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Abstract

Perovskite solar cells (PSCs) have demonstrated remarkable efficiency gains
over the past decade. However, their performance remains limited by instabil-
ity issues arising from environmental factors such as humidity, illumination,
and temperature, which affect the charge transport processes within the de-
vice. Modelling PSCs is particularly challenging due to the complex and dy-
namic nature of their physical behaviour, requiring detailed consideration of
multiple interdependent parameters. This study focuses on modelling the
blend-phase layer of an n-i-p structured perovskite solar cell using a one-di-
mensional drift-diffusion approach which provides a more physically accurate
representation of charge carrier dynamics. The coupled equations are solved
numerically using the Method of Lines (MOL) technique, which enables effi-
cient temporal integration of spatially discretized equations. Key parameters
such as active layer thickness and the bimolecular recombination coefficient
are varied to assess their influence on cell performance. Simulation results in-
dicate that the highest observed efficiency is achieved at a perovskite layer

thickness of 500 nm with a recombination coefficient of b, =1x107"m?*.s™.
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1. Introduction

Semiconductors have become essential in photovoltaic (PV) technologies due to
their ability to directly convert sunlight into electrical energy. Among various PV

technologies, perovskite solar cells (PSCs) have drawn significant attention for
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their high power conversion efficiency, low manufacturing cost, and compatibility
with low-temperature, solution-based fabrication methods [1] [2]. Unlike con-
ventional silicon-based solar cells, PSCs offer easier processing and the potential
for higher efficiencies, with reports of over 25% efficiency in recent years [1] [3].
However, key challenges such as environmental instability, degradation under
moisture and heat, and current-voltage hysteresis still hinder large-scale commer-
cialization [4] [5].

The performance and stability of PSCs are strongly influenced by charge transport
dynamics within their layered structure, typically consisting of a Hole Transport
Layer (HTL), a perovskite absorber, and an Electron Transport Layer (ETL).
Charge transport is governed by drift due to internal electric fields and diffusion
driven by carrier concentration gradients [6]. Moreover, interfacial effects, includ-
ing ion migration and charge accumulation, contribute to hysteresis and perfor-
mance losses [7] [8]. To gain insight into these mechanisms, one-dimensional
drift-diffusion models are widely used, incorporating effects such as light-induced
carrier generation and potential barriers at interfaces [9]-[11]. This study investi-
gates the steady-state behaviour of a three-layer PSC by numerically solving the
coupled drift-diffusion equations, aiming to better understand charge carrier dy-
namics and their impact on overall device performance.

Modelling solar cell operation involves solving a set of coupled nonlinear partial
differential equations that describe key physical mechanisms such as photogener-
ation, charge carrier transport via drift and diffusion, recombination, and interfa-
cial effects across multiple material layers. These models incorporate numerous
parameters; including carrier mobilities, lifetimes, dielectric constants, and built-
in potentials which contribute to their mathematical complexity and sensitivity to
boundary and initial conditions [12] [13]. Despite this complexity, many existing
studies simplify the modelling by assuming steady-state conditions and neglecting
temporal effects, thus overlooking critical phenomena such as hysteresis, ion mi-
gration, and transient responses under dynamic illumination or biasing condi-
tions [5] [14]. This research was explicitly solving time dependence of the charge
transport equations, enabling a more realistic analysis of dynamic processes in
perovskite solar cells. Although the results presented are steady state, the time-
dependent drift-diffusion equations were solved to capture the cell transient be-
haviour before the cell reached steady state. This study contributes toward SDG 7:
Affordable and Clean Energy by providing insights that support the development
of high-efficiency, stable perovskite solar cells through improved numerical mod-

elling and device optimization.

