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ABSTRACT: This paper reports the simulation and optimization of heterojunction perovskite solar cells (PSCs) with a proposed
structure of TiO,/i-CH;NH;SnBr;/CsPbl;/Al(BSF) using SCAPS-1D software. The purpose of this study is to investigate the
performance of the PSC with CsPbl; perovskite active layers and i-CH;NH;SnBr; as the permeable layer. Therefore, the thicknesses
of the layers of the heterojunction perovskite are modified in order to find a better conversion efficiency of the solar cell, where the
latter’s performance is improved by optimizing the absorber’s thickness, which is found to be 1 ym, with a permeable layer of 15 pm.
The device efficiency of the i-CH;NH;SnBr;/CsPbl; heterojunction is improved to 38.98%, and optimized parameters are V. = 1.21
mV, J,. = 35.63 mA/cm? and FF = 89.84%. The acceptor concentration (N,), donor concentration (Nj), defect density, and series
and shunt resistances are also investigated.

1. INTRODUCTION This significant improvement has been made possible due to
the excellent optoelectronic characteristics of halide perovskite
materials used including their high absorption coefficient, low
exciton binding energies, long-range charge diffusion lengths,
acceptable band gaps, and high charge carrier mobilities.’

In this work, we propose aluminum (Al) as a back-surface field

The search for efficient and low-cost renewable energy sources is
of great importance in the modern world. As conventional fossil
fuel sources of electricity became scarcer and cause severe
problems for our planet’s climate, it becomes increasingly

imperative to seek new and innovative ways of exploiting (BSF) layer and work with two types of perovskites. The BSF has

sustainable resources." been used as a way to increase solar cell performance by reducing
However, converting light energy into electrical energy is not the surface recombination velocity (SRV). It is also a region at

an absolute process; there are losses that affect the performance the rear surface of a solar cell that is more doped than the

of photovoltaic cells due to the nature of the material and surrounding area. The interface between the high- and low-

technology used. doped regions acts like a p—n junction, creating an electric field
In recent years, there has been immense interest in that presents a barrier to the flow of minority carriers to the rear

heterojunction perovskite solar cells (PSCs), particularly when

the power conversion efficiency (PCE) of organic—inorganic Received: June 19, 2023

perovskite solar cells has increased from 3.8 to 26%.” " The Accepted: September 8, 2023

perovskite material may be used alone as an absorber in different Published: September 27, 2023

solar device designs and architectures, but it can also be utilized
in conjunction with the standard silicon layer to lower the $/W

value.’
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Figure 1. (a) Simple schematic structure view and (b) energy level diagram of the glass/Ti0,/i-CH;NH;SnBr;/CsPbl,/Al(BSF) heterojunction solar

cell.

surface. This maintains the minority carrier concentration in the
bulk of the device at higher levels and has a passivating net effect
on the rear surface.” i-CH;NH,;SnBr;, which belongs to the
hybrid halide perovskite p-type belongs to the class of
semiconductors with the general formula ABXj;, in which the
metal cation B is Sn’* at the center, X represents a monovalent
anion Br~, and A is a monovalent cation such as the organic
molecular [CH;NH,]*, chosen to neutralize the overall charge.®
Additionally, the organic—inorganic halide perovskite solar cells
(PSCs) have gained substantial attention in the past decade and
are expected to compete with conventional silicon-based solar
cells due to their outstanding device performance.” Among the
inorganic halide perovskites, CsPbl; has been reported to show
higher thermal stability,” especially in the cubic phase, which
exhibits the most suitable band gap of 1.694 eV for photovoltaic
applications.'”"" From 2015 until now, the device efficiency for
CsPbl, has increased from 2.9%'”"* to 19.03%"* and to 21.75%
by the group of Shengzhong (Frank) Liu'* indicating its great
potential for high-efficiency inorganic PSCs. TiO,, a wide band
gap (E; = 3.2 eV) n-type semiconductor with high electron
affinity, has been successfully used in perovskite and dye-
sensitized solar cells.'”'® It is commonly used as an electron
transport layer (ETL) in various types of solar cells including
perovskite solar cells and dye-sensitized solar cells (DSSCs). It
provides a favorable energy level alignment for efficient charge
extraction and helps to prevent the recombination of electron—
hole pairs. The combination of TiO, with its unique properties
and its compatibility with other materials makes it a widely used
and successful component in perovskite solar cells."*"°

