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ARTICLE INFO ABSTRACT

Keywords: In this paper, a new, highly efficient and eco-friendly solar cell device based on a modified perovskite material
CsMAFA from CsMAFA, with a polymer as an absorber layer, is modelled and simulated by utilizing the SCAPS-1D. An
Efficiency encouraging conversion power efficiency of 23.5% is achieved by optimizing several core parameters in the
;Silzsskll?e absorber layer and the device structure. The obtained results show remarkable progress in the solar cell per-

formance by increasing the absorber layer’s thickness. Indeed, increasing the thickness to 1000 nm is desirable to
promote the light absorption process and solar cell efficiency. High doping density in the absorber layer
adversely impacted solar cell performance. Additionally, increasing the defect density above 1 x 1016 cm™3
yielded a sharp degradation in device performance. This is ascribed to a reduction in the lifetime and the
diffusion length of the charge carriers and turned out toward the electron-hole recombination process. Adjusting
the electron affinity of the absorber layer at 4.49 eV presented a valued step toward optimizing the device
performance through having better band alignment between the layers. The simulations results demonstrated
that the device performance starts to be impeded if a metal with a work function less than 5 eV is used as a back
contact layer. Finally, the solar cell displayed a continuous degraded behavior with increasing the temperature.
The device operates optimally at 300 K. It is believed that this study represents an added value in the field of

simulation and fabrication high-efficiency perovskite solar cells and optoelectronic devices.

1. Introduction

Perovskites have been considered promising materials for photo-
voltaic devices and applications. They exhibit a broadband spectrum
absorption, high power conversion efficiency (PCE) in their manufac-
tured devices, along with low raw material and preparation costs [1,2].
Since their discovery, perovskite solar cells have attracted the attention
among several classes of photovoltaic devices due to the hasty progress
in their performance, with a currently certified PCE of 25.8% [3]. The
remarkable high performance in perovskite solar cells is mainly attrib-
uted to the perovskite absorber layer, which represents the core of the
solar cell and the harvesting layer for the light absorption process.
Several reports have shown that most of the perovskites absorber layer
are perfect absorbers for the light, and the absorption process leads to
generating charge carriers characterized by long diffusion lengths,
which effectively promotes solar cell performance [4,5]. Despite this
astonishing progress in the perovskite solar cells performance, many
perovskite materials tackle the challenge of expanding their usage in
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photovoltaic devices. This is due to their unlikely properties, such as
being environmentally toxic as in CH3NH3Pbl3 [6], being unstable in
structure as in CHsNH3Snl3 [7], and degradation with the environment
change as in CsPblg [8]. Therefore, searching for new perovskite mate-
rials with beloved properties for optoelectronic devices and commer-
cially attractive has expanded enormously through experimental and
theoretical research [9-11].

Among several attempts towards improving the physical and chem-
ical properties of perovskite materials toward achieving echo-friendly,
highly stable, and enhanced optoelectronic properties, the modified
CsMAFA (MA, methylamine cation CH3NHZ; FA, formamidinium cation
HC(NH3)3) with 3D star-shaped polyhedral oligomeric silsesquioxane-
poly (trifluoroethyl methacrylate)-b-poly (methyl methacrylate) (PPP)
polymer has appeared recently as a promising candidate for photovol-
taic devices [12]. The modified material is distinguished by high
structural stability with remarkable photovoltaic properties [12,13].
Experimental results on a solar cell based on this material as an absorber
layer reported an extraordinary fill factor of 0.862 with 22.1%
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efficiency.

In this study, we present for the first time, to the best of our
knowledge, numerical analysis on a new modelled solar cell device
based on a modified perovskite material from CsMAFA with a polymer
as an absorber layer using the one-dimensional solar cell simulation
software (SCAPS-1D) [14]. The implanted modified perovskite material
represents a promising candidate as a stable, eco-friendly and econom-
ical material for future optoelectronic devices. Thus, the impact of
several parameters of the absorber layer, such as the thickness, electron
affinity, doping, and defect densities on solar cell performance, is
investigated and discussed. To further improve toward achieving a
high-performance optoelectronic device, the impact of the back-contact
work function and the operating temperature on the efficiency is stud-
ied. We believe that this study might pave the way for fabricating
high-performance perovskite solar cells.

