2.2E+18 | 2.2E+18 | 2.2E+18
N,cm?) | 1.8E+18 | 1E+19 1E+19 1.8E+19 | 1.8E+18 1E+19 1.9E+19 | 1.9E+19
un 100 100 12 25 1.6 20 100 100
(cm*/Vs)

un 25 439 2.8 100 1.6 10 25 25
(cm*/Vs)

Np (em?) | 0 0 0 0 1E+13 1E+18 1E+18 1E+18
N, (cm?) | 1E+18 1E+18 1E+18 1E+18 1E+13 0 0 0

N, (cm?) | 1E+15 1E+15 1E+15 1E+15 1E+14 1E+15 1E+15 1E+15
Capture | 1E-15 1E-15 1E-15 1E-15 1E-15 2E-14 2E-14 2E-14
Cross-

section

electrons

(cm?)

Capture | 1E-15 1E-15 1E-15 1E-15 1E-15 2E-14 2E-14 2E-14
Cross-

section

holes

(cm?)

5.HTL optimization

To select the finest HTM and determine its ideal
thickness, HTL is adjusted in this paper utilising
inorganic hole transport materials such as MoQO;,
Cul, NiO, and CuSCN. Table 1 provides the input
parameters for various HTMs. The SCAPS program
uses all these parameters to optimise various HTMs
by adjusting their thickness. Here, Table 2 displays
the device performance for various HTMs, and Fig.
2 displays the matching J-V characteristics for all the

HTMs used in this work. Therefore, it is obvious
from Table 2 and Fig. 2 that MoO3 has the best jv
properties, better PCE, and better Voc of all HTMs.
MoQO3 exhibits the best band alignment with
CH;NH;SnBr; because it has a higher PCE than
other HTMs. Most preferably the structure or
device with highest or which possess best PCE will
be chosen and then the thickness is varied to
optimize it.
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Table 2: Performance parameters of different HTMs as HTL.
Hole Transport | J. (mA/cm?) V.. (V) FF (%) PCE (%)
Material
NiO 35.341772 0.950358 70.9215 23.8207
Cul 35.323706 0.949952 67.0406 22.496
CuSCN 35.355784 0.949283 74.2183 24.9096
MoQO; 35.367187 0.950754 75.1763 25.2784

Fig.2. Comparative J-V Analysis of Diverse Hole Transporting Materials

As Table 2 shows the different HTMs parameters
result, which shows that MoO; owns the best PCE
and hence MoO; is chosen to optimize its
thickness. The practicability of the
manufacturing technique of perovskite solar cells
should be kept in mind, the thickness of HTL
should be varied from 10nm to 200nm to optimize
it (27). Hence to further clarify Fig. 3 shows the
result of all parameters of HTL by varying its
thickness, it comprises of all HTMs as shown below
and hence from all these HTMs one will be showing
higher efficiency as compared to others or will be

regular

showing best performance than other HTMs. So,
the main task is to select that HTM which shows
more efficiency than all other HTMs and hence
optimized. MoOj; shows the best results as shown
in Fig. 3. Consequently, MoQOj is chosen as HTL
for this device and Fig. 4 shows the optimization
curve of HTL by varying the thickness for MoQO;
and optimizing it. All four parameters ], V.., FF
and PCE are drawn in a single frame to make it easy
to understand that at which thickness it will be
more efficient.
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Fig. 3. PCE, FF, Voc and Jsc curve against all HTLs.

In Fig. 4, at first Voc decreases abruptly when
thickness of HTL increases but then as thickness of
HTL is further increased so it shows a gradual
increase in it. The FF, Jsc and PCE initially
increases and then almost get equal to constant
when the thickness of HTL further increases. It may
happen due to current leakage and low shunt
resistance at small thickness and the rising series

resistance with the rise in HTM thickness (28). The
Perovskite Structure with MoO; as HTM shows the
supreme result at 40nm having Voc = 0.9508 V, Jsc
= 35.36718 mA/cm?’, FF = 75.18 %, PCE =
25.28%. Therefore, MoQO; is selected as an
optimum HTM for CH;NH;SnBr; perovskite
structure with an optimized thickness of 40nm.(29)
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Fig. 4. HTL optimization curve by varying the thickness for MoO; as HTM.
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Fig. 5. Jsc, Voc, FF, and PCE curves as a function of absorber thickness for CH3NH3SnBr3 with
different ETMs.