2. Modelling of Perovskite Solar Cell

Modelling the perovskites solar required the understanding of the working prin-
ciple of the solar cell. The basic mechanisms of the solar cell consist of different
types of processes, that are the generation process, transportation process, and

collection process. The operation of perovskite solar cell is shown in Figure 1.
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Figure 1. The schematic diagram of the perovskites solar cell. The dashed line represents
the highest occupied molecular orbital (HOMO) (solid line) while the least unoccupied

molecular orbital (LUMO) (dashed line). The p-type donor layer (I, —% <X< —% ), the

perovskite layer (—% <X< % ) and the n-type acceptor layer (%< x<l, + % ). The p de-

notes as hole and n denotes as electron, where X represents thickness and L is diffu-
sion length. HTL is a p-type layer made up of spiro-OMETAD consisting of hole charge
while the blend phase layer (perovskites) consisted of holes and electron charge, and ETL
is a n-type layer made up of titanium oxide (TiO:) which is filled by electrons charge.

Figure 1 shows the mechanism of a perovskite solar cell. In the perovskite solar

cell, the structure of the perovskite layer acts as a blend phase layer ( —% <X< % )

is sandwiched between the p-type donor layer (I, —% <X< —% ), and the n-type

acceptor layer (%< x<l, +%). The sunlight is absorbed in the perovskite layer

that has a highly ordered crystalline structure comprised of distinct conduction
band edges, ggn , and valence band edges, qu that are divided by a band gap. Fur-
thermore, the organics materials of the donor phase (p-type) and acceptor phase
(n-type) have no distinct band structure and are amorphous. LUMO portrays the
conduction band, and the energy of the acceptor is denoted as ¢, while HOMO
portrays the valence band, and the energy of the donor is denoted as ¢, . The
electrons are excited into the LUMO, leaving a hole in the HUMO, resulting in
the conduction process due to the excited electrons and hole movement between
the HUMO and LUMO respectively on the adjacent molecules. This process is
commonly known as hopping between shallows and traps for highly localized en-

ergy wells.

The Drift-Diffusion Equations in Perovskite Layer and the
Boundary Conditions

The conservation of electrons and hole densities in perovskite layer ( —% <X< % )

are defined as:

o, 0 op  pqo¢ 2

Pl p [R_PAL T _b(np-N?), 1

ot ax( "(ax KT ox ( P ') M
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where p represents holes, n is electrons, Kk is the Boltzmann’s constant,
is the elementary charge, whereas T displays the temperature. The temperature
is set to be constant at 300 K. The electrons and holes in the absorber layer go
through the process of generation and recombination that complies with the con-
cept of conservation of energy in terms of continuity equations. Equation (1) in-
dicates the charge density of holes while Equation (2) is the charge density of elec-
trons. The right-hand side of the Equations (1) and (2) denote the recombination
in perovskites which is assumed as bimolecular recombination due to the well-
defined crystalline structure of perovskites. A uniform generation rate was as-
sumed and incorporated into the continuity equations to reflect evenly distributed
photon absorption across the active layer. The notation of N, indicates the in-
trinsic carrier density, while b is the recombination coefficient of the perov-
skites solar cell. The conservation equations are coupled with Poisson’s Equation
(3
o9 _aln-p) 3)
ox? e

where ¢ is the permittivity at the perovskite. The boundary conditions at the

interface of perovskite and HTL are written as in Equation (4):
pP=a,my, $=V,, n =-7, atx=—%, (4)
The n,, is the rate of change of electrons in thickness. At the interface of per-
ovskite and ETL, the boundary conditions for the single-layer model is written as

(5):

n=a,r, ¢=-V,, p,=7, atx:%. (5)

The p,, is the rate of change of the holes against thickness. The notation of
7, 1is the typical charge density required to carry the current of magnitude the
typical photo-generated current density. The values of 7, and V, are7.9x 10*
m~ and 0.00258 V, respectively [10].

3. Numerical Procedure

This study employs numerical techniques to solve the drift-diffusion equations
governing charge transport in perovskite solar cells, with a focus on the Method
of Lines (MOL). These equations, which include both partial and ordinary differ-
ential equations (PDEs and ODEs), need to be solved over time to demonstrate
how the system changes [10] [15]. While commercial solvers such as SCAPS-1D,
COMSOL, and Ion Monger are commonly used, they are limited by assumptions
and predefined settings [16] [17]. This study focuses specifically on modeling
charge transport within the perovskite absorber layer. However, the numerical

framework developed here is general and can be extended to include adjacent lay-
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ers such as the electron transport layer (ETL) and hole transport layer (HTL), al-
lowing for full device simulations in future work.

