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ABSTRACT: Perovskite solar cells (PSCs) have garnered ™ - ——
significant attention in the scientific community due to their " S

rapid increase in performance. Inorganic perovskite devices have _ *] ‘.‘

= S n ey 9
been noted for their high performance and long-term stability. This ‘;’ Py | oio 5%'5;9:.@
study introduces a device optimization process guided by modeling § * Q4 0 i O Nt
to produce high-efficiency PSCs using lead-free n—i—p methyl- & A il 4 %o & '/o;i\o 7
ammonium tin bromide (MASnBr;) materials. We have g Y el Y. . P R S
thoroughly examined the impact of both the absorber and interface 3 - Grahene

¥ Cul
layers on the optimized structure. Our approach utilized graphene 1 ~NC

as the interface layer between the hole transport and absorber Back Contact
layers. We employed zinc oxide (ZnO)/Al and 3C-SiC as e A" s e
interface layers between the absorber and electron transport layers. Wavelength (nm)

The optimization process involved adjusting the thicknesses of the

absorber layer and interface layers and minimizing defect densities. Our proposed optimized device structure, ZnO/3C—SiC/
MASnBr;/graphene/CuO/Au, demonstrates theoretical power conversion efficiencies of 31.97%, fill factors of 89.38%, a current
density of 32.54 mA/cm?, a voltage of 1.112 V, and a quantum efficiency of 94%. This research underscores the ability of MASnBr;

as a nontoxic perovskite material for sustainable energy from renewable sources’ applications.

1. INTRODUCTION during the processing phase.” The composition and properties
of these layers substantially impact the cell stability and
efficiency. The highest performance is achieved when zinc
oxide (ZnO) is employed as the ETL in PSCs.° The maximum
performance of the PSCs is achieved when CuO is used as the
HTM.” Numerical simulations showed efficiencies of 24.17,
25.36, and 24.50% when zinc oxide was employed as the ETM
layer with Spiro-MeOTAD, CuO,, and PEDOT:PSS, as the
HTM, respectively, with MASnI; absorber layer.® Graphene was
used as an interface layer due to its high electrical properties,
wide absorption spectrum, high charge carrier mobility, and
increased stability of the PSC structure.” The ZnO/Al material
was synthesized with the best optical properties, high charge
carrier concentration and mobility with a high absorption
model."” The 3C—SiC material was used as a buffer layer and
increased the recombination rate and stability of the structure."!
Simulations of a PSC-based MASnl; material layer, using

The growing drive toward a clean and renewable energy future
has sparked heightened enthusiasm for sustainable energy
sources with a particular focus on photovoltaic (PV)
technologies. Perovskite solar cells (PSCs) have emerged as a
promising substitute for conventional silicon (Si)-based devices,
primarily due to their exceptional performance, cost effective-
ness, and possible scalability.' PSCs’ remarkable PV capabilities
can be attributed to their outstanding optoelectronic character-
istics, fine-tuned alignment of a finely tuned energy band, and
refined interface characteristics.” Nonetheless, the enduring
durability of perovskite devices remains a point of contention as
they experience degradation faster than conventional cells,
necessitating more frequent replacement. The effectiveness of
PSCs is intricately tied to the stability and efficiency of the solar
cell's charge transportation and light absorption mechanisms.
Specifically, the interface between the absorber layer, the hole
transport layer (HTL), and the electron transport layer (ETL)
on the hole and electron selective side of PSCs play a pivotal Received: November 11, 2023
role.”* To function effectively as a hole transport material Revised:  January 12, 2024
(HTM), several criteria must be met: its valence band maximum Accepted:  January 22, 2024
should surpass that of the absorber layer, it must exhibit a high Published: January 31, 2024
hole movement to extract hole charge from the absorber layer

efficiently, and it should yield an unchanging and dense film
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Figure 1. Schematic diagram of the initial cell structure with the absorber layer structure.

titanium dioxide as the ETL layer and CuSCN as the HTL layer,
resulted in a peak PCE of 28.32%.'” Mushtaq et al. reported the
highest performance of MASnBr;-based PSCs with optimization
of different ETL, HTL, and defect densities.'> The interface
layers between the different layers play a vital role in the
performance.