The optimization of the absorber thickness
CH;NH;SnBr; occurs by using different ETMs as
displayed in fig. 5. Here the thickness of the
absorber spans from 100-2000nm for every ETM
which is used in this technique that are Cds, TiO,
and ZnO.

From fig 5, it’s obvious that ZnO provides finest
findings than other ETMs. While increasing the
absorber thickness, PCE, FF and Jsc initially rise up
to 700nm thickness hence then Jsc almost get equal
to constant, however PCE and FF starts decreasing
when thickness is further increased from 700nm to
2000nm and V,. decreases when thickness of
absorber is varied(30, 31), as depicted in fig. 5.

Consequently, from Fig 5 ZnO displays the optimal
results than other ETMs, when the thickness of
absorber is 100-700nm so PCE, FF and Jsc increases
and reaches to 28.14%, 85.19% and 34.20
mA/cm’ but from 700nm-2000nm Jsc almost get
equal to constant whereas PCE and FF shows a
gradual decrease for ZnO. However, in case of Voc
there is no such change as it decreases when the
thickness is varied. So, at 700nm ZnO shows the
best PCE value of 28.14% than other ETMs. All the
ETMs shows a good band alignment with absorber
due to which a constant Jsc is obtained (32), when
thickness is varied more and more. As the obtained

value of FF and Jsc at 700nm for TiO; are 84.69%
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and  33.84mA/cm?’, for CdS are 84.37%,
33.88mA/cm’ and for ZnO are 85.19%,

34.20mA/cm’® due to the alteration into their
Quantum efficiency (QE) as illustrated in fig6.

120
100 |
80 | f
9
< 60}
L
g
Ww 40t
—a—7n0
20 [® TIO2
A CdS
o |

200 400 600

800 1000 1200

Wavelength (nm)

Fig 6. Quantum efficiency curve at the optimized absorber thickness of different ETMs.

From Fig. 6, it’s obvious that ZnO show larger QE
than all other ETMs in the visible range. Hence
ZnO hold best Jsc, FF and PCE by comparing to
other ETMs used in this perovskite solar cell (PSC)
so therefore the optimized perovskite active layer
thickness will be 700nm for ZnO, as at this
thickness it shows the best result for Perovskite

active layer (PAL)(33).

6. ETL thickness optimization

ZnO is selected as an ETL and should be
optimised by altering its thickness from 10 nm to
200 nm because it exhibits the best PCE and FF
when perovskite active layer (PAL) is optimised.
The optimized thickness of both HTL and PAL

should be utilised and maintained until ETL is
also optimised. Thus, Jsc, Voc, FF, and PCE are
plotted versus ETL thickness variation in Fig. 7.
Thus, the optimal ETL thickness at 10 nm has the
maximum Jsc (35.36366 mA/cm?), Voc (0.9517
V), FF (75.41%), and PCE (25.38%). Thus, all the
optimised HTL, ETL, and PAL produced high
yield PSC wusing a unique combination of
FTO/ZnO/CH;NH;SnBr;/MoOs/Au. The
innovative diagrammatic
representation is displayed in Fig. 8. This unique
combination demonstrates that all three HTL,
ETL, and PAL become optimised at a particular
thickness. As a result, all three layers for the
optimised device are depicted in Figure 8.(33, 34)

structure's
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Fig. 7. Thickness variation of ETL shows change in PCE, FF, Voc and Jsc.
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Fig. 8. Simplified diagram of the optimized device FTO/ZnO/CH;NH;SnBr;/MoO;/Au.
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1. Absorber defect density optimization

Therefore, utilising specific HTM, ETM, and
optimised thickness of HTL, ETL, and PAL, the
defect density is altered from 10" ¢cm” to 10" cm”
to investigate its impact. The J-V characteristics curve
at several defect densities can now be depicted in Fig.