The photovoltaic performance parameters of the proposed
structure TiO,/i-CH;NH;SnBr;/CsPbl;/Al (BSF) heterojunc-
tion thin film with BSF were determined using numerical
analysis utilizing SCAPS-1D software. The investigation of the
influence of the thickness, PCE, temperature, quantum
efficiency (QE), open-circuit voltage, fill factor, short-circuit
current density with varying N, and Np, series and shunt
resistances, and defect density was carried out for solar cells. The
results showed that the proposed PSC structure with CsPbl; as
the perovskite active layer and i-CH3;NH;SnBr; as the
permeable layer could achieve a maximum PCE of 38.98%.
Many simulations were performed to determine the theoretical
PCE of CH;NH;SnBr; and CsPblj solar cells. Md. Samiul Islam
et al. achieved 21.66% efficiency for the ITO/TiO,/
CH;NH;SnBr;/NiO solar device layer using SCAPS-1D."”
Duan et al. achieved 18.29% efficiency for the FTO/TiO,/

CH;NH;Pbl,/carbon using wxAMPS software,'® and more
comparative results are given in Table 6.

2. THEORY AND METHODS

The numerical simulation of solar cells is used by SCAPS-1D,
which was programmed by Burgelman at the University of
Ghent, Belgium."” The proposed heterojunction used in this
work is depicted in Figure 1. It consists of TiO,/i-
CH;NH,;SnBr;/CsPbl;/Al (BSF). The structure includes
TiO, with a band gap of 3.2 eV as the window layer, the
permeable absorption layer i-CH;NH;SnBr;, and the absorption
layer CsPbl; perovskite. Additionally, Al is used as a back-
contact BSF layer. Glass substrates are employed in the
processing of these materials to increase the efficiency and
transparency. The contact parameters are depicted in Table 1.

Table 1. Left and Right Contact Parameters (Thermionic
Emission/Surface Recombination Velocity)

parameters left contact (back) right contact (front)
electrons (cm/s) 10° 107
holes (cm/s) 107 10°

It is a freely available program based on Poisson’s equation as
following™

VE) = 1(p — n + N = N})
€ (1)
where E is the electrical field, g is the electron charge, € is the
permittivity of the absorber, n is the density of electrons, p is
density of holes, Ny, is the donor concentration, and N, is the
acceptor concentration.
The continuity equations can be obtained from the following
equationszo‘21

d 1

= (V() + G, - R,

dt g (2)

dp 1

— =—-=(V +G,—-R

" q( U,) +G, - R, )
where G, is the electron generation rate, G, is the hole

generation rate, J, is the electron current density, ], is the hole
current density, R, is the electron recombination rate, and R, is
the hole recombination rate.

The charge carrier equations for diffusion and drift current
can be obtained from the following equations™"**
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Table 2. Regrouping of the Physical Parameters Employed in Our Simulation

Al-BSF CsPbl, i-CH;NH;SnBr; TiO,

layer thickness (ym) 0.050 varied varied 0.100
dielectric constant dk 11.9 6 10 9
band gap eg (ev) 1.12 1.694 1.3 320
electron affinity chi (ev) 4.05 3.95 4.17 4
effective conduction band density (cm™3) 2.8 x 10" 1.1 x 10%° 22 x 10" 1x10*
effective valence band density (cm™) 1.04 x 10" 8.2 x 10% 1.8 x 10'® 2 % 10%°
electron mobility (cm? v™* s7%) 202.4 25 1.6 20
hole mobility (cm? v™' s) S 25 1.6 10
doping concentration of donators (cm™) 0 0 1x 108 1x 10
doping concentration of acceptors (cm™) 1x10% 1x 10" 1x 10" 0
thermal velocity of electron (cm™ s73) 1x 107 1Xx 107 1Xx 107 1x 107
thermal velocity of holes (cm™ s73) 1x 107 1x 107 1x 107 1x 107
auger recombination coefficient for electron (cm®s™") 2.2.107% 2.2.107
auger recombination coefficient for hole (cm® s™) 9.9.107% 9.9.10732
references 24 25 17 26,27

J, = a(p,nE + D,Vn) (4) CH;NH;SnBr; to achieve maximum power conversion

efficiency (PCE) of the device.
]p = q(pppE + Dpr) () To accomplish this, they varied the thicknesses from 1.0 to

The fill factor percent (FF) can be expressed by the following
equation

Pmax Vmax'Imax
FF=——=—7—
By Voc'ke (6)

The energy conversion efficiency percent (PCE%) of a thin film
can be expressed by eq 7:°"**

B, Vi) FF%
PCE% = 2 = —5¢
B, B, (7)
T
V.= K—ln & + 1
q 0 (8)

That V,_ is a function of both ], and the saturation current
density of the device J,, which depends also on the thickness of
the layer.