In this work, we have numerically simulated a MASnBr;-based
device with CuO as the HTM and ZnO as the ETM in the
structure. We have optimized the device’s efficiency by adding
the graphene interface layers between the HTL and absorber
layer and ZnO/Al and 3C—SiC interface layers between the
perovskite layer and ETL and changing their densities and
thicknesses. We have investigated the maximum performance
with a suitable interface layer with appropriate thickness and
defect density.

2. DEVICE STRUCTURE

Theoretical investigations hold valuable insights for exper-
imental work, as simulations provide a more in-depth
exploration of intrinsic factors and underlying physical
principles in real-world applications, thus conserving both
time and resources for the scientific community."* In this
research, we have conducted numerical simulations of perov-
skite cells using the SCAPS-1D software."> The performance of
solar cells is achieved by solving the three equations, including
the Poisson equation, the continuity equation for electrons, and
the continuity equation for the hole."’

Poisson equation: — i( - e(x)a—V)
Ox Ox

= qlp(x) — n(x) + Np(x) = Ny(2) + p(x) — n(x)]

()
o 19,

Continuity equation for the hole: F__ + G, - R,
q Ox

(i)
on 10

Continuity equation for electron: = —i + G, — R,
d q ox

(iii)

where q is the charge, € is the dielectric permittivity, V is the
potential, p(x) is the free-hole concentration, n(x) is the free-
electron concentration, Njy(x) is the ionized donor concen-
tration, N (x) is the ionized acceptor concentration, p,(x) is the
hole trap density, ], is the current density of the electron, J, is the

current density of the hole, G, is the electron-generation rate, G,
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is the hole-generation rate, R, is the recombination rate of an
electron, and R, is the recombination rate of the hole.

This approach allows us to derive the PSCs’ spectral response
and current—voltage (I—V) properties. The configuration of the
MASnBr;-based devices used in our study is depicted in Figure
1.

The MASnBr; material is the perovskite layer packed between
the ETM (ZnO) and HTM (CuO). The input device
parameters were taken from published work, as depicted in
Table 1. The device operates at a fixed temperature of 300 K. All

Table 1. Initial Input Parameters of the Cell Structure

properties CuO MASnBr; ZnO

thickness (nm) 100 500 50

band gap (eV) 2.170 1.300 3.300

electron affinity (eV) 3.200 4.170 4.1

valence band density of 2.500 X 10*  2.200 x 10" 1.000 x 10"
state (1/cm®)

conduction band density ~ 2.50 X 10*° 1.80 x 10" 1.00 x 10'®
of state (1/cm?)

mobility of electron 8.00 X 10 1.60 X 10° 9.00 X 10°
pe [em®/(V s)]

mobility of hole 8.00 x 10" 1.60 x 10° 1.00 x 10*
Hp [em?/(V s)]

donor charge density Ny, 0 1.00 x 10'3 1.00 x 10'®
(1/em®)

acceptor charge density 1.00 X 10'® 1.00 x 10" 1.00 x 10°
N, (1/cm?®)

defect density Ny (1/cm®)  1.00 X 10' 1.00 x 10" 2.00 x 10"

references 13 13 13

numerical calculations are conducted under an incident light
intensity of 1000 W/m?, corresponding to the air mass of 1.5 G
solar band. In practical PSCs, the interface often exhibits a range
of intricate defects, including lattice mismatches and interfacial
dislocations.'” In real experiments, these defects could result in
the loss of charge transporters near the interface, lowering the
operational amount of charge in the device and the cell’s V..
The initial calculated parameters were PCE = 27.02%, FF =
81.19%, J,. = 32.59 mA/cm? and V,. = 1.02 V.