2. Research methodology

The solar cell modelling and simulation process is crucial before the
fabrication process. It represents the base in exploring and under-
standing the primary performance of the solar cell toward achieving
optimal performance. In this paper, we present optoelectronic simula-
tion results on a modelled PPP-modified perovskite (CsMAFA) solar cell
for the first time of its kind. The simulation is carried out using the one-
dimensional solar cell capacitance simulator (SCAPS-1D) [14]. Several
software for solar cell simulation are available such as AMPS-1D for 1D
analysis of microelectronic and photonic structures, SimWindows for
simulating 1D solar cells and SCAPS-1D. SCAPS-1D has been effectively
used in the simulation of several solar cells, e.g., Perovskite, CIGS, CdTe,
organic and polymeric-based solar cells. Several reports have shown that
SCAPS-1D simulation results have excellent agreement with the existing
experimental results. The software represents a professional simulation
tool in probing, investigating and giving realistic expectations about the
performance of several types of solar cells [15-18]. SCAPS works at
different operating conditions with several output parameters, which
reflect the device performance. Further details about the basic concepts
of SCAPS can be found in our previous publications [19,20].

The modelled perovskite solar cell device and the associated band
energy diagram are depicted in Fig. 1. The device is based on the PPP-
modified CsMAFA as an absorber layer. The absorber layer is sand-
wiched by TiO; as an electron transport material (ETM) and MASnBr3
(MA = Methyl ammonium) as a hole transport material (HTM) forming
the solar cell structure: ITO (window layer)/TiO, (ETM)/PPP-modified
CsMAFA (absorber layer)/MASnBrs (HTM)/metal back contact. The
modelled device was validated by implementing the preliminary input
parameters for all layers selected carefully from several previous studies,
as presented in Table 1 [12,21-26]. All simulations are carried out at
300 K and air mass of 1.5 global spectra with a light power of 1000

Light
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Table 1
Initial input SCAPS material parameters used for simulation.
Parameters ITO TiOy modified MASnBr3
Perovskite

Thickness (nm) 300 10 500 10

Band gap (eV) 3.72 3.2 1.59 2.15

Electron affinity (eV) 4.49 4 4.49 3.39

Dielectric Permittivity 9.4 9 6.6 8.2

CB effective density of states 4 x 2 x 1 x 10%° 1x 10
(em™3) 10" 10'®

VB effective density of states 1 x 1.8 x 1 x 10'® 1x10'®
(em™) 10'® 10"

Electron thermal velocity 1x 1 x 107 1 x 107 1 x 107
(cm/s) 107

Hole thermal velocity (cm/ 1 x 1 x 107 1x 107 1 x 107
s) 107

Electron mobility (ecm?/V.s) 100 20 14.76 1.6

Hole mobility (em?/V.s) 25 10 15.94 1.6

Donor doping concentration 1x 2 x 0 0
(em™3) 10% 10"°

Acceptor doping 0 0 1 x 10'° 1x10'®
concentration (cm’S)

Defect density N, (cm %) 1x 1x 1 x 10 1x 108

101 10

W/m?2. Besides the parameters listed in Table 1, the interfaces between
the layers are also considered in the proposed device with the following
parameters for the interfaces TiOo/PPP-modified CsMAFA and
PPP-modified CSMAFA/MASnBr3: neutral defect type, single energetic
distribution, the energy level of 0.6 eV with respect to the valence band
(E,), and capture cross-section of 1 x 105 cm? for the electron and hole.
A back contact work function of 5.5 eV is adopted in the simulations.

The modelled solar cell and its initial performance are validated,
analyzed, and compared with previous experimental and theoretical
studies. As shown in Fig. 2, the short-current density (Jsc) hits a value of
22.48 mA/cm?, while the quantum efficiency (QE) touch the 100% level,
indicating high absorption and generation processes in the solar cell
device. The initial performance parameters yielded a PCE of 18.38%,
open-circuit voltage (Voc) of 0.95 V, and fill factor (FF) of 86.11%. The
obtained results are consistent with recent studies on perovskite solar
cells [12,27].

