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ABSTRACT

Perovskite solar cell (PSC) is one of the third-generation type of solar cells that has high efficiency and can be
produced at a lower cost compared to silicon-based solar cells. However, one of its core problems is the uncertainty of its
short- and long-term stability. To minimise this risk, proper modelling is required to assess its potential performance before
fabrication. Modelling of PSC is also important to prevent wastage of time and optimise material use. This work provides a
comprehensive review of current PSC circuitry and the electrochemical modelling techniques available. Circuitry
modelling relates to the operation conditions where PSC is represented by an equivalent circuit model that contains a
resistor, diode, photo-generated current source, and others. Meanwhile, electrochemical modelling refers to the operation
mechanism of PSC and can be represented by mathematical equations that include parameters of charge density of the
layers, drift, diffusion, generation, and recombination process of charge carriers. This paper also summarizes the numerical
algorithms and modelling simulations used such as SCAPS, AFORS-HET, COMSOL Multiphysics, MATLAB to evaluate
PSC model performance. Through this paper, a summary of the modelling results has been compiled covering various
aspects of fabrication including the material’s layer thickness, doping concentration, electron affinities as well as
temperature distribution within the PSC during operation.
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INTRODUCTION

Solar is a form of sustainable energy that can
convert sunlight into electricity [1]. Table-1 depicts the
process of developing power conversion tech that
transforms solar power into electricity:

Table-1. The process of developing power conversion
tech that transforms solar power into electricity.

Year Process

Alexandre Edmond Becquerel, a French
physicist, discovered the photovoltaic effect by
1839 | immersing a cell composed of metal anode and
cathode in an electrolyte liquid and exposing it

to light [2].

William Grylls Adams and Richard Evans Day
applied the photovoltaic principle that was
discovered by Alexandre Edmond Becquerel in
selenium [2].

Charles Fritz invented the first selenium solar
cell [2].

Russell Shoemaker Ohl found that current
flowed through silicon samples which had
cracked in the middle when the sample was
exposed to light [3].

Russell Shoemaker Ohl patented the silicon
solar cell with around 1% efficiency [4].
Bell Labs scientists developed the very first
1954 practical solar cell using silicon with a 6%

effectiveness [2].

1877

1883

1940

1946

THE REVOLUTION OF SOLAR CELL

The solar cell underwent a few revolutions over
several decades from the first generation of silicon solar
cells developed in 1954 until now. Table-2 compares the
three generations of solar cells [S5]. Among the third-
generation solar cells, the efficiency of power conversion
for perovskite solar cells (PSC) has growth with swiftly
within a short time interval compared to other materials as
it has tremendous potential in the future to upgrade solar
cell performance to the next level in terms of increased
power conversion efficiency and stability but with lower
manufacturing costs. In this paper, the PSC will be
explained in terms of their materials, structure
architecture, and operation principles. The modelling of
PSC conducted by researchers with different approaches
will be reviewed in this paper to have a better
understanding of the process of converting solar energy to
electrical energy in PSC and extract the parameters that
are involved in the related processes.

PEROVSKITE CRYSTAL STRUCTURE,
MATERIALS, AND SOLAR CELL
ARCHITECTURE

Perovskite is a natural mineral material found in
the Ural Mountains in Russia. The founder of the
perovskite is a mineralogist named L. A. Perovski who
found the perovskite in 1839 composed of calcium,
titanium, and oxygen with the chemical formula CaTiO;
[6]. After that, an organic-inorganic lead or tin halide
compound that has a similar material with the formula
ABX; was considered a perovskite compound. In ABXj
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perovskite compound, A represents a large organic
monovalent cation (Ca®, CH;NH;*, C,HsNH;", C;N;H¢",
NH,CH=NH,", etc.) which constitutes the cuboctahedra
sites in a cubic space, B represents a small divalent metal

cation (Pb,*, Sn,", Bi,*, Ge,", etc) which constitute the
octahedral sites in a cubic space, and X represents a halide
anion (F, CI', Br’, I, etc). Figure-1 shows the compound
structure of perovskite [6].

Table-2. The three generations and types of solar cells [5].

First Generation: Wafer
Based

Second Generation: Thin Films
Based

Third Generation

1. Monocrystalline silicon
e made of single-crystal
silicon with perfect lattice
arrangement, higher
material purity, and weak
internal resistance [7].

o higher efficiency than
polycrystalline silicon
solar cells [8].

o higher cost than the
polycrystalline silicon
solar cell due to the costly

manufacturing process [9].

e 27.6% efficiency in

January 2022 [10].

2. Polycrystalline silicon
e made out of recrystallized
silicon with nonuniform

1. Cadmium Telluride (CdTe)
e developed by Bonnet and
Rabnehorst which reported 6%
efficiency in 1972.
e 22.1% efficiency in January 2022
[10].
2. Amorphous thin-film silicon (a-Si:
H)
o fabricated by Carlson and
Wronski at RCA Laboratory
which reported 2.4% efficiency in
1976 [11].
e 14.0% efficiency in January 2022
[10].
3. Copper Indium Gallium Selenide
(CIGS)
e created by Kazmerski which
reported 4.5% efficiency in 1976

1. Dye-sensitized solar cells (DSSC)
e consists of dye sensitizers as a light
absorber.
e invented by Brian O’Regan and
Michael Gritzel at UC Berkeley with
7% efficiency [12].
e 13.0% efficiency in January 2022 [10].
2. Quantum dots solar cells (QDSC)
¢ introduced by Burnham and Duggan in
1990 to replace dye.
e recorded 9% efficiency in 1990 [13].
o 18.1% efficiency in January 2022 [10].
3. Perovskite solar cells (PSC)
¢ invented by Tsutomu Miyasaka in
2009.
e using an organic-inorganic lead halide
perovskite compound as light
absorbers.

lattices [8]. [11]. ffici st 3.8% in 2000 [14
e 23.3% efficiency in o 23.49% efficiency in January 2022 ¢ clliciency was Just o7 [14].
January 2022 [10] [10] o 25.5% efficiency in January 2022 [10].
Advantage: lower manufacturing costs Advantage: easier fabrication, low cost of

[7]. manufacturing, high efficiency, and cost-

Advantage: stable and high
efficiency.
Drawback: high manufacturing
cost [7].

Drawback: lower efficiency, toxicity,
and the rarity of materials such as
cadmium will cause illness for humans
and animals as well as create a lot of
environmental issues [15].

effectiveness.

Drawback: fast degradation after
overexposure to heat, moisture, snow, etc,
presence of toxins such as lead in perovskite
layer.

Figure-1. The compound structure of perovskite showing
BX6 octahedral and larger A cation occupied in
cuboctahedra site [6].

Besides the materials and crystal structure of
perovskite, the normal and inverted structures of planar
and mesoscopic PSC are discussed in this part. The
structure layer of PSC can be categorized as normal

structure (n-i-p) and inverted structure (p-i-n), where n
refers to the negatively doped layer, i refers to the intrinsic
layer, and p refers to the positively doped layer [16]. In
PSC, the negatively doped layer and positively doped
layer are made up of electron transporting material (ETM)
and hole transporting material (HTM) respectively, while
the intrinsic layer is made up of perovskite material.
However, the materials of ETM and HTM are dependent
on the PSC manufactured in a normal structure or inverted
structure. This is due to the fact that the transport materials
placed on the outer boundary of the cell that is initially
received by the sun's radiation are different [6]. The
cathode and anode for both structures of PSC are different,
in which the electrodes for n-i-p structure use transparent
conductive oxide (TCO) and conductive metal
respectively, while for the p-i-n the structure is vice versa.
Besides this, both structures can be divided into
mesoscopic and planar structures. The mesoscopic
structure consists of a mesoporous layer, while all the
layers of planar structures are presented in planar [6].
Figure-2 shows the PSC in four different structures [17].