Method of Lines (MOL) is a semi-discretization method in which spatial deriv-
atives in Equations (1) - (3) are discretized (assume that the diffusion coefficients
of the holes and electrons are constants) to convert the governing PDEs into a
system of ordinary differential equations (ODEs) that can be solved using estab-

lished time integration methods [18]. Discretize Equations (1) - (3) to obtain

. D Y  —0 )—(D + D , — .
%:_Zp pi+1_2pi+pi_1+ q (p|+p|+1)((p|+1 ¢|) (p|+p|—1)(¢| ¢|—l)
ot h kT 2 (6)
+b(nipi_Ni2)
%:Rzn ni+1_2ni+ni_1_i(ni+ni+1)(¢i+l_(0i)_(ni+ni—1)(¢i_¢i—1)
ot h kT 2 (7)
+b(nipi_Niz)
1 q
0=F[¢m—2¢i +¢i—l]_z(ni - pi) (8)

This results in a system of coupled ODEs, where each equation (Equations (6)
- (8)) corresponds to a discretized spatial point. These equations describe the time
evolution of variables such as electron and hole densities and the electrostatic po-

tential across the device layers;

M%ZAU-F":(X,':) (9)

The uy, is the solution vector, M, , represents the time-dependent mass
matrix, Ay, denotes the differentiation matrix, and the f(x,t) is the gener-

ation and recombination of charge density of holes and electrons, while for the

Poisson equation, it is the difference between electrons and holes.

Mp 0 O Ap 0 O fp
M= 0 M, O yA=| 0 A O , f(X,t)z f, (10)
0 0 0 3Nx3N 0 0 Aﬁ 3Nx3N f¢ 3Nx1

where pis the system for holes, nis the system for electrons, and ¢ is the system
for potential difference.

One major advantage of the MOL is its flexibility and compatibility with various
stiff and non-stiff ODE solvers. In this study, the resulting ODE system (Equations
(9) - (10)) is solved using MATLAB’s ODE15s solver, which is well-suited for stiff
systems and those involving singular mass matrices. The MOL method also allows
for straightforward incorporation of boundary and initial conditions, and it scales
efficiently with increasing spatial resolution, making it an ideal choice for simu-
lating the dynamic behavior of complex, multilayer solar cell structures. The set
of parameters for the perovskite solar cell used in this model is tabulated in Table
1.
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Table 1. Parameter values of the cell.
Symbol Description Value

f)p Diffusion coefficient of holes at perovskite 2.5 x 107 m*s™!

D, Diffusion coefficient of holes at HTL 10 x 107" m*s™!

D, Diffusion coefficient of holes at ETL 2.5 % 107 m2s7!

q Elementary charge 1.602 x 107 C

b Recombination rate coefficient 1.1 x 107 m3s7!

€y Permittivity of perovskite 5.7552 x 107" F-m™!

€ Permittivity of HTL 2.6563 x 107" F-m™

€ Permittivity of ETL 7.0834 x 107 F-m™

T Temperature 300 K

L Thickness of perovskites 500 x 10° m

I, Thickness of HTL 500 x 10~ to 700 x 10 m
1, Thickness of ETL 50 x 10 to 100 x 10° m
k Boltzmann constant 1.38 x 1072 J.K!

4. Results and Discussion

The simulation result for the unsteady state condition at the blend phase layer

(perovskite layer) is shown in dimensional form. The comparison of the simula-

tion result obtained and the experimental simulation result from Foster et al. [19]

is shown in Figure 2.

p(x, 0 (m?)

x10%

15F

——pat L=500 nm
nat L =500 nm
o pat L=500nm
o natL=500nm

(Foster et al.)
(Foster et al.)

e
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Figure 2. The comparison of the simulation result of charge densities against thickness

with the experimental simulation result [19].
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Based on the result, the holes and electrons’ densities position are almost simi-
lar to the reference as the condition referred to by Foster et al [19] is in a steady
state condition. The behaviour of the charge densities in Figure 2 is related to the
dynamic mechanism of the perovskite solar cell. At the blend phase layer (perov-
skite), the absorption of light occurs and excites the electron-hole pair, resulting
in the movement of holes and electrons [20] [21]. The electric field produced be-
tween HTL and ETL causes the electrons and holes to drift toward the selective
layers.