For high-performance solar cells, careful investigation for the
absorber layer parameters such as thickness, electron affinity, and defect
density is performed. In addition, the back-contact work function and
the operating temperature are considered for further solar cell optimi-
zation. The impact of each parameter on the solar cell performance is
analyzed and discussed.

Vacuum Level

Energy

-4 eV

Back Contact

Layer Thickness

Fig. 1. Schematic diagram of the modelled solar cell and the corresponding energy band diagram.
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Fig. 2. (Colour online) The obtained Quantum efficiency QE (red line) and J-V
(black line) characteristics at the initial solar cell parameters input.

3. Results and discussion
3.1. Effect of the absorber layer thickness

The absorber layer is the central layer in the structure of solar cells.
Its role is essential in figuring out the performance of the solar cell. In

this layer, most optical processes, including absorption of the spectrum
and generation of the charge carriers, occur. These processes are
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strongly affected by the physical properties of the absorber layer, such as
the energy bandgap, electron affinity and defect density. Noticeably, the
efficiency of photons absorption and exciting electron-hole pairs are
strongly associated with the thickness of the absorber layer [19,28,29].
The thickness of the absorber layer directly impacts the diffusion length
of the photogenerated charge carriers. It promotes the diffusion lengths
to higher values due to absorbing a large number of photons. However,
increasing the thickness excessively could reverse the solar cell perfor-
mance due to the adverse saturation current. To explore the optimum
performance for the solar cell, the thickness of the modified perovskite
layer was studied. Fig. 3(a-d) shows the simulated results of the per-
formance parameters for varying the absorber layer thickness from 100
nm to 1000 nm. All parameters except the FF continuously increase with
a saturation feature above 800 nm as the thickness increases. An optimal
PCE of 19.98% is found at 1000 nm.

Increasing Js¢ with increasing the thickness can be discussed as
follow. As the thickness of the perovskite absorber layer increases, more
light will be absorbed by the layer, leading to more of the generated
electron-hole pairs, causing the Jsc to increase. Increasing the Voc with
increasing the thickness can be understood by recalling the equation
below [30]:

VOC: Vo 1[1(17L+1> (1)
Iy

where V) is the thermal voltage, I, is the photogenerated current and I,
is the dark saturation current. The dark saturation current is a measure
of the electron-hole recombination in the solar cell. Increasing the
thickness leads to having more charge carriers with longer diffusion
lengths that can reach the back contact, thus higher I;, and simulta-
neously less electron-hole recombination, which keeps I depressed to a
low level, and enhances the V¢. The continuous drop in the FF could be
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Fig. 3. (a-d) Effect of the modified perovskite absorber layer thickness on the solar cell simulated parameters. (e—f) J-V and Quantum efficiency (QE) characteristics

with various absorber layer thicknesses.
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argued to increase the series resistance and internal power depletion
that elevate by the thickness increase. The positive impact of increasing
the absorber layer thickness on the solar cell performance can also be
observed in the short-current density (Js¢) and quantum efficiency (QE)
behaviours (Fig. 2(e—f)). The Js¢ increases from 10.7 mA/cm? at 100 nm
to 24.6 at 1000 nm. The QE jumps from 65% at 10 nm to hit the 100%
level at 1000 nm. This drastic increase in the Jsc and QE with increasing
the thickness is an explicit indication for the positive contribution for the
absorber layer thickness in promoting the light absorption process,
hence enhancing the device performance.