1591



VOL. 18, NO. 13, JULY 2023

ISSN 1819-6608

©2006-2023 Asian Research Publishing Network (ARPN). All rights reserved.

ARPN Journal of Engineering and Applied Sciences i «a

www.arpnjournals.com

(a) n-i-p mesoscopic (b) n-i-p planar (¢) p-i-n planar (d) p-i-n mesoscopic

Metal Cathode (A)
ETM (PCBM)

Metal Cathode (A1)

HTM (Spiro-MeOTAD) ETM (PCBM)

HTM (Spiro-MeOTAD)

o

pos
ETM (TiO;)

ETM (TIO,) HTM (PEDOT:PSS) HTM (NiO)
(1T0) (o)

Glass. Glass Glass. Glass

oot 000 000 000

unlig

Figure-2. The perovskite solar cell in four different
structures [17].

The architecture of perovskite solar cells (PSC) in
mesoscopic structure was developed by modifying the
solid-state dye-sensitized solar cells (DSSCs) architecture
by replacing the light-harvesting dye with lead halide
perovskite semiconductors [6] [17] [18]. Thus, the
operation of PSC is similar to that of DSSCs and organic
photovoltaic aid [6]. The first PSC in n-i-p mesoscopic
structure was fabricated by Kojima in 2009 by using
mesoporous TiO, film, iodide/triiodide redox couple liquid
electrolyte, and platinum counter electrode [13][16]. The
regarding PSC that uses perovskite materials
CH;NH;PbBr; and CH;NH;Pbl; as sensitizers recorded
efficiencies of 3.13% and 3.81% [13].

The mesoscopic metal oxide layer serves as a
scaffold for perovskite material to adsorb the perovskite
and allows the perovskite absorber to adhere to the
mesoscopic metal oxide framework [16][19]. Besides this,
the mesoscopic metal oxide layer can also increase the
light-receiving area of the photosensitive material and
improve the efficiency of PSC by promoting electron
transport between the perovskite absorber and the FTO
electrode [18][19]. Although completely filling the pores
of a mesoporous structure can increase the photon
absorption, enhance carriers’ collection, and prevent direct
current leakage between the two contacts, a thicker
mesoporous structure reduces PSC performance by
lowering its open circuit voltage and short circuit current
because there is not enough area for adequate grain growth
in the perovskite materials confined within the pores [18].
By carefully regulating the interfaces between the various
PSC layers, it is also possible to obtain high efficiency
without the mesoporous layer [6].

The planar structure of PSC is considered an
improvement from the mesoscopic structure because it can
achieve similar efficiency with a thinner, simplified
composition [17][18]. In addition, the planar structure of
PSC requires lower temperatures in the fabricating process
compared to the mesoscopic structure [6]. The n-i-p planar
structure of PSC which was fabricated by Zhou et al in
2014 was reported at 19.3% efficiency, while the p-i-n
(inverted) planar structure of PSC fabricated by Dong et al
in 2015 was reported at 18.9% efficiency [17]. However,
the efficiency for the mesoscopic structure of PSC was
still higher than the planar structure of PSC, as the
mesoscopic TiO,/FAPbI; perovskite solar cell reported by
Yang et al. at the end of 2014 had achieved an efficiency
greater than 20% [19]. Due to this, many high-efficiency

solar cells implement the mesoscopic structures with n-i-p
configuration [17].

PEROVSKITE SOLAR CELLS OPERATION
PRINCIPLE

In this part, the way perovskite solar cells (PSC)
convert solar energy to electrical energy is discussed. The
perovskite in the PSC functions as a light absorber. When
the incident light falls on PSC, the generation of electrons
and holes occurs. The perovskite absorbs the photon from
the light and the electrons in the perovskite will undergo
excitation after receiving enough photon energy and leave
the holes [6]. After the electrons excite to the conduction
bands or the lowest unoccupied molecular orbital (LUMO)
and leave the holes at the valence bands or the highest
occupied molecular orbital (HOMO), the electrons are
injected into the electron transporting layer (ETL) and
migrate to the cathode, while the holes are injected to the
hole transporting layer (HTL) and migrate to the anode
[20]. To ensure the electrons would not transfer to HTL
and the holes would not transfer to the ETL, the
conduction band of the HTL material that is selected must
be higher than the perovskite conduction band while the
valence band of the ETL material that is selected must be
lower than the perovskite valence band [21]. The electrons
at the cathode will flow to the anode via the external
circuit and mix with the holes to complete the
recombination process, the drift current is generated in the
circuit and flows in the opposite direction. When electrons
recombine with holes, they will cancel each other and
become neutral, which stops their involvement in the
electric current. Figure-3 shows the structure of the
HOMO/valence bands (dashed lines) and
LUMO/conduction bands (solid lines) of PSC and the flow
of electrons and holes [20].

Anode HTL Perovskite ETL Cathode

n
) -4.50eV

b ——

Drift current flow

Figure-3. The structure of the HOMO/valence bands
(dashed lines) and LUMO/conduction bands (solid lines)
of PSC and the flow of electrons and holes [20].

If compared with the schematic of a simple
silicon solar cell, the perovskite layer in PSC is similar to
the p-n junction in a simple silicon solar cell with the
function of absorbing photons from different wavelengths
to begin the generation process to generate electrons and
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holes and migrate to ETL and HTL respectively [20].
Besides that, the ETL and HTL in PSC are also similar to
the negatively doped and positively doped layers in simple
silicon solar cells. The perovskite material in PSC can
absorb more photons from a wide range of wavelengths
with a high light absorption coefficient, this advantage
enables perovskite to generate more electron-hole pairs
since with more electrons, it is easier to gain enough
photon energy and excite the conduction band and leave
the holes at the valence band.

According to Pratik Mandon and Eswara Prasad,
the value of the global PSC market size recorded in 2020
might be forecast to increase from 0.4 billion US dollars to
6.6 billion by 2030 [22]. The demand for PSC is
increasing all over the world due to its high power
conversion efficiency (PCE) due to the absorber material
used. Perovskite materials have excellent light absorption
that can react with various wavelengths of light to convert
more sunlight into electricity. The cheaper cost of PSC is
always a concern for manufacturers, investors, and
installers.  According to Nanyang Technological
University (NTU) scientists, the prices for the next
generation of solar cells made of organic-inorganic hybrid
perovskite materials are five times cheaper than previous
thin-film solar cells and can be manufactured by using a
simple solution-based manufacturing process [23]. Besides
that, the flexibility and lightweight features of PSC are
also attractive points for various end-users such as the
aerospace, industrial automation, electronics, and energy
consumer fields. However, there are some drawbacks or
disadvantages of PSC that still need to be studied to
enhance their quality and reduce the negative impact on
the environment. For example, PSC undergoes fast
degradation due to the perovskite breaking down quickly
after overexposure to heat, moisture, snow, etc. The
presence of toxins such as lead contained in
methylammonium lead halide perovskite (CH;NH;PbX3)
materials is harmful to the environment and a serious
health hazard. Apart from that, the thickness of the
perovskite layer is also a main issue that affects the PCE
of PSC [24]. Therefore, R&D efforts as well as technical
developments regarding PSC are continuously improved
to enhance the PSC in different aspects such as stability,
PCE, and replacing the toxic material with non-toxic
substitutes.

MODELLING OF PSC

In this paper, the circuitry and electrochemical
modelling of PSC will be reviewed. Circuitry modelling
can derive the expressions of bulk and surface
recombination currents analytically as well as describe the
current density-voltage characteristics of practical PSC
with an equivalent circuit model. Since the optical loss,
series, and shunt resistance losses, as well as bulk and
surface recombination losses, are taken into consideration
in the equivalent circuit model, the efficiency loss ratios
under the open-circuit voltage condition can be calculated
and the loss mechanisms can be more understood [25]. On
the other hand, electrochemical modelling can explain the
behaviour of PSC with the motion of ion vacancies and

electronic charge carriers. When free charges migrate
through the perovskite via thermally excited diffusion and
electrically induced drift, electrical properties for PSC
such as total current density and drift voltage of charge
carriers can be calculated. Apart from that, the Poisson
equation in electrochemical modelling that involves the
ionized doping concentration for the acceptor and donor is
used to calculate the electrostatic potential of PSC [20].