3. RESULTS AND DISCUSSION

3.1. Optimization of the Interface Layer. In PSCs,
interface layers are critical, because they greatly impact stability
and performance. In this study, we have used the different
interface layers, such as graphene is used in the HTL and
absorber layer and ZnO/Al and 3C—SiC are used in the ETM
and absorber layer. The input parameters of all interface layers

https://doi.org/10.1021/acsomega.3c08981
ACS Omega 2024, 9, 7053—-7060
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Table 2. Input Parameters of the Device with Different
Interface Layers

properties graphene ZnO/Al 3C-SiC
thickness (nm) S0 S0 20
band gap (eV) 1.800 3.250 2.420
electron affinity (eV) 3.92 4.000 3.830
valence band density of 1.000 X 10*'  2.000 x 10'®  1.553 x 10"
state (1/cm®)
conduction band density ~ 1.000 X 10! 1.800 X 10"  1.163 x 10"
of state (1/cm?®)
mobility of electron 1.000 x 10* 3.000 X 10> 6.500 X 10*
He [em?/(Vs)]
mobility of hole 1.000 X 10°  2.500 x 10" 4.000 X 10*
y [em?/(V 5)]
donor charge density N, 0 7.250 X 10" 1.00 X 10"
(1/em?®)
acceptor charge density 1.00 x 10 0 0
N, (1/em?®)
defect density Ny (1/cm®)  1.00 X 10" 1.00 x 10%° 1.00 x 10**
references 19 20 21

are shown in Table 2. Figure 2 shows the I-V and QE of the
PSCs. Figure 3 shows the PSC performance with and without
interface layers. Table 3 shows the comparative performance of
devices with and without interface layers. When electrons and
hole charge carriers are extracted and transported between the
perovskite layer and the appropriate electron and HTLs,
interface layers impact how well they do so. Recombination
losses can be decreased with properly constructed interface
layers, increasing the solar cell’s efficiency.'® Effective charge
carrier extraction also depends on the energy levels of the
interface layers with the absorber and charge transport layers. An
effective charge transfer has facilitated energy loss at these
interfaces, minimized by interface layers with the proper energy-
level alignment. The enhancement of electrical conductivity,
quick charge transfer, widespread solar absorption, better light
trapping, and other advantageous characteristics are all made
possible by includin% graphene in PV devices, improving their
overall performance.” Overall, we have obtained an increase in
the performance of PSCs with the addition of the graphene

interface at the HTL and perovskite layer and the 3C—SiC
interface layer at the ETL and perovskite layer. We have attained
PCE = 27.55%, FF = 82.53%, J,. = 32.63, and V,_ = 1.02 V.

3.2. Optimization of the Absorber Layer Thickness.
The perovskite layer thickness plays a crucial role in verifying the
performance of a cell. The perovskite layer thickness is a critical
factor that can significantly impact the cells” performance. In a
planar-type solar cell, the photon absorption efficiency is
inversely related to carrier collection efficiency within the cell.
The perovskite layer thickness was adjusted from 100 to 1500
nm in our structure, and the performance varied, as shown in
Figure 4. When the absorber material in the solar cell is thick, it
can absorb more })hotons due to increased interaction with
incoming sunlight.”” When the thickness of the perovskite layer
is greater than the carrier diffusion length, the charge carrier
formed around the middle of the layer tends to recombine
before reaching the electrodes. Numerical analysis allows for the
input of known material parameters and the study of the
behavior of charge carriers within the perovskite layer. The
diffusion length is a key metric that helps to determine how far
carriers can travel without recombining. However, the
contribution of photons that cross the perovskite materials’
energy band gap causes a steady and quick improvement in the
Jic value. The photocurrent was increased even in thicker
absorber devices by these higher-energy photons producing
more charge carriers.”” Conversely, when the absorber layer
thickness is insignificant, the absorption of long-wavelength
photons becomes limited. The thin absorber layer may not
effectively absorb these lower-energy photons, resulting in lower
photocurrent generation.18

Therefore, finding the right balance in the absorber thickness
is crucial for maximizing the efficiency of PSCs. An optimal
thickness ensures sufficient photon absorption across a wide
range of wavelengths while minimizing carrier recombination
within the absorber layer. This balance is essential to achieve
high-performance solar cells.

For a thickness of 100—700 nm, ], grows swiftly from 18.39 to
34.00 mA/cm? Beyond that, it steadily rises until all the light is
absorbed, which saturates at around 35 mA/cm? or 100—200
nm. J,. is extremely low due to decreased absorption and
utilizing thicker (>700 nm) sheets has little advantage.
Considering this, a 600—700 nm perovskite layer thickness is
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Figure 2. (a) JV and (b) QE of the PSC with and without an interface layer.
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Figure 3. Performance of the MASnBr;-based PSC with and without the interface layer.