In this simulation, several parameters and conditions were
taken into account. The thermal velocity of electrons and holes
used in the simulation was 107 cm/s. This parameter represents
the average velocity of charge carriers (electrons and holes) due
to the thermal energy at a given temperature. The standard
photovoltaic radiation spectrum AM 1.5 G was employed, which
represents the solar spectrum under terrestrial conditions. It has
a power density of 1000 W/m? and a temperature of 300 K. This
spectrum is widely used in photovoltaic simulations to evaluate
the performance of solar cells. Table 2 regroups the physical
parameters employed in our simulation.

3. RESULTS AND DISCUSSION

3.1. Optimization of Absorber Layer Thickness.
Optimizing the absorber layer thickness is an essential step in
the development of high-performance solar cells. The absorber
layer, also known as the perovskite layer in this case, is
responsible for absorbing sunlight and converting it into
electrical energy. The thickness of this layer directly affects the
amount of sunlight that is absorbed and converted to electrical
energy, which ultimately affects the device’s performance.

In this study, the researchers aimed to optimize the thickness
of the absorber perovskite layer CsPbl; and the preamble layer i-

37013

15.0 pum. The thicknesses of the window and back layers
remained fixed at their initial values, while the thickness of the i-
CH3NH3SnBr; layer first varied from 1.0 to 15.0 pm, followed
by changes in the CsPbl; layer thickness. Once the optimal
thickness was determined, it was used for the remaining
simulation.

The results showed that the PCE of the device increased as the
absorber layer thickness increased, peaking at 31.95% for an
absorber layer thickness of 15.0 ym. This highlights the
importance of optimizing the thickness of the absorber layer,
as it significantly affects the performance of the device.

Figure 2ab illustrates the effect of layer thickness on the
device’s power conversion efficiency (PCE) (%) for all layers. It
is noteworthy that as the thickness of the CsPblj; layer increases,
the efficiency slightly improves from 28.80 to 31.19%, with
maximum achievable photovoltaic parameters of FF = 87.67%,
Joe = 3478 mA/cm? and V. = 1.02 V.

Similarly, as the thickness of the i-CH3NH3SnBr; layer
increases, the efficiency increases from 31.19 to 31.95%, with
maximum achievable photovoltaic parameters of PCE = 31.95%,
FF = 86.76%, J,. = 35.56 mA/cm?, and V,_ = 1.03 V.

Figure 3ab illustrates the changes in the photovoltaic
parameters of the double-layer absorber materials when the
thickness of the bromine-doped tin perovskite absorber layer has
varied from 1.0 to 15.0 ym, while the preamble layer thickness is
kept constant at 15 um. As the thickness of the absorber layer
increases, the photovoltaic parameters also increase. The
optimal values for PCE, FF, ], and V_. were found to be
31.95%, 86.76%, 35.56 mA/cm? and 1.03 V respectively.
Therefore, the device configuration and selected materials are
reasonable to a certain extent. Further research can be
conducted based on this model.

These graphs revealed that the best thicknesses for the
absorber and the permeable layers are fixed at 1 and 15 um,
respectively, because a high PCE is given at these thicknesses.

3.2. Improvement in Cell Performance. The perform-
ance of these simulated PSCs was studied by obtaining their
short-circuit photocurrent density vs voltage (J—V) curve.
Figure 4 shows simulated J—V characteristics of CsPbl;
calculated with the physical parameters in Table 2. The J-V
results indicate an interesting PCE of 31.95% for CsPblj layer-

https://doi.org/10.1021/acsomega.3c03891
ACS Omega 2023, 8,37011-37022
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Figure 2. Effect of (a) i-CH;NH;SnBr; and (b) CsPbl, layer thickness on PCE.

based PSCs at 300 K. The simulated PSCs also exhibit an
excellent V,_ of 1.03 V with J,. of 35.56 and 8.11 mA/cm? and FF
= 86.76%. We can see that the ] values increase from —35.53 to
—21.58 mA/cm? and the V,_ increases from 0 to 1.0 V.

