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ABSTRACT For their impressive electrical and optical characteristics, perovskite solar cells (PSCs) have
been presented to the nanostructured photovoltaics field as one of the encouraging replacements of both
conventional silicon based solar cells (SCs) and thin film SCs. In this paper, we present a study of the
performance of CH3NH3PbI3 PSC, as one of the prime candidates of PSCs, at different values of temperature
and solar irradiance power with the aid of a 3-D finite element method (FEM) COMSOL Multiphysics
simulation indicating the significant reduction of the PSC’s power conversion efficiency (PCE) upon either
increasing the operating temperature or decreasing solar irradiance power. Then, we study the effect of
electron transporting layer (ETL) grating on the electrical parameter of the cell. Results of the proposed study
show that for PSCs with optimal 400nm CH3NH3PbI3 absorber thickness and adjusted thickness of other
layers, adding pyramid grating to ETL causes the power conversion efficiency (PCE) to go up to 21.058%
instead of 19.818% in case of flat layer at room temperature, with short circuit current density (JSC) of
25.858mA/cm2, open circuit voltage (VOC) of 1Volt and 81.44% filling factor (FF). Results also indicate
that using such periodic structure of ETL can compensate the reduction of PCE caused by temperature
increasing.

INDEX TERMS Nanograting, layer thickness, PCE, perovskite, solar cells.

I. INTRODUCTION
Following the same operating mechanism as the ordinary
Dye sensitized solar cells (DSSCs) with their four main
steps of operation, absorption of light, injection of carriers
into transport layers, carriers’ transportation and then elec-
trodes collection of current, perovskite solar cells (PSCs)
have succeeded to achieve even higher power conversion effi-
ciency (PCE) than that of DSSCs by replacing the main light
absorber material by perovskite [1]. Recently, PSCs attract
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great attention of photovoltaic scientists and researchers as
they have impressive industrial characteristics such as low
cost of production, perfect flexible and thin structure [2], [3],
they also have outstanding optoelectronic characteristics that
may be employed to achieve higher performance and accept-
able PCE. Having a light absorber material with variable
bandgaps, long carriers’ diffusion length, carrier mobilities of
moderated values in addition to their high absorption coeffi-
cient values [4], [5], [6], PSCs’ efficiency jumps from its first
tested value of 3.8% [7] up to 25.6% [8] over the last decade.

Based on availability and cost effectiveness, methylammo-
nium lead halide material is considered the most common
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material utilized in PSCs asmain absorber. methylammonium
lead halide material can be considered as a hybrid between
organic and inorganic materials that has the crystal structure
order of ABX3 [3]. Materials such as CH3NH3PbI3 have
shown a great potential to be active absorptive materials used
in the PSC [9], [10], [11], [12], yet with some environmental
considerations of using such materials containing harmful
heavy metal cations [13], [14], [15]. While the most effective
light trapping techniques listed as follows: plasmonic nanos-
tructures [16], [17], [18], periodic and random scattering
surfaces [19], [20], [21], [22], [23], nanowires [24], [25], [26]
and photonic crystal structures [27], [28], [29] are usually
used to enhance the performance of solar cells, they also can
be considered one of the most suitable solutions for reducing
the toxicity of PSCs [30], [31]. The amount of toxic cation can
be reduced by shortening the perovskite absorber, leading to
reduction in the optical path length and in turn to reduction in
the photogenerated current. Yet, the utilizing of light trapping
techniques compensates that reduction of photocurrent based
on increasing the absorption of PSCs [19], [32], [33].

PSCs’ performance parameters (i.e., short circuit current
density (JSC), open circuit voltage (VOC), PCE, filling factor
(FF)), get affected with the variation of operation parameters,
specially, the variation of temperature and cells’ layers thick-
ness [34].

This paper, proposes a pyramid shape grating for 3rd gen-
eration perovskite solar cells electron transporting layer to
enhance their performance which did not discussed previ-
ously up to the knowledge of the authors. Moreover, inves-
tigating the behavior of 3rd generation perovskite solar cells
under the effect of changing the device layers thickness and at
different values of temperature and solar irradiance power via
a 3-D finite element method (FEM) COMSOL Multiphysics
simulation.