Table 3. Device Performance with Different Interface Layers
in the Structures

interface layers Vo (V) J.(mA/cm®)  FF (%) PCE (%)
no interface 1.02 32.59 81.19 27.02
graphene 1.02 32.56 81.23 27.02
ZnO/Al 1.02 32.59 81.21 27.03
3C-SiC 1.02 32.63 82.52 27.54
graphene, ZnO/Al 1.02 32.60 82.54 27.53
graphene, 3C—SiC 1.02 32.63 82.53 27.85

appropriate. In our research, a 700 nm perovskite layer thickness
was shown to have an optimized J.

As the perovskite layer thickness increases in a device, it
generates more charge carriers due to improved photon
absorption. However, the collection efficiency of these carriers
tends to decrease in thicker cells, primarily due to the increased
likelihood of recombination. Carrier recombination occurs
when the charge carriers (electrons and holes) meet and
neutralize each other before they can be extracted as an electrical
current at the electrodes. This reduction in carrier collection
efficiency significantly impacts the V. of the device.”*

When the perovskite layer thickness goes above the carrier
diffusion length, as more carriers are generated toward the
center of the absorber, they have a higher chance of recombining
before reaching the electrodes. As a result, the V. of the solar
cell drops with rising absorber thickness.

As the absorber layer thickness in a device increases, the fill
factor tends to decrease due to rising series resistance across the
device. The enhancement in series resistance occurs because, in
thicker cells, the distance that charge carriers need to travel to
reach the electrodes becomes longer. This increases resistance
along the carrier pathways, impeding the current flow through
the cell. Consequently, the series resistance negatively impacts
the FF of the solar cell.

7056

The efficiency of the cell exhibits a steady increase up to an
absorber layer thickness of 700 nm, primarily driven by an
increase in the J .. The solar cell efliciency is maximum at 27.97%
for absorber thicknesses beyond 700 nm. This efficiency is
maximum due to the maximum light absorption at this
wavelength.

3.3. Optimization of Defect Density of the Perovskite
Layer. The efficiency of the cell was changed by changing the
defect concentration in the perovskite layer, as depicted in
Figure 5. The cell parameters for different doping densities
within the perovskite layer range from 10" to 10'® cm™. As the
doping level rises above 10" cm™, the devices built-in electric
field (V4;) also increases. This stronger V;; enhances the effective
separation of photogenerated carriers, leading to enhanced solar
cell efficiency. An excessively high p-type level in the perovskite
layer can hinder the movement of hole charge from the
perovskite material to the HTL. This limitation occurs because
of an elevated impurity scattering and recombination rate within
the absorber, which disrupts the efficient transportation of holes.

In our case, the device J. remains relatively constant at lower
doping densities. However, as the doping density increases, the
J starts to decrease gradually. This behavior was attached to
recombination rates and charge carrier mobility. On the other
hand, the solar cells’ open-circuit voltage (V) remains constant
at lower doping densities. As the doping density increases, V.
begins to increase gradually. This phenomenon is often a result
of reduced trap-assisted recombination and enhanced charge
carrier extraction with moderate doping levels, which enhance
the fill factor with increasing doping density. The increase in
doping density contributes to decreases in the sheet resistance of
the perovskite layer, which allows for better charge carrier
transport within the cell, leading to an improved collection
efficiency and fill factor. Our numerical results show the highest
efficiency of 31.94% for acceptor doping concentration at 10'®
cm™,

https://doi.org/10.1021/acsomega.3c08981
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Figure 4. (a—d) Influence of the cell parameters of the PSCs with varying absorber layer thickness.
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Figure 5. Perovskite layer defect concentration effect on the perovskite
device.