3.2. Effect of the absorber layer doping density

The doping level of the absorber layer is one of the key parameters
for promoting the performance of the solar cell. Indeed, it has a direct
impact on the mobility of the charge carriers. In general, increasing the
doping density creates a depletion region in the structure, forming a
built-in voltage area [31,32]. This built-in voltage works as a trapping
centre for the charge carriers and obstructs them from reaching the back
contact. For low doping levels, the built-in voltage has a weak effect on
the mobility of the charge carriers. On the other hand, its effect becomes
significant and more pronounced on mobility and at high levels. Several
studies have reported that increasing the doping density to high levels
cause a deficiency in solar cell performance [20,25,33,34]. To explore
this effect on our modelled device, the doping density of the absorber
layer was varied from 1 x 10'* cm ™ to 6 x 10 cm™3. As shown in
Fig. 4, the efficiency of the solar cell increases smoothly with increasing
the doping density up to 3 x 10! cm™> reaching the highest PCE of
23.92%. Further increase in the doping density beyond 3x 10'° cm™>
led to a considerable degradation in the device performance. A sharp
drop in the efficiency is observed, which can be attributed directly to the
trapping electric field induced by the built-in voltage in the depletion
region.

3.3. Effect of the absorber layer defect density

Defects are inevitable in perovskites. They can be found in the form
of point and Frenkel defects [26]. Y. M. Lee et al. reported that advanced
defects like dislocations and grain boundaries might also exist in pe-
rovskites [35]. Recent studies have shown that the quality of the
perovskite absorber layer is crucial for solar cell performance through its
impact on the charge carriers’ lifetime and the diffusion length [15,31,
36,37]. A high defect density level in the absorber layer accelerates the
recombination process in the absorber layer and prevents the
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Fig. 4. Effect of the doping density of the modified perovskite absorber layer on
the power conversion efficiency (PCE) of the solar cell.
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photogenerated carriers from reaching the metal back contact. There-
fore, having a high-quality perovskite absorber layer through adjusting
the defect density to a favorable level is indispensable for achieving
high-performance solar cells. In this study, for having a realistic solar
cell device, the impact of the defect density of the absorber layer on the
device performance via simulation is investigated by varying the defect
density from 1 x 10 em ™3 to 1 x 10'8 cm 3. As depicted in Fig. 5, the
defect density affects all the photovoltaic parameters. The device dis-
plays a stable performance of up to 1 x 106 cm ™3, which is a desirable
property for the experimental preparation. The device shows the highest
performance at a defect density of 1 x 104 cm™ with PCE of 23.92%,
Jsc of 19.98 mA/cmz, Voc of 1.35 V, and FF of 88.9%. Deeping the
defect density in the absorber layer to be larger than 1 x 106 cm > leads
to a breakdown in the performance of the solar cell, where all parame-
ters decrease sharply with the increase of the defect density, and the PCE
drops to a value of 4.51% at a defect density of 1 x 10'® cm™>. This
drastic decrease in the solar cell performance at high doping level
(above 1 x 10 c¢m™2) indicates that the recombination rate of the
charge carriers is dominant at this stage, and less number from the
photogenerated charge carriers are able to reach the back contact due to
the reduction in their lifetime and diffusion length.

For further investigation of the impact of the defect density of the
absorber layer on the photogenerated charge carriers’ lifetime and
diffusion length, and consequently, the solar cell performance,
Shockley-Read-Hall recombination model (SRH) is recalled [39,40].
According to this model, the lifetime 7, and the diffusion length L, for
the photogenerated charge carriers (electrons and holes) are expressed
by [25,38].

1

Tap =" 2
CpnpVinN;

kgT
Lup=| /”Tr 3)

where o, is the capture cross-section area for the electrons and holes.
Vi is the thermal velocity N, is the density of trap defect, y,, is the
electron and hole mobility, and q is the carrier charge. Table 2 lists the
calculated values for the lifetime and diffusion lengths of the electrons
and holes using equations (2) and (3) for different defect densities. It can
be concluded directly from the calculated values that the lifetime be-
comes smaller with increasing the defect density due to increased
recombination rate, which implies a reduction in the diffusion length.
Hence, a deterioration in the solar cell performance.