At x=250nm, the value of electron density (250 nm,t), becomes 3.9281 x
10% m™ representing the behaviour of photo-generated electrons diffused from
the blend phase layer into the ETL. The hole density at x =250 nm has a value
of 2.055 x 10* m™, showing that the accumulation occurs due to the selective
charge properties at the interface of the blend phase (perovskite) layer to the ETL
[2]. The holes accumulated are then blocked from entering ETL.

At Xx=-250nm, the value of hole density, p(—250nm,t)=5.3133x10*m",
which is lower compared to the density of electrons. This situation represents a
movement of the photo-generated holes from the blend phase (perovskite) layer
into HTL. Meanwhile, the value of electron density, n(—250 nm,t) piled up to
1.264 x 10** m™ due to the selective layer properties at the interface of the HTL,
thus blocking electrons from entering HTL [15]. The result shows that the con-
centration of charge density is important and can affect the performance of the
solar cell. The effect of the parameter variation, such as thickness and the recom-

bination coefficient, is discussed in the next section.

4.1. The Impact of Varying Thickness in the Perovskite Layer

Figure 3 illustrates the spatial distribution of charge carrier densities of electrons
n (X, t) and holes p(X,t) within the perovskite layer for five different thick-
nesses: L= 100 nm, 200 nm, 300 nm, 400 nm, 500 nm. The profiles show that both
carrier types exhibit a symmetric distribution across the device, with electron den-
sity increasing toward the right interface and hole density increasing toward the
left, which is consistent with their respective directions of drift under the internal
electric field.

2: t L =100 2:
<10 5 B& L= 100 nm 107
#* pat L =200 nm
pai 1 =300 hm
A =
2| 5 Ratr=300nm 12
# pat L=400nm
nat L =400 nm
—— pat L =300 nm a
1.5 7natL—5(30nm 3 1.5 g
fa . =
I N ! =
SR 1z
N S|
No)
[SH
| e
0.5 0.5
0 L L L L L L 0
25 -2 -15 -1 05 0 05 1 1.5 2 25
x107

Figure 3. The charge density against thickness at Z = 100 nm, 200 nm, 300 nm, 400 nm,
500 nm.
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At the center of the device, x=0; p ( X,t) reach minimum values, indicating
a quasi-neutral region or dominant recombination zone. As the perovskite thick-
ness increases, the gradients of both carrier densities become steeper, and the ac-
cumulation near the contacts becomes more pronounced. This behavior suggests
that thicker layers enhance field-driven transport but may also lead to increased
carrier separation and interface effects. These results highlight the critical role of
layer thickness in influencing charge distribution, transport behavior, and, ulti-
mately, the performance of perovskite solar cells. The trends observed are con-
sistent with theoretical expectations from the drift-diffusion model and provide
insights for optimizing active layer thickness in device design.

The charge densities of holes and electrons are affected by the thickness and the
recombination rate of the perovskite layer as the time, t increases. At the inter-
face of HTL and perovskite layer, x=-250nm for the thickness of 100 nm to
500 nm, the density of holes becomes steeper, showing that there is a movement
of holes from the perovskite layer into the HTL. A Debye layer (selective layer) is
formed between HTL and perovskite, blocking the electron’s movement from en-
tering the HTL.

At the interface of the ETL and the perovskite, X =250 nm, for the thickness
of 100 nm to 500 nm, the density of electrons becomes steeper, showing that the
movement of electrons from perovskite into the ETL is active. The Debye layer is
formed at the interface of ETL and perovskite, allowing only electrons and block-
ing the hole from passing into ETL.