Circuitry Modelling

Circuitry modelling of PSC is representing its
structure into an equivalent circuit model (ECM) to
investigate the performance of PSC through simulation.
This model includes some electronic components that refer
to the related operation conditions of PSC. The level of
detail for the ECM model is dependent on the number of
parameters to be included. The more detailed the model,
the more parameters such as impedance, diode ideal
factors, and saturation currents are required for modelling.
The difficulty in obtaining these parameters also increases
depending on the complexity of the equivalent circuit
model. Single-diode, double-diode, and triple-diode
models are three common models that have been
developed to describe the solar cell. The accuracy of
modelling for triple-diode ECM is higher than for single-
diode and double-diode ECM.

The single-diode model that connects one diode
with series and parallel resistors is the basic model in
circuitry modelling of solar cell. For example, Figure-4
shows the single-diode models of PSC which considers the
practical aspects that arise due to fabrication conditions,
which is represented in terms of resistances and an ideality
factor [26]. The shunt resistance, R,, represents the
leakage current loss induced by the inevitable defects of
PSC such as traps and pinholes, while series resistance, R,
represents the net effect of the current loss at both
electrodes, HTL, ETL, and interfaces of perovskite layer
[25]. The constant current source produces the
photogenerated current, J;,. To measure the photo-
generated current, diode saturation current, ideality factor,
shunt, and series resistances, E. Velilla et al. simulated
single-diode models of p-i-n planar PSC [27]. On the basis
of the fewer errors discovered during the optimization
process and a lower ideality factor of 1.4, they claim that
the single-diode model is suitable for producing the I-V
curve of PSC. This is due to the fact that higher ideality
factors will result in lower fill factors, which will then
produce lower efficiencies and higher losses, as indicated
by lower shunt resistances. According to Gagandeep et al,
in practice, it is difficult to obtain a very high value of
shunt resistance for PSC [28].
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Figure-4. Single-diode equivalent circuit model of
PSC [26].

The optimum single heterojunction equivalent
circuit's diode ideal factor often falls between 1 and 2. The
p-n junction quality which affects recombination at the
ETL/perovskite and perovskite/HTL interface is reflected
in this diode ideal factor. In order to simulate the I-V
characteristic of p-i-n planar PSC and analyses SRH
recombination current, direct recombination current,
diffusion current, as well as carrier recombination and
transportation characteristics, P.Liao ef al. modified the
basic equivalent circuit by adding double heterojunctions
in series [26]. To resolve the problem of the diode ideal
factor being bigger than 2 from a single-diode model
equivalent circuit, the double PN junction model of PSC is
proposed and shown in Figure-5.

1

L7 R,
Vi

A b St 2 HRsh

®

N/ T Load
N
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Figure-5. Double p-n junction equivalent circuit model of
PSC [26].

By comparing the single-diode equivalent circuit
model with a double p-n junction equivalent circuit model,
there is very limited information that can be obtained by
fitting the dark current into the equation that is obtained
from a single-diode equivalent circuit model. The equation
that is obtained from the single-diode equivalent circuit
model also cannot embody the different physical processes
for the dark current curve slope exponentially increasing
varies with the voltage [26]. Dark current is the forward
bias current of the PN junction diode under the sunlight
due to the diffusion of minority carriers generated
thermally within a diffusion length of the depletion region.
Such charges are constantly generating and recombining
due to the thermal excitation of the material, the bulk

recombination current should be the dominant dark current
mechanism in PSC [26][29][30].

To increase the accuracy of the conventional
equivalent circuit model of PSC and provide a more
accurate approximation of the device parameters, a
parallel double diode equivalent circuit model is
developed as show in Figure-6 [31]. Besides modelling the
diffusion and recombination in the quasi-neutral regions
(QNRs) of the emitter and bulk regions of the p-n junction
of PSC with diode D, the charge carriers’ recombination
that takes place in the space charge region (SCR) is
modelled with diode D,. A.Barar et al. have compared the
maximum power point, fill factor, and PCE of a single-
diode and a parallel double-diode equivalent circuit model
that is yielded after fitted into the I-V curve with the
values of dark saturation current, series, and parallel
resistance that is extracted from both equivalent circuit
models by using the Lambert W function [31]. Results
show that the parameters used for the parallel double-
diode equivalent circuit model are much closer to the
values from the experimental data. This indicates that the
parallel double-diode equivalent circuit model has better
accuracy than the single-diode equivalent circuit model.

Rg
e z

Dj| D2| Rp

Y ¥ ]

b)
7

Figure-6. Parallel double diode equivalent circuit model
of PSC [31].

Next, a parallel triple diode equivalent circuit
model of PSC has been modelled as well, shown in
Figure-7 [32]. The third diode is added in parallel to the
existing parallel double-diode equivalent circuit model
which models the recombination in the defect regions,
grain sites, etc. D.S.Abdelminaam et.al. have conducted
parameters extraction for parallel double diode and
parallel triple diode equivalent circuit model by using
Turbulent Flow of Water-based Optimization (TFWO)
[33]. The results show that the maximum absolute error
for current and power that are extracted from the parallel
triple diode equivalent circuit model is lower than the
parallel double diode equivalent circuit model. This
indicates that the accuracy of parallel triple diode
equivalent circuit model is better than parallel double
diode equivalent circuit model.
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Figure-7. Parallel triple diode equivalent circuit model of
PSC [32].

The Equivalent Circuit Model of PSC and its
Analytical Solution

The analytical solution is well-defined in terms of
known functions or constants that frame the problem in a
well-understood form. The problem can be solved by
using the exact solution once it has been defined.

According to a generalised equivalent circuit of a
planar heterojunction perovskite solar cell (PSC), N.
Santakrus and colleagues have proposed an analytical
solution to the transcendental J-V equation [34]. It is able
to use the Lambert W-function through circuit
simplification to derive the transcendental J-V equation of
the equivalent circuit, which includes the explicit
analytical formulas for current and voltage. The equivalent
circuit is shown in Figure-8. Based on this figure, the
output current density, J can be presented by the equations
below:

J=Ton—Jsn—Ja (D
V+JRs —THRs
J = Jpn = Ty (eTmme -1 @

where J,n, Jsn, Ja» Rsn. and Ry are the photocurrent
densities produced in the cell when light strikes it, the
current flowing through the shunt resistor, the current
through the double diode, the shunt resistance caused by
the reverse saturation current of the active junction, and
the internal resistance induced by ETL, HTL, and metal
contacts. The ideality factors of diodes D; and D, are n,
and n, respectively, V is the sum of the voltages across the
two diodes connected in series, and J, is the reverse
saturation current.

Wt )\Q}\' T
!

;R;h R: v

> .
MO,
D

?
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[

Figure-8. Equivalent circuit of a planar-structured
perovskite solar cell as proposed by Liao
et al [26].

Eqgn. (2) can be solved by using the Lambert W-
function in the expression of J and V as shown below:

V= (]ph +Jo _])Rsh —JRs — (ny + np)VipLy 3)
Ren(J=Jpn-Jo)
(n1+n2)Vep
_ JoRsne
Ly = LambertW Ve @)
] - _:—/R RSf;(]ph+]0) _ (n1+n2)Vth L] (5)
stRsh stRsh Rs
Rsh(stph—R5]0+V)
(m1+n2)Vep(Rs+Rgp)
L; = LambertW RsJoRsne 71772 th 757 7oh 6)

(n1+n2)Vep(Rs+Rsp)

To obtain the open circuit voltage equation, the
value of J in eqn. (3) and eqn. (4) are set to zero. On the
other hand, the value of Vin eqn. (5) and eqn. (6) are set to
zero to obtain the short circuit current equation. At the
same time, the model parameters (Rgp, Rs, Jo, Jpn) based
on different planar PSC need to substitute into eqn. (3) to
eqn. (6) to obtain the values of open circuit voltage and
short circuit current respectively. The power delivered at
an external load is given by P = JV and can be expressed
in terms of J and V as shown in the eqn. (7) and eqn. (8).