3.4. Influence of the electron affinity

Band alignment between ETM/Absorber and Absorber/HTM layers
is an essential factor in enhancing the performance of the solar cell. It
has a significant impact in smoothing charge carriers’ movement
through the layers toward the metal back contact [36,37]. In addition, it
helps in reducing the recombination rate at the interfaces and promotes
the photogenerated charge carriers’ extraction process. Band alignment
optimization in the solar cell can be done by selecting appropriate ETM,
and HTM layers or optimizing the valence band offset (VBO) and con-
duction band offset (CBO) of the absorber layer. The last one can be
investigated by tuning the electron affinity of the absorber layer. In this
study, we studied the effect of the electron affinity of the absorber layer
on the PCE. The electron affinity was varied from 3.7 eV to 4.6 eV. As
shown in Fig. 6, the PCE increases noticeably with increasing the elec-
tron affinity. At an electron affinity of 4.49 eV, the solar cell displays the
best performance with PCE of 23.5%. Increasing the electron affinity
beyond 4.49 eV implied a drastic change in the PCE. It drops sharply
with a further increase in the electron affinity. Increasing the solar cell
performance with increasing the electron affinity can be argued to
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Fig. 5. (a—d) Effect of the modified perovskite absorber layer defect density on the solar cell simulated parameters.

comparison.
Defect 1x 1x 1x 5 x 1x 1 x
density N; 104 10'® 10'° 10'¢ 10" 108
(em™3)
T, (S) 3.7 x 3.7 x 3.7 x 7.3 x 3.7 x 3.7 x
107° 107 1077 1078 1078 107°
7, (8) 3.5 x 3.5 x 3.5 x 7 X 3.5 x 3.5 x
10°° 10°° 1077 1078 1078 107°
L, (m) 3.76 x 1.19 x 3.76 x 1.67 x 1.19 x 3.76 x
10°° 107° 10°° 107° 10°° 1077
L, (m) 3.8 x 1.2 x 3.8 x 1.7 x 1.2 x 3.8 x
10°° 10°° 10°° 10°° 10°° 1077
PCE (%) 23.92 23.50 20.55 12.18 15.03 4.51
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Fig. 6. Effect of the electron affinity of the modified perovskite absorber layer
on the power conversion efficiency (PCE) of the solar cell.

inhabitation in the interface recombination induced by an unfavourable
mismatch between the energy bands of the layers. At high electron af-
finity, the interface becomes an obstacle for extracting the charge car-
riers from reaching the back contact layer leading to a degradation in the
solar cell performance.

It is interesting to mention that the TiO; layer (energy gap of 3.2 eV)
absorbs photons of nearly ultraviolet wavelengths to produce

electron-hole pairs, while PPP-modified CSMAFA is expected to absorb
photons of longer wavelengths due to the small energy bandgap. Our
simulation declared that removing the TiO; layer results in an open-
circuit solar cell behavior even though the matching level of the con-
duction band between ITO and perovskite. This could be inappropriate
misalignment between the energy band levels. Since the recombination
of the charge carriers is harmful to the solar cell performance, opti-
mizing the valence band offset (VBO) and conduction band offset (CBO)
helps reduce the recombination rate and enhance the charge carriers’
extraction. Optimizing the offsets can be done by varying the electron
affinity of the ITO or the perovskite. We found that reducing the electron
affinity of ITO to 4.2 eV results in efficiency of 18.41% with minor
overall effect on the solar cell performance in comparison with the
structure including the TiO5 layer. We believe that better optimization
of the valence band offset (VBO) and conduction band offset (CBO)
could result in higher solar cell performance.

3.5. Effect of different back contact work functions

The back contact work function &, is a crucial parameter in shaping
solar cell performance. In general, increasing the back contact work
function has positively impacted the photovoltaic properties [24,
40-42]. The @&, can be changed in the solar cell based on the selected
metal used as a back contact layer. Table 3 shows the list of metals and
the corresponding work functions used as a metal back contact in the
simulation. As illustrated in Fig. 7, the PCE is strongly influenced by
increasing the work function. The PCE increases from 14.2% for Ag (4.7
eV) to become saturated around 23.5% for Ni (5.5 eV) and Platinum
(5.7 eV). The effect of the work function on the solar cell performance is
associated with the adjacent layer to the back contact. For an adjacent
n-type layer, &y, is expressed as [41].