3.4. Optimization of Graphene Thickness and Accept-
or Density. The thickness of the graphene used as the interface
layer between the HTL and the perovskite layer in a solar cell
significantly influences its performance. In our study, we present
the cell parameters for different thicknesses of the HTL interface
layer within the absorber layer, varying from 0.01 to 0.3 ym, as
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shown in Figure 6. All the cell parameters show enhancement
with increasing thickness. The HTL plays a crucial role in
facilitating the transportation of positive charge carriers (holes)
from the active layer to the electrode. This process is vital for
optimizing the overall efficiency of the device. Our results
indicate that the highest ], V., FF, and overall efficiency values
are 32.54 mA/cm?, 1.1197 V, 88.39%, and 31.97%, respectively,
for an HTL interface layer thickness of 0.3 ym.

Figure 7 shows the impact on the PSCs’ performance by
changing the graphene interface’s defect concentration. The
efficiency of the cell can be significantly affected by the density of
the acceptor sites within the HTL interface. In our case, the
acceptor density of the HTL interface layer varies from 10" to
10*' cm™. All cell parameters are enhanced by increasing the
thickness. The acceptor density determines the availability of
sites for positive charge carriers (holes) to move through the
HTL, affecting charge transport and recombination dynamics.
Our results show optimized cell parameters at 10*! cm™,

3.5. Optimization of 3C—SiC Thickness and Donor
Density. The perovskite of the proposed cell was evaluated by
changing the thickness of the 3C—SiC interface layer between
the ETL and the absorber layer. Our study explored a range of
interface layer thicknesses from 0.005 to 0.1 ym, as shown in
Figure 8. The maximum performance, 31.97%, was achieved at a
thickness of 0.015 gm. The impact of these different thicknesses
on crucial performance metrics, such as V., J,, FF, and
conversion efficiency, is illustrated in the accompanying figure.

https://doi.org/10.1021/acsomega.3c08981
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O 31.9608] Figure 9. Influence of the 3C—SiC donor density on the performance of
319584k the MASnBr;-based PSC.
o 8s2080f
o ss20a2)
- ss.2805) Jo FE, and PCE, for the ETL interface layer donor density. The
< gg::i::: results indicate that both V_. and ] exhibit a relatively
2 32543 consistent trend as the donor density within the ETL interface
E sl layer increases. In contrast, conversion efficiency values remain
=¥ 325380 relatively constant beyond the threshold of 107 c¢m™.
e > S Furthermore, it is noteworthy that the conversion efficiency
2 1nersy o reaches its maximum when the donor densities exceed 10'® cm™
>° ::::Z:: and then gradually decrease.
: . , , . . 3.6. Optimized Performance. The optimized perovskite
0.00 0.02 0.04 0.06 0.08 0.10 device structure with an interface layer is illustrated in Figure 10.
Thickness of 3C-SiC interface layer (um) Figure 10 shows the QE wavelength and the I-V curve,
) ) ) demonstrating the enhanced performance of the PSC. The
Figurt? 8. Impact on t.he efficiency of PSCs by changing the thickness of optimal PSC efficiency metrics are as follows: PCE = 31.97%,
3C—SiC used as the interface layer. V.= L1112V, ], = 32.54 mA/cm?, and FF = 89.38%. The
optimized performance is much higher than the conventional
silicon solar cell and recent developments in PSCs.”>™**
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Figure 10. I-V and QE of the final structure of the optimized structure with different interface layers.

4. CONCLUSIONS

In summary, this research systematically improved the efficiency
of lead-free MASnBr; solar cells by implementing interface
layers in the structures using SCAPS-1D numerical software. We
used the interface layer of graphene between the HTL and the
absorber layer and ZnO/Al and 3C—SiC interface layers
between the ETL and the perovskite layer. The study
systematically examined variations in layer thickness of the
absorber layer, graphene layer, and 3C—SiC, doping density of
all layers, and interface density of active materials. Furthermore,
the recombination and generation rate, I-V, and QE were
determined to explore the solar cell properties and prospects.
We adjusted the thicknesses and defect densities of the absorber
layer and interface layers. The optimized structure ZnO/3C—
SiC/MASnBr;/graphene/CuO/Au obtained the maximum
performance with the best quantum efficiency of 94%. We
obtained the PCE = 31.97%, FF = 89.38%, . = 32.54 mA/cm?,
and V. = 1.112 V. These results enhance our comprehension of
lead-free PSCs and open the path for the development and
production of more environmentally friendly, high-efficiency
solar cells.
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