P() = ]{(]ph +Jo _])Rsh —JRs—(ny + n )V Ly} (1)

_y v Rsh(]ph"‘]o)
P(V) - { Rs+Rsp Rs+Rsp (8)
n, +ny)V,
_ ( 1 2) th L]} V
Rs

To determine the current and voltage at the
maximum power delivered by the device, the model
parameters (Rgp, R, Jo, Jpr) based on different planar PSC
need to be substituted into eqn. (7) and eqn. (8). Next, the
derivatives of these equations need to be set to the
following conditions:
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(%%L%W=0 ©
@xﬁhmp=° (10)

At the end, after obtaining the open circuit
voltage, V,. short circuit current, J,, current at the
maximum power, J,,,, and voltage at the maximum power,
Voup» the fill factor, FF and efficiency, 5 of PSC can be
calculated by the equations below:

FF = lmolmp (1)
JscVoc
_ Pmax _ JmpVmp
7] N Pin - Pin (12)

where P, is the maximum output power and P;, is the
input power (100 mWcm™). The planar-structured PSC
performance characteristics, including short circuit
current, open circuit voltage, fill factor, and efficiency, are
estimated throughout these mathematical solutions and
contrasted with experimentally obtained values. Because
the method produces precise explicit expressions, N.
Santakrus et al. demonstrated that using the Lambert W-
function for the equivalent circuit is advantageous in the
inquiry and may be utilised to explore some PSC
properties in order to get closer to their ideal condition
[34].

In the paper of M.Rasheed et al [35], the
analytical equations of solar cell are obtained by
characterizing the solar cell into the analytical model of a
single-diode design. The analytical model is shown below:

\ A\t
| R ¥
é;byt e
XNV 4 ZRsH v

Figure-9. Single-diode electrical equivalent circuit model
of a solar cell [35].

The equation of this equivalent circuit that shown
in Figure-9 is given by:

I'=1,—Isy —1Ip (13)
Vb
Iy = I (e”"th - 1) (14)
V+IRg
I = (15)

where I;, Isy, Ip, I, and I are the photocurrent density
generated in the cell when light falls on it, the current flow

through the shunt resistor, the dark current that flows
through diode, the reverse saturation current, and the
output current of PSC in respectively. While Ry, Rsy, Vip,
Vp and V are the internal resistance, the shunt resistance
due to the reverse saturation current of the active junction,
the thermal voltage, the voltage of the diode and output

voltage. Hence, Vp = V in parallel and V), =

k,=138x10"23]/K , T = 29815 K, qg=1.6X
1071° C, therefore V, = 0.026 V. The recombination
factor closeness to an ideal diode, n is equal to 1.2 and the
reverse saturation current, I, is equal to 10" A. By
substitute eqn. (14) and eqn. (15) into eqn. (13) with the
known value of parameters, the equivalent circuit equation
is shown in below:

kpT
Zb_ where
q

V+IRg
RsH

v _v

Lo, — 10712 (el-zw-ozs) - 1) (16)
according to M.Rasheed et al [35], V can be calculated
numerically by the first derivative of eqn. (16).

Electrochemical Modelling

In electrochemical modelling, the physics of the
perovskite solar cells (PSC) are typically represented by a
series of partial differential equations (PDEs). It can be
utilised to comprehend the charge density at the PSC
layers as well as the generation, recombination, drift, and
diffusion processes of charge carriers. PDEs are solved
using spatial discretization techniques like finite element
and finite difference. These techniques require discretizing
the electrochemical model, which leads to a number of
equations [36].

Drift-Diffusion Model

The electrochemical modelling of PSC can be
represented by the drift-diffusion equation which describes
the transport process of the ion vacancies and electronic
charge carriers in PSC [21]. The drift-diffusion model is
an important tool to have a better understanding about the
mechanism and behavior of PSC through understanding
the carrier dynamics. The drift-diffusion model consists of
the Poisson, drift-diffusion and continuity equations [37].

Generally, the Poisson equation describes the
relation between electrostatic potential and charge density.
The electrostatic potential is related to the charge density
because of the electric field [38]. The divergence
relationship between the electric field and the charge
density is shown in equation below:

V.E = g 17)

where E is the electric field, g is the charge density, ¢ is
the dielectric permittivity and ¢ is the electrostatic
potential. The gradient relationship between the electric
field and the electric potential is shown below [39]:

E= -7 (18)
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by substituting eqn. (18) into eqn. (17), the Poisson
equation can be rewritten as:

V.(- Vo) = g (19)

q (20)
Vip = ——
¢ £
However, the Poisson equation that describes
perovskite solar cell (PSC) operation is affected by the
concentrations of electrons, holes, ionized donors, and
ionized acceptors which are shown below:

V20 = 62_(p_ _g(— (x) +n(x) — N3 (x)
Q= 9z & p D 21
+N; (%))

where p is the number of free holes, n is the number of
free electrons, N7 is the donor ionized doping
concentration, N, is the acceptor ionized doping
concentration, and x is the thickness of the solar cell [40].

Next, the drift-diffusion equations are utilized to
obtain the total current density for electrons and holes
which are similar with the drift-diffusion equation of Li*
in paper [41]. The total current density for electrons and
holes that consists of drift current density and diffusion
current density is as shown below:

Jn = Ju(drift) + Jo(dif fusion) (22)
Jp = Jp(@rift) + J,(dif fusion) (23)

where ], represents the current density for electrons, while
Jp represents the current density for holes [42]. The
meaning of drift in charge carriers has been described as
the movement of the ions caused by an electric field.
When an electric field is present in the semiconductor, the
electrons are accelerated in the opposite direction of the
electric field that is applied and the drift current is
generated in the same direction as the electric field.
Figure-10 shows the direction of the applied electric field,
the direction of drift current, and the direction of charge
carriers’ movement in semiconductors [43].

A A
’_’/\/ ’_’N
o— o— B o M—o
0~ —o
0—+/ 0— —9 —0
| Jo— E—>

Figure-10. The direction of the applied electric field, the
direction of drift current, and the direction of charge
carriers’ movement in semiconductors [43].

Hence, the electron drift current density can be
written as shown in eqn. (25) by using the electron
mobility formula as shown in eqn. (24):

=3 o (24)
Jn(drift) = nqunE (25)

where u, is electron mobility, ¢ is the time between
collisions, ¢ is the magnitude of the electric charge and m
is mass of the electron [42]. The hole drift current density
can also be derived using the same equations but replacing
n with p as shown in eqn. (26) and in eqn. (27):

o= 5 (26)
Je(drift) = pqupE 27)

where p is the hole charge density and u, is the hole
mobility. Diffusion of the charge carriers in
semiconductors is just like diffusion of air in a room.
When there is a concentration gradient of the charge
carriers, the charge carriers will flow from a high
concentration to low concentration until reach equilibrium
just like the molecules in the air [42]. In the charge
carriers’ diffuse process, the diffusion current is generated.
The electron diffusion current, J,(dif fusion) will move
in the opposite direction from the electron’s diffusion,
which means from the region with low concentration of
electrons to the high concentration. Meanwhile, the hole
diffusion current, J,(diffusion) moves in the same
direction of the hole’s diffusion, meaning from the high
concentration region to the low concentration. Figure-11
shows the concentration of charge carriers with the charge
carriers’ diffusion direction and the charge -carrier
diffusion currents directions [44].

-C—Jr’nm J
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®©@ ® ®
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© © 0O
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Figure-11. The direction of the applied electric field, the
direction of drift current, and the direction of charge
carriers’ movement in semiconductors [43].