In this research paper, we introduce COMSOL Multi-
physics simulation of PSCs in 3D geometry, studying both
off its optical and electrical characteristics, then the thickness
changing effect of cell’s layers on its performance parameters
investigated numerically, also the effect of temperature vari-
ation between 25◦C and 80◦C and sun power changing on
the performance of the PSCs has been examined. Finally, the
effect of changing the ETL geometric structure to different
shapes on the PCE of PSCs also investigated.

This work is structured as follows: section II illustrates
the proposed PSCs modeling and the parameters used in
simulation process; it also mentions the equations that govern
the operation of PSCs. The simulation results of the proposed
PSCs using finite element method (FEM) are presented in
section III. Finally, section IV concludes the main conclu-
sions.

II. MODELING AND STRUCTURE
A. PSCs STRUCTURE AND MATERIALS
The optical and electrical performance of PSC having the
thin film structure presented in literature [35] is investigated

FIGURE 1. (a) Planar PSCs construction; (b) 2D cross section view PSC
with different ETL geometric structure.

TABLE 1. Proposed PSCs parameters.

and analyzed based on COMSOL Multiphysics software,
we studied, only with changing the metallic contact to be
silver instead of gold. Consisting of five layers, Fig. 1(a)
indicates the proposed structure of PSC ordered up to bottom
as follows: transparent conducting front contact made of
fluorine doped tin oxide (FTO), n-doped layer of TiO2 as
electron transportation layer (ETL), p-doped absorber layer
made of CH3NH3PbI3 perovskite, p-doped Spiro-MeOTAD
layer as hole transportation layer (HTL) and the silver back
reflector metallic contact layer. For the purpose of achieving
accurate optical simulation, an air layer at the cell surface was
added.
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FIGURE 2. Refractive indices (a) The real and (b) imaginary part for FTO,
TiO2, CH3NH3PbI3 perovskite, and Spiro-MeOTAD.

All the optical and electrical parameters of the mentioned
materials were taken from relevant studies [35], [36], [37],
[38], and utilized to simulation by either using the material
library of COMSOL or adding manually to the structure.
Table 1 indicates the main parameters of PSC, where εr is
the dielectric constant of the material, Nc and Nv are the con-
duction and valence bands effective concentration of states,
correspondingly,µn andµp are themobilities of electrons and
holes, correspondingly, NA and ND are the doping density of
acceptor and donor atoms, respectively, τn and τp are the life
time of electrons and holes, correspondingly.

Fig. 2(a) and Fig. 2(b) indicate the real and the imaginary
parts of refractive indices of each layer of PSC structure
mentioned in relevant literatures [39], [40], we utilized this
data in form of interpolation function depending on the light
wavelength and imported them to material optical parameters
of our simulation.

The values of bandgap energy (Eg) mentioned in Table 1 is
the effective energy gap of the materials at room temperature,
yet, the effect of temperature varying on the energy gap values
was taken into consideration by extracting published data
from relevant literatures [41], [42], [43], and adding them

as interpolation functions of temperature then imported to
material parameters.

B. PHYSICS
To determine the PSCs optical and electrical characteristics,
we used FEM based study using RF and semiconductor
COMSOL modules. At first, the simulation was computed
with the parameters declared in Table 1, then recomputed
at changed temperature values and different thickness of
absorber and transporting layers.

For the optical study, the input solar power applied to the
top side of the cell was added using the standard AM1.5G
values as a plane wave with interpolated function depending
on the incident light wavelength. The boundary conditions of
Floquet were added to each two facing sides of the structure
to form a unit cell with equal width and depth that can be
duplicated in both vertical directions to reduce the computa-
tion time.

To determine the value of electric field through the differ-
ent layers of PSCs, the wave equation of Helmholtz’s derived
from frequency domain Maxwell’s equation was solved [38]:

∇ × (∇ × E) − k20εrE = 0 (1)

where, E, k0 and εr are electric field, the wave number and
the dielectric constant of material. Relative permittivity of
materials depends on the refractive index value, then it may
be considered as function of incident light wavelength as
follows [38]:

εr = ε′
+jε

′′

= (n
(
λ

)
−jk

(
λ

)
)2 (2)

where n and k as functions of wavelength are shown in
Fig. 2, ε′ and ε

′′

are the real and imaginary parts of relative
permittivity, respectively.
The carriers generating rate can be calculated using the

electric field inside each layer as follows [36]:

Gph
(
λ

)
= ε

′′

|E|
2 /2h̄ (3)

where, h̄ is reduced Plank’s constant.
The generation rate of electrons and holes can be calculated

over selected range of wavelength as follows [36]:

Gtot = Gn = Gp =

λmax∫
λmin

Gph
(
λ

)
dλ (4)

where, Gn and Gp are the generation rates of electrons and
holes, correspondingly, λmin − λmax= 300 − 1000nm.
SC’s absorption can be calculated using the S-parameters

as follows [36]:

Absorption = 1− |S11|2 − |S21|2 (5)

where, |S11|2 is transmission and |S21|2 is reflection.
For the semiconductor electrical study, Poisson’s and con-

tinuity equations have been solved using semiconductor

VOLUME 11, 2023 36401



A. A. Zaky et al.: Mitigation of Temperature Effects and Performance Enhancement of PSCs

COMSOL module to determine the short circuit current den-
sity and open circuit voltage of PSCs as follows [36]:

∇. (ε0εr∇ϕ) = −ρ (6)
∂n
∂t

=
1
q
∇Jn + Gn − Rn (7)

∂p
∂t

=
1
q
∇Jp + Gp − Rp (8)

where ε0 is permittivity of vacuum, ϕ is electrostatic poten-
tial, q is electron charge and ρ is charge density determined
as follows [36]:

ρ = q(n− p− ND + NA) (9)

where n and p are the electron and hole concentrations,
respectively. Holes and electrons generation rates (Gp and
Gn), are determined using the previously mentioned optical
investigation, while carriers recombination rates (Rn and Rp)
can be calculated with the aid of Shockley Rear Hall trapping
model as follows [4]:

R =(np−n2i )
/
(τ n (n+ni) + τp (p+ni)) (10)

An ideal ohmic contact was selected to express FTO front
contact, on the other side, the silver back contact was selected
to be Schottky’s contact. The surface velocity of recombina-
tion is 107cm/s for both electrons and holes.
With the aid of drift diffusion model, current densities of

electrons and holes is determined as follows [36]:

Jn = −qµnn∇ϕ + qDn∇n (11)

Jp = −qµpp∇ϕ − qDp∇p (12)

To study the temperature effect on PSCs electrical perfor-
mance, the amount of changing in intrinsic carrier density
was taken into consideration as it depends on temperature as
follows:

ni =

√
NcNve−Eg(T)

/
KT (13)

where ni, Nc, Nv, Eg, K and T are the intrinsic carriers’
concentrations, effective density of states for conduction and
valence bands, energy band gap, Boltzmann’s constant and
temperature, respectively.

Although, carrier mobilities of semiconductor materials
are temperature dependent parameters, ( Xia et al.) has exper-
imentally and mathematically proved that for temperatures
above 300K, the lead-halide perovskite carriers’ mobilities
are almost constant [44]. Then the change of carriers mobil-
ities caused by temperature variation can be neglected over
the chosen range of temperature in this study.

III. RESULTS AND DISCUSSIONS
A. EFFECT OF CHANGING LAYERS’ THICKNESS
The effect of changing the FTO glass layer thickness on the
PSCs performance is presented in Fig. 3, the thickness of
the FTO was varied between 100 − 900nm with observed
decrease of 6.2% in PCE and almost a constant value of
FF. The drop of PCE is mainly because of the decreasing of

FIGURE 3. PSC’s parameters variation depending on the FTO layer
thickness.

JSC value from 23.96 mA/cm2 to 22.56 mA/cm2, while the
value of VOC remains unchanged with FTO layer thickness
variation.

Increasing FTO thickness leads to increasing that sheet
resistance, causing the series resistance of PSC to be higher
and that in turn reduce JSC; also, from the optical study
perspective, increasing the FTO thickness lowers the amount
of light radiation reaching to the main absorber layer which
causes reduction in carrier generating rates and in turn
reduces the value of JSC. As the thickness of FTO does not
have any effect on the energy levels, thus the value of VOC
remains unchanged.

The effect of varying CH3NH3PbI3 perovskite layer thick-
ness between 100 − 1000nm on the PSCs performance
parameters is displayed in Fig. 4 Changing the main absorber
thickness affects both JSC and VOC, which in turn affects the
FF and PCE values.