The spectral response has been evaluated based on the
quantum efficiency measurements. QE is defined according to
the following equation”

_1(A)/q
number of incident photons Qp(i) ©)

number of collected electrons

QE(4) =

where g is the elementary electrical charge, I(1) is the
photogenerated current, and Q,(4) is the photon flow.

The quantum efficiency (QE%) is shown in Figure S under
AM 1.5 G (1000 W m™2, 300 K) illumination of the device with
the optimized simulated parameters. The optimized parameters

37014

of the device are as follows: a 1 gm CsPbl, thin layerand a 15 ym
i-CH3NH,SnBr; thin layer, 10'* cm™ shallow acceptor density
of the absorber layer, donor and acceptor defects of 10** cm™
concentration in the absorber layer, and a neutral interface
defect of 10" cm™.The simulated device achieves a QE of 55%
at a wavelength of 150 nm. After that, the QE reaches 100% in
the wavelength range of 400 nm to 950 nm. It is possible that the
absence of consideration for the surface and interface reflectance
in this simulation contributes to this result. However, beyond
950 nm, the QE starts to decrease.

3.3. Optimization of Parameters of the n-Type TiO,
Layer. In this section, we conducted simulations on the
parameters of the TiO, layer. Figure 6(a) illustrates the J—V
curves while the donor concentration is varied from 10" to 10
cm™, The variations of photovoltaic parameters, namely, V., ],
FF, and efficiency (PCE%), are depicted in Figure 6b,c. As the

https://doi.org/10.1021/acsomega.3c03891
ACS Omega 2023, 8,37011-37022
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Figure 3. Graph representing the variation of PV parameters with the thickness of the absorber layer.

donor concentration (N;) increases from 10' to 10*' em™3, it is
observed that FF and V. increase, while efliciency and J
decrease, particularly when the Ny of the perovskite layers
reaches around 10'® cm™. This behavior is attributed to the
increase in conductivity with a higher donor concentration. The
optimal results for all PV parameters are obtained when Ny, is set
at 10*' cm™. At this doping concentration 10'® cm™, the
maximum power conversion efficiency is 32.01% with FF =
83.85%, J,. = 34.65 mA/cm? and V,. = 1.18 V.

3.4. Optimization of Parameters of the p-Type CsPbl;
Layer. The second step involved studying the impact of the
acceptor concentration (N, ) in the perovskite absorbing layer on
the J—V characteristics of the solar cells, as shown in Figure 7a.
Following optimization, the J—V curve shifts toward higher
values of V. and J,.. Upon observing the graphs in Figure 7b,c, it
is evident that all photovoltaic parameters, including PCE, FF,
Jeo and V,, increase from 10" to 10" cm™. Specifically, the
optimized values for FF, J, V., and PCE are found to be
89.84%, 35.63 mA/cm?, 1.21 V, and 38.93%, respectively. These
values represent improvements over the initial parameters.

37015

3.5. Effect of Temperature. Temperature changes can have
a significant impact on the fill factor (FF) percentage, power
conversion efficiency (PCE), and overall performance of the
device.” The fill factor represents the efficiency of a solar cell by
considering the maximum power output it can deliver compared
to the product of the open-circuit voltage (V) and short-circuit
current (I.). As temperature increases, the FF percentage tends
to decrease due to the increase in defect density within the
layers.”” This increase in defect density leads to a decrease in
charge carrier mobility and recombination, ultimately reducing
the FF percentage.

Furthermore, the power conversion efficiency (PCE) of the
device is also affected by temperature variations. The PCE is a
measure of how effectively the solar cell converts incident light
into electrical energy. As the temperature increases, the increase
in defect density further hampers charge carrier transport,
leading to decreased PCE. The reduction in PCE can be
attributed to increased resistive losses and enhanced recombi-
nation processes within the device.

https://doi.org/10.1021/acsomega.3c03891
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Figure S. Quantum efficiency of the PSC.