9. When the defect density exceeds 10" cm?, the Jsc
of PSC collapses from 33.87 mA/cm? at 10" cm” to

0.03885 mA/cm?’ at 10" cm”. This collapse is
actually caused by an increase in the recombination
rate with rising defect density(35). However, when
the defect density is less than 10" ¢cm”, it essentially
stays unaffected. Consequently, an optimised defect
density of 10" cm” was achieved, along with Voc of
0.898 V, Jsc of 33.87 mA/cm?, FF of 79.23%, and
PCE of 24.13%.

20 -

Current Density (mA/cm2)

(o}
—T

0.6 0.8 1.0 1.2

Voltage (v)

Fig. 9. J-V curve for different absorber defect density.

2. Interface defect density optimization

The absorber/ETL and HTL/absorber interface
defect densities are analysed for values between 10°
and 10" cm”. The J-V characteristics for both
interface fault densities are thus displayed in Fig. 10.
Therefore, it is clear from Fig. 10 that the parameters
change infinitesimally below 109 cm” before Jsc
saturates. Nevertheless, Jsc drops from 34.01

mA/cm’ to 30.01 mA/cm’ above 109 cm” to 1013
cm”. Reduction actually happens as a result of the
defect that traps at
recombination centers(31). Consequently, Jsc is
34.01 mA/cm?, Voc is 1.05 V, FF is 81.69%, and
PCE is 27.91% at the optimised interface defect of
109 cm”.

interface creates more
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Fig. 10. comparison of J-V graph for different interface defects.

3. Optimized device

As seen above in Fig. 8, the device is optimised with
all ETL, HTL, and PAL by obtaining high efficiency
PSC with a new combination. Thus, Figs. 11 and 12
display the QE curve and J-V characteristics curve for
the optimised device. Near 380 nm, which is in the

visible range, the device provides Jsc of 34.01
mA/cm?’, Voc of 1.05 V, FF of 81.69%, PCE of
27.91%, and 99.98% QE. As previously stated,

100

80

60 -

EQE (%)

40

20 -

200 400 600

SCAPS-1D is used to determine all of these
factors.(26).
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Fig.11. Optimized FTO/ZnO/CH;NH;SnBr;/MoQO,/Au structure EQE curve.
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Fig. 12. J-V characteristics curve for the optimized device
Both graphs show that this device yields quite  composed solely of inorganic transport components.

promising results, is environmentally benign, and is ~ The device's dark J-V characteristics curve is
expected to be more stable in nature because it is illustrated in Fig. 13.
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Fig.13. Dark J-V characteristics curve for optimized FTO/ZnO/CH;NH,SnBr;/MoQO;/Au structure.
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4. Working temperature effect

One must examine the device's performance for a
range of operating temperatures, from 260 K to 400
K, to acquire a clearer understanding of how the
device behaves in the natural world. Therefore, Fig.
14 illustrates that a deterioration happens when the
working temperature is increased between 260 and

400 K. When the temperature rises, all four
parameters gradually decline: Voc drops from 1.05
V to 0.87 V, Jsc from 34.009 mA/cm?* to 34.005
mA/cm?, FF from 82.76% to 75.76%, and PCE
from 30.07% to 22.37%. Thus, it results from

thermal carrier creation and bandgap decrease(36).
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Fig.14. Temperature effect on Voc, Jsc, FF and eta.
Conclusion the layer thickness is then optimised. The
This paper proposes an organic-inorganic combination of FTO/ZnO/ CH3NH3SnBrs
perovskite solar cell (PSC) built upon /Mo00; /Au is then proposed as a high yield n-i-p
CH3;NH3;SnBrs that is stable, lead-free, and solar cell. Near 380 nm, which is near the Uv visible

environmentally benign using only inorganic
charge transfer elements. One of the supreme
materials is selected in each scenario after analysing

the effects of various ETL and HTL materials, and

boundary, the developed device runs at a high level
of efficiency (PCE) of 27.91%, short circuit current
density (Jsc) of 34.01 mA/cm?, open circuit voltage
(Voc) of 1.05 V, fill factor (FF) of 81.69%, and
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quantum efficiency (QE) of 99.98%. This research
paradigm is somewhat comparable to other studies
and could be beneficial in creating lead-free,

sustainable Sn  based PSCs for upcoming
technologies(37).
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