The concentration of charge density of holes and electrons at thicknesses of 100
nm to 300 nm increased and is reduced starting at 400 nm to 500 nm. The phe-
nomenon is a result of the recombination that happens in the perovskite layer,
which is related to the time taken for the charge separation to occur at the interface
of the blend phase (perovskite) with ETL and HTL. In other words, the charge
density is influenced by the changes in the thickness of the blend phase (perov-
skite) layer due to the recombination mechanism. At the thickness of 300 nm to
500 nm, the time taken for photo-generated holes and electrons to be diffused
toward the selective layer becomes slower compared to a thickness from 100 nm
to 300 nm, resulting in the recombination of holes and electrons before reaching
the selective contacts.

The relation of the charge density behaviour with different thicknesses of the
blend phase layer is studied in terms of efficiency and is simulated via the J-V
curve in Figure 4.

The charge densities of holes and electrons are affected by the thickness and the
recombination rate of the perovskite layer as the time, t increases. At the inter-
face of HTL and perovskite layer, x=-250nm for the thickness of 100 nm to
500 nm, the density of holes becomes steeper, showing that there is a movement
of holes from the perovskite layer into the HTL. A Debye layer (selective layer) is
formed between HTL and perovskite, blocking the electron’s movement from en-
tering the HTL.
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Figure 4. The result of the varied thickness on the J-V curve for the blend phase layer.

At the interface of the ETL and the perovskite, X =250 nm, for the thickness
of 100 nm to 500 nm, the density of electrons becomes steeper, showing that the
movement of electrons from perovskite into the ETL is active. The Debye layer is
formed at the interface of ETL and perovskite, allowing only electrons and block-
ing the hole from passing into ETL.

The concentration of charge density of holes and electrons at thicknesses of 100
nm to 300 nm increased and is reduced starting at 400 nm to 500 nm. The phe-
nomenon is a result of the recombination that happens in the perovskite layer,
which is related to the time taken for the charge separation to occur at the interface
of the blend phase (perovskite) with ETL and HTL. In other words, the charge
density is influenced by the changes in the thickness of the blend phase (perov-
skite) layer due to the recombination mechanism. At the thickness of 300 nm to
500 nm, the time taken for photo-generated holes and electrons to be diffused
toward the selective layer becomes slower compared to a thickness from 100 nm
to 300 nm, resulting in the recombination of holes and electrons before reaching
the selective contacts. The relation of the charge density behavior with different
thicknesses of the blend phase layer is studied in terms of efficiency and is simu-
lated via the J-V curve in Figure 4.

As the thickness increases from 100 nm to 500 nm, the value of the maximum
voltage, V, is reduced from 1.110 V to 1.103 V while the open circuit voltage,
V,. remains constant. The efficiency of the perovskite solar cell increases as the
thickness of the blend phase increases from 100 nm with an efficiency of 4.31% to
500 nm with an efficiency of 21.59% (as shown in Table 2). The phenomenon can
be related to the generation and recombination mechanism. In contrast with the

charge separation phenomenon, even though the concentration of charge densi-
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tiesat L =100 nm is high with slow recombination, the area for the light absorp-
tion is small compared to L =500 nm . When the thickness becomes higher, the
absorption of light area becomes wider, while the excitation of the holes-electrons
paired becomes rapid. As a result, the short circuit current density, J, soared
from —40.05 A-m~ to —200.27 A-m™2 and the value of the maximum current density,
J,, alsoincreased from —38.85 A-m™ to —195.67 A-m~2. The thickness of the per-

ovskite layer affects the time taken for the movement of the charge separation and

m

the efficiency of the perovskite solar cell. This work suggested the thickness of the
perovskite solar cell of 500 nm is proven efficient for the optimum charge gener-
ation and separation in the perovskite solar cell [7]. While 500 nm yielded the
highest efficiency within the simulated range, the increasing trend suggests that
the optimum thickness may lie beyond this value. However, other types of recom-

bination should be considered and further research is required for this case.