The diffusion current equation for electrons and
holes is shown in eqn. (28) and eqn. (29) respectively:

on

Jn(dif fusion) = qDy, (28)
Jp(dif fusion) = —qD, z—z (29)
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where D, and D, are the electrons diffusion coefficient
and holes diffusion coefficient respectively [45]. The
carrier’s diffusion coefficient equations that satisfy the
Einstein relationship are shown eqn. (30) and eqn. (31)
[46]:

D, = HnkpT (30)
q
UpkpT
D, = ”T (€29)]

where kj; is the Boltzmann’s constant and 7 is the
temperature in Kelvin. By substituting eqn. (25) and eqn.
(28) into eqn. (22), and substituting eqn. (27) and eqn. (29)
into eqn. (23), the electron total current density and hole
total current density equations are shown in eqn. (32) and
in eqn. (33):

Jn = nquaE + anZ_z =qD, [5_71 - (Z_f)] (32)

dx kpT

Jp = pquyE — quZ—Z = —qD, [Z—i+ %(g_f)] (33)

on a .
where P and i are the electron and hole concentration

gradient, while Z—f is the electrostatic potential gradient
[47].

On the other hand, the continuity equations that
express the charge conservation needs to be maintained
[45] [48]. The continuity equations consist of current
density, generation rate, and recombination rate to
describe the variations of charge carriers [49]. The
continuity equations can be written below:

2() - 6.0 - 1) o
21 2(32) = 60— Re(®) (35)

where G,(x) and Gp(x) are the generation rates for
electrons and holes, while R,(x) and Rp(x) are the
recombination rates for electrons and holes respectively
[37] [45] [48]. By referring to Figure-3, eqn. (34) and eqn.
(35) expresses the charge conservation at the perovskite
layer. For the ETL and HTL layers shown in Figure-3, the
Gn(x), Gp(x), R,,(x) and Rp(x) in eqn. (34) and eqn. (35)
are equal to zero because there are no generation and
recombination of charge carriers occurring at the ETL and
HTL.

Generation and Recombination

The generation process of charge carriers in PSC
occurs when the photon energy is absorbed by the
perovskite material [S0]. When the photon energy is larger
or equal to the bandgap energy, the electron will gain
enough energy and jump from the valence band to the
conduction band, while the hole will be left at the valence
band after the excitation of the electron. Thus, the free

electron and hole pair is generated in the generation
process, the electron-hole pair will undergo a drift and
diffusion process to generate the current density to
conduct current through the external circuit connected
between the anode and cathode of PSC [51]. However, the
excited electron would not stay at the conduction band
forever and it will fall back to the lower energy state in the
valence band due to giving up energy to photons, other
electrons, or phonons. This reverse process is called
recombination [52].

Recombination can be classified as radiative and
non-radiative [53]. Radiative recombination occurs when
the energy is emitted in the form of photon during the
electron falls back from conduction band to the valence
band [54]. Meanwhile, non-radiative recombination is
defined as the energy that is passed to phonons or released
in the form of kinetic energy to another electron during the
recombination process [55]. Figure-12 shows the charge
carriers recombination mechanisms.

T
9 ) e o
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S

Photon

Ec Ec Ec ™
4

EV — EV m— EV e—

® ® ®
Radiative SRH Auger
Recombination  Recombination  Recombination

Figure-12. Charge carriers’ recombination mechanisms.

Normally, radiative recombination is also called
band-to-band recombination. Band-to-band recombination
occurs when the electron in the conduction band falls to
the valence band that is occupied with holes [55]. Both
charge carriers will be neutralized after the band-to-band
recombination process and the energy will be released in
photon form. The band-to-band recombination is
dependent on the density of available electrons and holes.
Both carriers must be available during the recombination
process [56]. The net recombination rate of band-to-band
recombination is proportional to the product of both
charge carriers’ density, the net recombination rate of
band-to-band recombination can be expressed in the
equation below:

Up_p = b(np —n;?) (36)
where Up_; is the net recombination rate of the band-to-
band recombination, where b is the bimolecular

recombination constant, and n;is the intrinsic carrier
density [46].
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However, when the electron falls from the
conduction band to the valence band, it might fall into a
‘trap’. The ‘trap’ refers to an energy level that occurs
within the conduction band and valence band which
caused by the presence of foreign atom or defect of
structure. When the electron falls into the ‘trap’, the hole
at valence band will meet the electron at the ‘trap’ energy
level or the electron that occupying in the trap will further
fall to the valance band to meet the hole to complete the
recombination process and release energy in the form of
photon or multiple phonons [46]. This trap-assist
recombination process is one of the non-radiative
recombination processes called the Shockley-Read-Hall
(SRH) recombination [57]. The SRH recombination
involves four steps, which are electron capture, electron
emission, hole capture, and hole emission. The eqn. (37) to
eqn. (39) shown the expression for SRH recombination:

_ np-n;?
Usri = Tn[p+ p1l+Tpln+ nq 37)
Et—E;
n, = niexp( :ch ) (38)
Ei—E
pr = mexp () (39)

where Usgpy 1s the net recombination rate of SRH
recombination, 7, and T, are the electron and hole
minority carrier lifetimes, while E; and E, are the intrinsic
level and trap state level respectively [48].

Another non-radiative recombination is called the
Auger recombination. Auger recombination is similar to
band-to-band recombination. The only difference is that
the energy released during the transition of electron is
transmitted to another electron or hole [58]. As a result,
the net recombination rate of Auger recombination is
comparable to band-to-band recombination, but the eqn.
(40) also considers the density of the electron or hole that
absorbs the energy.

UAuger = Vnn(np - niz) + ypp(np - niz) (40)

where Ugyger is the net recombination rate of Auger
recombination, while y, and 1y, are the Auger
recombination constant for the electron and hole. The two
terms in this equation correspond to the two possible
mechanisms [46].

However, because perovskite is a direct bandgap
material, the non-radiative recombination is primarily
attributed to defects and traps associated with SRH
recombination. Auger recombination is insignificant in
PSC because of its weaker effect among the non-radiative
recombination processes in PSC and because it is not the
dominant non-radiative recombination loss when
compared to SRH recombination. Therefore, the influence
of Auger recombination on PSC performance can be
neglected [37][59].

The Steady-State Solutions to the Drift-Diffusion
Model
on ap .

In steady-state, p and -, In eqn. (34) and eqn.
(35) are assumed to be equal to zero. Because the radiation
is removed after steady-state is reached at =0, the excess
carrier density returns to zero exponentially with time
[60]. According to J.M. Foster et al [20]., the current at
both contacts of perovskite solar cells (PSC) must be
identical and equal to the current flowing at the external
circuit during the steady-state condition. Only the steady-
state situation is considered and the overall current
through the entire device is constant in order to derive the
formula for the current-voltage relation of the cell. This
can be proved by integrating the hole and electron
conservation equations (eqn. (34) and eqn. (35)) in the
donor and acceptor that account for the bulk
recombination and thermal generation of electron-hole
pairs. Besides this, the constant total current throughout
the device can also be seen by imposing the continuity of
electric current across the interfaces and electron-hole
interface. J. M. Foster et al. obtained the dimensionless
steady-state problem by rescaling to the steady-state
version of the model. This process is similar with the
nondimensionalisation of the Doyle-Fuller-Newman
(DFN) model in paper [61]. Next, the steady-state problem
is solved by J. M. Foster et al. with using the software
Chebfun and compared the results to the asymptotic
solution via predicted current-voltage curves, as well as
the potential and charge carrier density profiles [20].