From Figure 8, it can be observed that with increasing
temperature, the FF percentage decreases, and the device
efficiency diminishes. The maximum efficiency rate achieved is
35.40%. However, it is noteworthy that at lower temperatures
below 280 K, the performance of the solar cell improves
significantly, reaching a higher efliciency value of 35.58%. This
improvement can be attributed to the reduced defect density
and enhanced charge carrier mobility, resulting in lower
recombination rates and improved overall device performance.

3.6. Impact of Series and Shunt Resistances. Now, we
will investigate the effect of series and shunt resistance; the
chain’s resistance will be increased from 1 to 5 ©-cm?, while the
shunt resistance will change from 1 X 10" Q-cm® to 1 X 107 Q-
cm?. The results are shown in Tables 3 and 4.

Table 3, it has been observed that the increase in series
resistance adversely affects the fill factor, and once R; is
remarkably high, it slightly affects the J . These findings are
completely in agreement with those reported in the literature. It
has been observed that FF degrades almost 3.7% with each 1 Q-
cm? increase in R, which is a little higher than the conventional
Si solar cell.

However, while FF degrades at 3.6%, efficiency degrades at a
much lower rate; only at 1.6% with 1 Q-cm? we notice an
increase in R, while the rest of the parameters have not changed
(]SU VOC)'

The shunt resistance represents any parallel high conductivity
paths (shunts) across the solar cell p—n junction or on the cell
edges. These are due to the crystal scratches and impurities in

https://doi.org/10.1021/acsomega.3c03891
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and near the junction and rise of the shunt current. Shunt paths
lead the current away from the intentional load, and their effects
are detrimental to the module performance mainly at low
intensity levels.”’

Table 4 presents the outcome of the variation in shunt
resistance (Ry,) within the range of 1 X 10" Q-cm®to 1 X 107 Q-
cm? and its impact on several crucial parameters of the solar

cell's performance. The investigated parameters include the
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Table 3. Effect of Series Resistance Changes on
CH;NH,SnBr;/CsPbl,

resistance (Q-cm?) PCE (%) FF Joe V.
0 31.95 86.76 35.563395 1.0466
1 28.42 80.93 35.564105 0.9873
2 27.24 77.59 35.564100 0.9874
3 26.08 74.27 35.564096 0.9874
4 24.95 71.03 35.564092 0.9875
S 23.80 67.78 35.564087 0.9875

Table 4. Effect of Shunt Resistance Changes on
CH;NH,;SnBr;/CsPbl,

Ry, (Q-cm?) PCE FF T Ve
1x 10! 3.16 25.00 35.564109 0.3556
1x 10? 29.60 84.32 35.564109 0.9871
1x10° 29.60 84.32 35.564109 0.9871
1x 10* 29.60 84.32 35.564109 0.9871
1x10° 29.60 84.32 35.564109 0.9871
1x10° 29.60 84.32 35.564109 0.9871
1x 107 29.60 84.32 35.564109 0.9871

Table S. Optimized Parameters of Defect Density

parameters value
defect type neutral
capture cross section electrons (cm?) 1x 107"
capture cross section holes (cm?) 1x107%
energetic distribution single
reference for defect energy level Et above the highest EV
energy with respect to Reference (eV) 0.6

open-circuit voltage (V,.), short-circuit current density (J,.), fill
factor (FF), and power conversion efficiency (PCE) of each
solar cell device.

The influence of the shunt resistance (R,) was most
pronounced at a value of 10 Q-cm? At this specific resistance
value, the solar cell exhibited an efficiency of 3.16%,

37019

accompanied by a fill factor of 25%, the short-circuit current
density (J,.) was measured at 35.56 mA/cm? and the open-
circuit voltage (V,.) stood at 0.5 V.

Subsequent to this particular point and for shunt resistance
values ranging from 103 Q-cm” to 107 Q-cm?, the parameters of
efficiency, fill factor, J,, and V,_ remained constant. In other
words, altering the shunt resistance within this range did not
yield any appreciable changes in the performance characteristics.