D, =y + kgT ln< @

_ e
Np + Ny
and if the adjacent layer is a p-type as in our modelled solar cell, &, is
expressed as

C

N
@, =y +E, —kgT ln(7>

5
Ny —Np 2

where y is the electron affinity, E, is the energy bandgap. N¢ is the

Table 3

Different metals and their work functions are used in simulations.
Metal Ag Nb Cu Au Ni Pt
Work function (eV) 4.7 4.87 5 5.1 5.5 5.7
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Fig. 7. Effect of the metal work function on the power conversion efficiency
(PCE) of the solar cell.

conduction band effective density of states. Ny and Np are the acceptors
and donors concentrations, respectively. Increasing the work function at
the junction between the adjacent layer and the metal back contact
forces the junction to be more ohmic rather than having Schottky
behaviour, implying an increase in the solar cell performance. In
MASnBrs, the work function is 4.3 eV [23]. As clear from Fig. 7, the
efficiency increases greatly as the metal work function gets far away
from the 4.3 eV. This is due to ohmic behavior domination at the
MASnBrs/back contact junction, decreasing the energy barrier height
for the charge carriers. The optimal performance is observed for the
nickel and Platinum (&, = 5.5eVand 5.7 eV, respectively) with PCE
of 23.5%. For economic considerations, nickel could be more attractive
than Platinum to be used in solar cells.

3.6. Effect of operating temperature

In general, increasing the operating temperature of the solar cell
leads to a negative impact on its performance. Several experimental and
theoretical studies have shown that increasing the temperature could
deteriorate the solar cell performance [43-45]. This deterioration is
argued mainly to the deformation between the solar cell layers, which
enhances the interfacial defects between the layers and reduces the
diffusion length of the charge carriers, preventing them from reaching
the back contact. As a result, a drop in efficiency would be observed. To
explore this effect on our modelled device, the temperature was varied
from 300 K to 500 K. As shown in Fig. 8, all simulated parameters except

1.4
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the Js¢ display a constant diminution with increasing the temperature.
The PCE decreased from 23.5% to 15.15%. This pronounced drop in
efficiency is due to a badly generated interconnectivity between the
layers caused by the temperature increase. Increasing the temperature
leads to increasing the recombination rate in the absorber layer and thus
increase the series resistance of the solar cell. As a consequence, a weak
performance in the solar cell. The slight increase of Js¢c with temperature
increase could be due to the weak thermal generation rate of the charge
carriers. Since the increasing rate in Jgc is much lower than the dimi-
nution rate in Voc, a decrease in efficiency is dominant.

4. Conclusions

A new model for a highly efficient solar cell device based on a
modified perovskite material from CsMAFA with a polymer as an
absorber layer in the structure was simulated by SCAPS-1D. A detailed
investigation and discussion on the effect of the absorber layer param-
eters on the solar cell performance were introduced. The results showed
that increasing the thickness of the absorber layer to 1000 nm is desir-
able to improve the efficiency of the solar cell. High doping in the
absorber layer was not beneficial for the device performance, and the
optimal performance for the solar cell is found at a doping density of 3 x
101 cm~3. In addition, the lifetime and the diffusion length of the
charge carriers were strongly affected by the defect density in the
absorber layer. Both quantities showed a sharp reduction with
increasing the defect density above 1 x 10'6 ¢cm™3, where the recom-
bination process for the charge carriers was dominant in this stage.
Furthermore, the optimal band alignment between the layers is found at
an electron affinity of 4.49 eV for the absorber layer. The back-contact
work function significantly influenced the solar cell performance, and
utilizing metals having high work function as a back contact layer is
essential to upgrade the solar cell performance. Finally, operating the
solar cell at 300 K is a crucial factor to grantee an optimum performance
for the solar cell with PCE of 23.5%, Voc of 1.34 V, Jsc of 19.8 mA/cm?
and FF of 88.38%.
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