Furthermore, X.Sun et al. created a physics-based
analytical model to explain the functioning of various
perovskite solar cell designs while explicitly considering
no uniform generation, carrier selective transport layers,
and voltage-dependent carrier collecting [62]. The steady-
state electron and hole continuity equations inside the
absorber as shown below could be solved to create the
analytical model:

8%n(x) an(x)

Dy + nE() -+ Gu(x) =Ry () =0 (41)
3%p(x) ap(x)

D, a’;;‘ — 1pyE(x) ’;x" +G,(x) —R,(x) =0 (42)

where eqn. (41) and eqn. (42) can be solved analytically to
derive the complete current-voltage characteristics of PSC
as shown in the equations below:

av
Jaare = (a5 X Jpo X @ X Jpo) (e"T - 1) (43)
__to
]photo = qGmax (A — Be Aa”) 44)
Jiight = Jdark + Jphoto (45)

where ay, ap,A,B, and m are the model parameters, ]fo

and [, are the dark diode current recombining at the front
and back transport layer respectively, in the order of 10"
- 107 mA/em’. G,y is the maximum generation of PSC
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and can be obtained by integrating the position-dependent
photon absorption which is calculated by the transfer
matrix method (¢Gpge = 23 mA/cm®). The model
parameters can be expressed using the equations below:

Q(‘;-‘;bi)
1 e kT 1 D
ar  a0-Vp) +t0><sf (46)
kpT
q(";{_‘;bi)
1 e b -1 D
“_b_ a(V-Vpi) -|-l:,3><sl7 @7)
kpT
f< aV-Vp)_ to >
1—e FbT Tave
D
A=ar X aV-vp)__to toxsy (48)
kpT Aave

( a(v-Vpi), to
1-e FbT Zave
D

q(V—Vbi)+ to
kpT Aave

B = ab X -
toXSp

( (49)

where t, is the thickness of the absorber layer (around 300
- 500 nm), A,y is the average wavelength of the solar
spectrum (around 100nm) and D is the diffusion
coefficient, which is approximately 0.05 cm?s . Sf and s,
are the effective surface recombination velocity at the
front and back interface respectively, sy and s, could be
approximately 10° and 10 cm/s respectively. Vj; is the
built-in potential across the absorber layer and can be
estimated by using the capacitance-voltage characteristics.

In the end, the model parameters of PSC are
extracted by using a fitting algorithm which fits the
equations to experimental data. Experimentalists could use
this model to define important cell-specific characteristics,
identify performance bottlenecks, and forecast the
performance of perovskite-based solar panels. The
physics-based analytical model developed by X.Sun et al.
was adapted by P. P. Mondal et al. [63] to investigate the
performances of basic PSC structures (p-i-n and n-i-p).
These performances are the variation of dark current, [,
and photocurrent, J,,¢, density with voltage, the variation
of short circuit current density, open circuit voltage, and
efficiency with absorber thickness, built-in potential,
4G4, and recombination velocity at the backside. P. P.
Mondal et al. claim that the light current, Jj;g5; relies on
the intensity of the illumination to determine the whole
performance, whereas the dark current is illumination
independent. In addition, P.P.Mondal ef al. found that the
performance of PSC is significantly influenced by its
thickness. The optimal thickness for p-i-n and n-i-p PSC
was determined to be 450 nm and 310 nm respectively
when all the crucial factors were considered.

THE NUMERICAL SIMULATION OF PSC
ANALYTICAL AND DRIFT-DIFFUSION
MODEL

Numerical simulation is a form of calculation that
is done using the computer to obtain the numerical
solutions for the mathematical model of a physical system.
The numerical solutions are for the problems that do not
have exact solutions, so these solutions need to be guessed
and tested by using the method of trial and error until it
fulfils certain criteria for the calculation to stop. Normally,
these problems involve complex mathematical model for
the behaviour of nonlinear systems which need to be
solved using analytical solutions.

Numerical Algorithms

Although the analytical equations of solar cell are
obtained by characterising the solar cell into the analytical
model of a single-diode design, but these equations still
need to be solved using numerical methods to obtain the
voltage, current, and power of the solar cell because there
are still unsolvable parameters when analytical methods
are used. Implicit algorithm (IM) is a new method that can
determine the electrical parameters of solar cells with fast
convergence and is more capable of establishing the final
values [35].

Next, the compact model's parameters are then
extracted by X.Sun et al. [62] using the fitting algorithm to
fit equations to the experimental data. After identifying
whether or not the absorber is self-doped, the initial
assumptions are approximated, and the range of the
physical parameters is constrained. The physical
parameters are Gpayx, Aaves to, Ds Sf, Spy Viis Jro and Jpo.
Next, the fitting process then use MATLAB's iterative
fitting function "lsqcurvefit" to fit the photocurrent based
on the initial hypotheses with results that greatly depend
on the hypotheses at hand. Since the parameters extracted
from photocurrent are fixed, the dark current can be found
by using the iterative fitting procedure. The self-
consistency and convergence between light and dark
characteristics must be checked after obtaining the
parameters.

Numerical Simulation Software

Beside numerical algorithms, some advanced
numerical simulation computer software can be used to
simulate the structures of PSC for study, investigation, and
understanding the working mechanism to optimize its
performance after determining the parameters that are
affected. These numerical simulation computer software
are SCAPS, AFORS-HET, COMSOL Multiphysics,
MATLAB, etc.

SCAPS

SCAPS is software that can solve the three
fundamental equations of semiconductors which are
Poisson’s equation, continuity equations for holes, and
continuity equation for electrons by providing the solution
through simulation. The three fundamental equations for
semiconductors are in the form of coupled partial
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differential equations. The profiles of the specified PSC
structures including their energy and steady-state band
diagram, carrier transport, generation and recombination,
bulk defects, -electrostatic potential, electric field
distributions, and charge carrier concentration can be
determined by numerically solving those using SCAPS.
Researchers at Gent University in Belgium created
SCAPS, which can simulate up to seven levels. I. T. Bello
et al. used it to take advantage of the practical device
hybrid PSC with defined parameters [64]. Therefore,
SCAPS is suitable to simulate the structures of PSC [65].

S. S. Hussain et al. [40] simulated a lead-free
hybrid double PSC with the structure of Spiro-
MeOTAD/(FA)2BiCul6/TiO2 using SCAPS after solving
the continuity differential equations and Poisson
differential equations through numerical differentiation
and the Gummel type iteration method. The performance
of lead-free hybrid double PSC was compared with the
lead-based PSC with the structure layer of Spiro-
OMeOTAD/CH;NH;PbI5/TiO,. The performance
comparison results with 300nm of absorber thickness is
shown in Table-3. The results show that the lead-free
hybrid double PSC has the potential to replace the lead-
based PSC which has high toxicity and can cause harm to
the environment. However, when both devices were
simulated under conditions with 200nm absorber
thickness, the efficiency of the lead-free hybrid double
PSC and lead-based PSC was reduced to 22.40% and
24.98% respectively. These simulations result showed that
when the thickness of the absorber layer is increased, the
PCE is increased. However, according to the simulation
results, the absorber layer for lead-free hybrid double PSC
can only be increased up to 600 nm. The PCE of lead-free
hybrid double PSC dropped beyond 600nm due to the high
recombination rate. Besides this, the results regarding the
influence of interface defect density and the influence of
carrier mobility in lead-free hybrid double PSC also have
been discussed by S.S.Hussain et al. with the simulation
results from SCAPS [40].

Table-3. The performance of lead-free hybrid double PSC
and lead-based PSC [40].

Spiro-OMeOTAD | Spiro-OMeOTAD
J(FA),BiCuly/TiO, | /CH;NH;PbL/TiO,
Jsc (mA 32.95 34.96
cm’™®)
Voc (V) 0.94 0.94
N (%) 24.98 26.43
FF (%) 80.73 80.39

Besides optimising the thickness of absorber
layer, studying the donor density at the absorber layer and
the total defect density of PSC [66], SCAPS can also be
used to investigate the influence of the doping
concentration (NA) of the absorber layer as well as the
electron affinities of ETM and HTM on the performance
of the PSC. Table-4 is the SCAPS results for the influence
of the doping concentration (NA) of the absorber layer on

the performance of the PSC presented by Eli ef al. [67]
after simulating the PSC with structure layer of glass
substrate/TCO/TiO,/CH;NH;Pbl;/Cu,O/metal back
contact.