3.7.Effect of the Interface Defect Density. The holes and

electron carriers generated by light must pass through the
interface to reach each electrode (it should be noted that the
Auger recombination coefficient for the electron and the holes
between the aluminum and CsPbl; are shown in Table 2). Also
the interface defect density is important for device performance
The effects of the CsPbl;/Al interface defect density were
investigated in the interface defect density range of 10° to 10"
cm™,
Figure 9a,b shows the PCE, FF, ], and V_ curves in terms of
total defect density, and (c) illustrates the current density—
voltage (J—V) curves for the CsPbl,/Al interfaces. Table S also
shows the main varjables used in the simulation: the perform-
ance of the device, in terms of PCE, FF, ], and V_, remains
stable despite changes in interface defect density within the
tested range. This stability could be attributed to the
compatibility between the CsPbl; and Al interface, indicating
that within the specified range of interface defect densities, the
device’s performance is robust and not heavily impacted by
changes in defect density and the materials can tolerate a certain
level of interface defects without significantly compromising
device performance.

3.8. Comparison of SCAPS-1D Results with Previous
Work. Table 6 provides a comparative analysis between our
results with the current theoretical and experimental research
with different configurations devices. In comparison with all of
the previous simulation results, all of the studied device
performances were significant, and we have revealed the
maximum PCE of 33.32—38.93%, which may help to identify
more effective configurations for the near future.
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Table 6. Comparison of PV Parameters of Different Compositions of Heterojunction Structure Solar Cells

optimized devices

Ti0,(100 nm)/i-CH;NH;SnBr;(15 um)/CsPbl; (1 um)/Al(BSF)(50 nm)
ITO (70 nm)/n+-c-Si (1 um)/p-c-Si (150 pm)/MoOx/Ag

ZnO(80 nm)/a-Si:H(5—10 nm)/n a-Si:H(3—S nm)/i-c-Si(300 ym)/Al (BSF)

ITO/TiO,/CH,NH,SnBr,/NiO

ITO(0.5 um)/Ti02(0.4 pm)/CsPbl;(1.05 ym)/CBTS(0.1 ym)/Au
ITO(0.5 m)/TiO,(0, gm)/CsPbl,(2.4 ym)/CBTS(0.5 yum)/Ni
ITO/n_TiO,(0.0 um)/Cs,Tils(4.33 um)/p-CdTe(2.75 pm)/Au
TiO,/DSSCs(12 um)

Glass/SnO,: F/Sn0O,/CdS/CdTe/ZnTe: Cu/Au
FTO/TiO,/CH;NH;Pbl;/carbon

Al/ITO/TiO,/MoS,/Ni

Al/ITO/TiO,/MoS,/In,Te,/Ni

ITO/PCBM/CsSnl;/Cul/Au

ITO/Spiro-OMeTAD/CsPbl;

Cu,0/i-CH,NH,SnBr 3/TiO,

V,. (mV) Jic (mA/cm?) FF (%) PCE (%) refs
121 35.63 89.84 38.93 this work
560.4 34.4 76.3 14.7 31
667.4 35.06 83.78 23.78 24
0.8 31.88 84.89 21.66 17
0.98 21.1 85.39 18.06 32
0.98 22 85.1 18 33
1.39 25.1 43.03 15.04 34
17.6 0.76 70 9.52 35
0.794 25.19 69.36 13.87 36
1.08 25.33 79.27 21.64 18
0.793 30.89 80.62 22.30 37
1.084 37.22 82.58 33.32 37
0.91 14.24 78.11 10.10 38
1.152 17.71 76.56 15.62 39
0.93 33.89 80.23 25.52 40

4. CONCLUSIONS

This paper presents an analysis of TiO,/i-CH;NH;SnBr;/
CsPbl;/Al(BSF) heterojunction solar cells, which were
optimized by using the SCAPS-1D software package. The
findings indicate that the performance of the solar cells improves
with an optimized absorber thickness of 1.0 m and a preamble
layer thickness of 15.0 pgm. Upon optimization of these

parameters, the resulting cell exhibited a power conversion
efficiency (PCE) of 38.93% and a fill factor (FF) of 89.84% with
an acceptor concentration (N,) at 10" c¢m™ and donor
concentration (Np) at 10'® cm™. The effects of the CsPbl,/Al
interface defect density were investigated in the interface defect

density range of 103—10" cm™3. These simulation results
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demonstrate the enhanced performance of i-CH;NH,;SnBr; as a
preamble layer in CsPbl;-based inorganic perovskite solar cells.
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