Table 2. The efficiency of the perovskite solar cell with the varied thickness for the blend
phase (perovskite) layer.

The thickness of the blend 3, ( A. m,z) Vo (V) Vi (V) PP Efficiency
phase layer, Z (nm) (%)
100 —40.05 1.201 -38.85 0.8968 4.31
200 -80.11 1.201 -78.51  0.8975 8.63
300 -10.16 1.201 -117.76  0.8975 12.95
400 -160.22 1.201 -157.01 0.8975 17.26
500 -200.27 1.201 -195.67 0.8977 21.59

4.2. The Impact of Different Recombination Coefficients in the
Perovskite Layer

The simulation result of the impact of different recombination coefficients, b
for b =1.1x10""m®-s™, b, =2.2x10" m*-s*, b, =1x10"*m®-s™, and
b, =1.1x10™"* m®-s™ on the charge densities are shown in Figure 5.

The results show that at the highest recombination rate (b, =1x10™°m?.s™),
both carrier concentrations exhibit sharp gradients near the contact interface, in-
dicating strong carrier separation driven by a built-in electric field and effective
drift-diffusion transport. This results in a higher open-circuit voltage and device
efficiency, as efficient charge extraction outweighs recombination losses. As the
recombination coefficient decreases (b, to b,), the charge density profiles be-
come increasingly uniform, reflecting weaker internal electric fields and reduced
carrier separation efficiency. Although lower recombination theoretically mini-
mizes losses, the charge density profiles suggest weakened carrier drift and poten-
tial accumulation, which contribute to lower photovoltage and fill factor. These
results affirm that an optimal recombination coefficient is critical to balance
charge separation and transport. The relation of the bimolecular recombination
coefficient effect on the performance of the perovskite solar cell in terms of the J-

V curve is shown in Figure 6.
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Figure 5. The electron and hole densities against thickness for (a) b =1.1x10""m?.s™",

(b) b,=22x10"m*-s,(c) b,=1x10"m?.s™ and(d) b, =1.1x10"°m*.s™".
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Figure 6. The impact of different recombination coefficients on the performance of the

perovskite solar cell.

The efficiency calculation process obtained from the simulation of the J-V
curve, as shown in Figure 6 and tabulated in Table 3, reveals the impact of varying
recombination coefficients b on the performance of perovskite solar cells. Alt-
hough the short-circuit current density J,, remains constant at —200.27 A-m~,
changes in the recombination coefficient significantly affect the open-circuit volt-
age V., fill factor (FF), and the cell efficiency. The efficiency is the highest
(28.54%) at b, =1x10"°m?*-s™, and gradually decreases to 21.59% at

b, =1.1x107° m®.s™'. It indicates that a moderate level of recombination can bal-
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ance carrier density and enhance voltage under certain conditions. In contrast,
too low recombination, while reducing carrier losses, may impair electric field
distribution and charge separation efficiency, leading to performance degradation
as shown in Figure 5. The degradation may occur because suppressing bulk re-
combination without addressing interface quality or contact selectivity can lead to
carrier accumulation and reduced extraction efficiency, hence lowering solar cell
performance [22]. It is important to note that these results are obtained by con-
sidering the perovskite layer in isolation; without electron transport layer (ETL)
and hole transport layer (HTL) which may further influence the cell’s recombina-
tion dynamics. Regardless of the recombination value, the efficiency reduction re-
flects the intrinsic limitations of a doped perovskite layer operating without
transport layers. The findings also confirm that recombination dynamics directly
influence the distribution and density of charge carriers (electrons and holes) in
the device, emphasizing the importance of optimizing recombination parameters

to achieve higher solar cell performance.

Table 3. The efficiency of the perovskite solar cell with the effect of different recombination
coefficients.

Recombination coefficient, b ( m®. S’l) Je (A . m’z) Ve FF  Efficiency (%)

1x107° -200.27  1.5552 0.9164 28.54

22x10™ -200.27  1.3375 0.9056 24.26

1x107° -200.27  1.2577 0.9013 22.70

1.1x 1076 -200.27  1.2006 0.8977 21.59
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