Table-4. The influence of the doping concentration (NA)
of absorber layer on the performance of the PSC [67].

NA of absorber layer PCE
10" cm? 12.99%
10 cm? 13.82%
10" cm? 13.21%
107 cm™ 8.40%

The PCE is maximum when NA is 10" cm”,
indicating that at this value, the charge carriers are
transported and collected most efficiently. When NA is
increased, the built-in electric field is increased in order to
increased and separates the charge carriers, enhancing the
performance of PSC. Increasing the NA beyond 10" c¢m™
will also increase the Auger Recombination rate, resulting
in a decrease of PCE. This is because, when the Auger
Recombination rate is increased up to a certain level, it
will suppress the charge carriers transportation and
degrade the performance of PSC. Table-5 is the SCAPS
results for the influence of the electron affinities of ETM
and HTM on the performance of the PSC presented by Eli
etal. [67].

Table-5. The influence of the electron affinities of ETM
and HTM on the performance of the PSC [67].

Electron affinity of Cu,O (HTM) PCE
3.1eVto3.3eV Increased
33eVto3.7eV Decreased

Electron affinity of TiO, (ETM) PCE
37eVtod3eV

Decreased

The SCAPS results showed that the optimum
electron affinity of TiO, and Cu,0 are 3.7eV and 3.3 eV
respectively. This is because the suitable electron affinity
can reduce the recombination of carriers and the
performance of PSC can be optimized. The performance
of PSC with varying thickness of TiO, (ETM), Cu,O
(HTM), and absorber layer (CH;NH;Pbl;) was also
investigated by Eli et al. using SCAPS [67]. Table-6 show
the SCAPS results on the influence of ETM, HTM, and
absorber layer thickness on the PSC performance. The
degradation of PSC performance when the thickness of
TiO, is increased comes from the fractional absorption of
light, the bulk recombination and the surface
recombination at the interface. On the other hand, when
the thickness of Cu,O increases, it suggests higher
conductivity of the Cu,O and partial absorption of the light
that increases the PCE. Therefore, the optimum thickness
of TiO, (ETM) and Cu,0O (HTM) is 0.001 pm and 0.160
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um in respectively. On the other hand, when the absorber
layer is too thin, the light absorption is poor, but when the
thickness of absorber layer is increased up to a certain
level, the collection of photogenerated carriers is
decreased due to the charge recombination. Therefore, the
optimized thickness of absorber layer is 0.4 pum with a
PCE of 12.83%. After optimising the thickness of
absorber, ETM, HTM, the electron affinity of ETM and
HTM, as well as the doping concentration of absorber, Eli
et al had simulated a CH3;NH;Pbl; based PSC by using
SCAPS with the performances of PCE = 20.42%, FF =
82.20, Jsc = 22.26 mA cm” and Voc = 1.12 V [67].

Table-6. The influence of the thickness of ETM, HTM,
and absorber layer on the performance of the PSC [67].

Thickness of Cu,O (HTM) PCE
0.0010 pm to 0.1600 pm Increased
Thickness of TiO, (ETM) PCE
0.0010 pm to 0.1600 pm Decreased
Thickness of CH;NH;PbI; (Absorber
layer) PCE
0.2 pm to 0.4 um Increased
0.4 umto 0.9 ym Decreased

AFORS-HET

Besides SCAPS, AFORS-HET is also one of the
numerical simulations for semiconductors which can
simulate one-dimensional semiconductor structures with
appropriate boundary conditions under steady-state
conditions and small sinusoidal perturbation [68]. The
finite difference methods are used to transform the
coupled partial differential equations set into the non-
linear algebraic equations set to simulate the one-
dimensional semiconductor by using AFORS-HET.
N.I.Sarkar and H.R.Ghosh have simulated a p-i-n structure
amorphous silicon (a-Si: H) thin-film solar cells by using
AFORS-HET under conditions T = 300K, AM 1.5
spectrum with 100 mW/cm? illumination source. The
purpose of this simulation is to study the influences of
donor and acceptor concentration, thickness, bandgap, etc.
on the electrical performance of a-Si: H thin-film solar
cells. Table-7 show the AFORS-HET simulation results
for the optimum thickness of a-Si: H solar cell layers with
best efficiency [68].

Table-7. The optimum thickness of a-Si: H solar cell
layers with best efficiency [68].

Layer of a-Si: H solar cell Optimum thickness

p-layer 0.5 nm to 2.0 nm

n-layer 0.5nmto 1.0 nm

According to the results of AFORS-HET
simulation, when the thickness of p-layer in a-Si: H solar
cell increases, the V,., J, n and FF decreases. The result
of i-layer thickness variation on the V,, J, FF, and n are

similar to the result of p-layer thickness variation, but
when the thickness of i-layer is increased up to 500 nm,
there were no significant changes for V,. J,, FF, and 7.
For n-layer thickness of a-Si: H solar cell, V,. J,, n and
FF also decreased beyond 1 nm. Besides that, the
optimum value for bandgap is shown in Table-8 and the
optimum value for donor concentration of n-layer and
acceptor concentration of p-layer is recorded in Table-9.

Table-8. The optimum bandgap of a-Si: H solar cell layers
with best efficiency [68].

Layer of a-Si: H solar cell Optimum bandgap
p-layer 1.9eVto22eV
i-layer 1.65eVto1.75eV
n-layer 1.95eV to2.05eV

Table-9. The optimum value for donor concentration of n-
layer and acceptor concentration of p-layer in a-Si: H solar
cell with best efficiency [68].

Optimum value
7% 10" cm”

8.1x 10" cm™

Donor concentration of n-layer

Acceptor concentration of p-layer

The basic parameter value ranges of AFORS-
HET are drawn from established references and all default
values have been adopted. The parameters are maintained
at their optimal values while a different parameter is
changed to determine the highest performing cell
structure. After determining the optimum the parameters,
the best performances of a-Si:H solar cell were recorded as
Joe = =19.87 mA/em’, V,. = —0.967 V, FF = 0.689, and
Efficiency = 13.26 % [68].

COMSOL Multiphysics

COMSOL  Multiphysics is an additional
simulation tool that has been extensively utilised in
numerical simulation to evaluate different semiconductor
devices such as perovskite solar cells. N.K.Elangovan and
A.Sivaprakasam [69] has simulated a methylammonium
lead iodide (MAPDI;) PSC with device structure of
TiO,/CH;NH;Pbl;/Spiro-OMeTAD by  using  one-
dimensional (1-D) COMSOL Multiphysics. The
optoelectronic modelling of MAPbI; PSC was performed
by linking both electrical and optical responses. Finite
element method was used and implemented in COMSOL
Multiphysics to optimize the performance of MAPbI; PSC
by varying the thickness of perovskite layer and ETL. The
influence of change in the hole blocking layer was
analysed using the frequency domain. In the frequency
domain, the exact electromagnetic characteristics were
calculated by employing 2-D Maxwell’s equation in
COMSOL Multiphysics. Also, the effect of perovskite
layer thickness on the performance of PSC was analysed
using stationary solver studies. In the simulation, different
thicknesses of perovskite layer in the range of 100-500nm
was simulated with a 70nm of ETL thickness, and then the
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Voer Jse» FF, and PCE were recorded. The same simulation
was repeated by replacing the ETL thickness with 80nm,
90nm, 100nm, and 110nm, with each of the simulation
results recorded and tabulated for further analysis. Table-
10 shows the simulation with the highest PCE.

Table-10. The optimum thickness of perovskite layer and
ETL of PSC with highest PCE [69].

Highest PCE 17.95%
Optimum thickness of perovskite layer 100nm
Optimum thickness of ETL 90nm

The simulation results also show that when the
thickness of ETL was increased beyond 90nm, the PCE
decreased. This is because the thicker the ETL, the weaker
the light absorption received by the absorber layer to
generate electron-hole pair. The simulation results also
show that when the thickness of perovskite increased, the
performance of the PSC decreased. This is because the
thicker the perovskite layer, the higher the series resistance
caused by the recombination effect, due to the trapped
density and ionic density being large at the interface of
ETL and perovskite layer. The recombination effect
reduces the generation of photocurrent and efficiency of
PSC.

COMSOL Multiphysics is not only outstanding
in 1-D simulation, but it is also convenient in two-
dimensional  (2-D)  simulation. = F.Jahantigh and
S.M.Bagher Ghorashi [70] have compared the
performances of well-known MAPbI; PSC (Cell 1) and
the nery developed CSO_1FA0_74MA0,13Pb12,48Br0.39 PSC
(Cell 2) with two HTM layers using a two-dimensional (2-
D) modular model that was developed in COMSOL
Multiphysics to study the influences of HTM, the optimum
thickness of each layer and the overall thickness of PSC.
Table-11 and Table-12 shows the optimum thickness of
layers for Cell 1 and Cell 2 obtained from the results of the
simulation respectively.

Table-11. The optimum thickness of layers for cell 1 [70].

Layer of PSC Optimum thickness
HTM (Spiro-OMeTAD) 110 nm
ETM (TiO,) 30 nm
Perovskite (MAPbI;) 390 nm
Total Thickness 530 nm

Table-12. The optimum thickness of layers for cell 2 [70].

Layer of PSC Optimum thickness
HTM (Spiro-OMeTAD) 130 nm
HTM (TTA3) 20 nm
ETM (TiO,) 35 nm
Perovskite (MAPbDI;) 410 nm
Total Thickness 595 nm

F. Jahantigh and S. M. Bagher Ghorashi found
that, when the thickness of Spiro-OMeTAD increases, so
does the PCE. However, the thickness of Spiro-OMeTAD
was not the only factor that will affect the PCE. Lower
optimum thickness of Spiro-OMeTAD might be obtained
by combining it with other layers contained in PSC.
According to the simulation results, when the total
thickness of HTM layer in Cell 2 was higher than in Cell
1, the PCE of Cell 2 was also higher than Cell 1 which
was recorded as 26.1% and 20.7% respectively [70].

Besides  two-dimensional  (2-D)  analysis,
COMSOL Multiphysics packages that include the wave
optics module, semiconductor module, and heat transfer in
solid module can also perform the simulation in three-
dimensional (3-D) configurations. P.Saxena and N.E.Gorji
[71] have investigated the temperature distribution in the
conventional perovskite solar cells via a numerically
solved couple optical-electrical-thermal (OET) modules
by using COMSOL platform in 3-D scheme. This is due to
the fact that the performance of solar cells is significantly
impacted by heat dissipation, but this phenomenon is not
fully investigated. Furthermore, COMSOL may be used to
do thermal analyses of various device topologies,
including perovskite solar cells and other thin-film
devices, in addition to calculating the charge carrier
production profile. The COMSOL heat transfer module
can simulate the thermal processes that occur in electrical
components and offers a great setting for looking at how
heat is distributed in PSCs that are really running in the
real world. The simulation results of COMSOL show the
electron and hole concentration profile, electric field
profile, heat distribution profile, temperature distribution
under operation profile, SRH recombination profile,
temperature gradient magnitude profile, and total heat flux
magnitude profile. Table-13 shows the simulation results
of electron and hole concentration profile [71].

Table-13. The simulation results of electron and hole
concentration profile [71].

HTM (Spiro- ETM

Layer of PSC OMeTAD) | (TiO»)
Concentration of Hole Lowest Highest
Concentration of Electron Highest Lowest

According to the electric field profile, the electric
field is intensive at the TiO,/perovskite and Spiro-
OMeTAD/Au. The SRH recombination shows the
maximum value within the perovskite layer as shown in
SRH recombination profile, while the higher the SRH
recombination, the higher the heat generated within the
perovskite layer. Another heat that is produced by current
conduction is called the Joule heat. The highest Joule heat
shown in the heat distribution profile was recorded within
the layer of TiO,/perovskite, because the electric field was
also intensive at this layer. Next, there is almost no
temperature difference across the cell when the cell has
just reached a stationary operation mode as shown in
temperature distribution under the operation profile. This
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is most probably due to the whole PSC is relatively thin.
We can see from the overall heat flux magnitude profile
that the performance and stability of PSC depend heavily
on the heat dissipation at the electrode. In order to promote
stability against the rising temperature under normal
operating conditions, the metallic contact of PSC must be
chosen as a highly heat conductive material to speed up
the heat dissipation on the bottom of PSC. A flaw in Pbl,
caused by the oxidation or disintegration of the perovskite
layer following exposure to moisture may weaken the
stability of PSC in addition to the temperature analysis.
COMSOL simulations can also be used to explore the
moisture effect and ion electro migration in the perovskite
layer, which may not be viable using the one-dimensional
(1-D) simulation platforms that are currently accessible.
TCAD simulation is another 3-D simulation platform in
addition to COMSOL that is frequently used for optical or
electrical simulations of semiconductor devices using the
finite element method or finite-difference time-domain
approaches.

MATLAB

Besides finite difference methods (FDMs) used in
AFORS-HET [68] and finite element methods (FEMs)
used in COMSOL Multiphysics [70], in order to solve the
models of charge carrier movement and ion vacancy
migration in perovskite solar cells, MATLAB's odel5s
may evolve ordinary differential-algebraic equations
(ODEs) using time as the independent variable that are
reduced from partial differential equations (PDEs) [21]. In
comparison to the finite difference scheme and certain
formerly  employed  alternative  approaches  in
MATLAB such as CHEBFUN and PDEPE, the finite
element scheme offers noticeably higher accuracy and
faster processing time, claim N. E. Courtier et al [21]. For
instance, the finite element approach can compute the
transient sweep of a current-voltage curve for realistic
parameter values in just a few seconds on a typical
desktop computer, using about 50 times as less
computational work as the other methods mentioned so far
[21]. Therefore, a realistic charge transport model for a
metal halide PSC may be numerically solved using the
finite difference scheme.

CONCLUSIONS

In a nutshell, third-generation solar cells have
reduced the drawback of previous-generation solar cells
which is the high manufacturing cost of first-generation
solar cells as well as the toxicity and material rarity of
second-generation solar cells. Many factors could affect
the performance of PSC. These factors include the
structure architectures, the materials, and thickness of each
layer, the generation, recombination, drift and diffusion of
charge carriers, defect density, and so on. Through the
modelling process, the factors that affect the performances
of PSC can be determined and can be further studied to
optimize the parameters to enhance the performances of
PSC. In this review paper, circuitry modelling and
electrochemical modelling are discussed with analytical
solutions and numerical simulation. In circuitry modelling,

the PSC structure is represented in the equivalent circuit
model while in electrochemical modelling, the drift-
diffusion model of the PSC is presented in mathematical
equations form. The equivalent circuit model can be
designed depending on the complexity of PSC structure
and the accuracy of simulation results that are wished to
be obtained. Electrical equations can be obtained from the
designed equivalent circuit model and solved using
mathematical functions such as Lambert W-function or
Implicit algorithm (IM) to determine the electrical
parameters of solar cells. Besides numerical algorithms,
some advanced numerical simulation software is used, for
example, SCAPS, AFORS-HET, COMSOL Multiphysics,
MATLAB, etc. This numerical simulation software is used
to simulate the PSC for different purposes, for example
comparing the performances of different types of PSC,
enhancing the PSC performance by optimising the layer
thickness of ETL, HTL, and absorber, studying the impact
of total defect density on the PSC efficiency, investigate
the influence of the doping concentration (NA) of the
absorber layer and the electron affinities of ETM and
HTM on the PSC performance, as well as investigated the
temperature distribution in the PSC.
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