Increasing the absorber thickness causes increasing in JSC
as a result of increasing the optical track length of light inside
the cell which increase the absorption of the cell and in turn
the current density. On the other hand, increasing the absorber
thickness beyond the carrier’s diffusion length causes rising
in the charge recombination rates and that leads to reduction
of VOC value. For PSCwith parameters mentioned in Table 1,
max PCE was found to be 19.69% with absorber thickness of
400nm, JSC of 24.42mA/cm2, VOC of 1V,and FF of 80.7%.

In this research, HTL was selected to be Spiro-MeOTAD
material for its impressive performancewith PSCs [45]. Fig. 5
indicated the effect of Spiro-MeOTAD layer thickness vari-
ation on the performance of the PSC over HTL thickness
variation between 100 − 1050nm. The PCE maximum and
minimum values over the variation range were 19.61% and
18.78% for Spiro-MeOTAD thickness of 150nm and 1050nm
respectively.

The value of VOC was not affected by the HTL thickness
variation, yet, the value of JSC changed as a result of changing

36402 VOLUME 11, 2023



A. A. Zaky et al.: Mitigation of Temperature Effects and Performance Enhancement of PSCs

FIGURE 4. PSC’s parameters variation depending on the perovskite
absorber layer thickness.

FIGURE 5. PSC’s parameters variation depending on the Spiro-MeOTAD
HTL thickness.

the ability of this layer to transport carriers to the external
contact which depends on the carriers’ diffusion length. The
total change of JSC value caused by changing HTL thickness
with the mentioned variation range was found to be 0.574%.
That negligible variation in PCE and JSC values is an evident
that the Spiro-MeOTAD HTL does not interfere in the optics
of the PSC.

It has been proved that the finest performance of PSCs is
accomplished using TiO2 as ETL [45]. The effect of changing
the thickness of TiO2 layer on the PSCs parameters is pre-
sented in Fig. 6, the thickness of the TiO2 layer was varied
between 50 − 520nm with observed reduction of 0.224% in
PCE and almost a constant value of FF.

The drop of PCE is mainly because of the decreasing of JSC
value, while the value of VOC remains unchanged with TiO2

FIGURE 6. PSC’s parameters variation depending on the TiO2 ETL
thickness.

layer thickness variation. These results can be interpreted as
the thickness of TiO2 layer increases, the electrons’ diffusion
length and mobility decrease in the ETL due to the increasing
of charge trap defects in the TiO2 thicker layer which in turn
results in short circuit current density reduction.

From the previously mentioned results in Fig. 3- Fig. 6,
it can be concluded that the optimized thickness of each layer
of PSC in our study are 400nm for the main CH3NH3PbI3
absorber, 50nm for the TiO2 ETL, 150nm for the Spiro-
MeOTAD HTL and 100nm for the FTO layer.

With these optimized dimensions of each layer, the optical
and electrical studies were repeated at room temperature.
The electrical parameters in this case were found to be as
follows: JSC= 24.3658mA/cm2, VOC= 1Volt, FF = 82.2%
and PCE = 19.818%.

B. EFFECT OF CHANGING TEMPERATURE
Just as any other types of solar cells, operating temperature
has a great influence on the overall performance of PSCs.
The effect of temperature variation on the PSCs parameters
is shown in Fig. 7 over 25− 80◦C temperature change range.

As indicated in this figure, temperature variation mainly
affects the VOC not the Jsc. The reduction of VOC value with
increasing temperature results from the increasing of carriers’
recombination probabilities while the carriers photogenera-
tion rates extracted from the optical study are almost the
same at different temperature values, therefore, the value of
JSC is approximately constant. Also, from the electrical study
perspective, changing the temperature affects the bandgap
energy of the absorber, increasing the temperature leads to
reduction of bandgap energy of the active absorber that means
that less energy is needed to extract carriers from device
terminals and then lower value of VOC.

When the temperature raised from 25◦C to 80◦C, about
2.722% drop in PCE was observed caused by changing
VOC between 1V and 0.89V and FF of 81.7% and 79.2%
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FIGURE 7. PSCs parameters variation depending on temperature.

FIGURE 8. JV curves of proposed PSC at different values of temperature.

respectively. The JV curves at different values of temperature
shown in Fig. 8 indicate same results previously mentioned
in Fig. 7 only with 10◦C variation step to make it easier to
recognize the variation in VOC value caused by temperature
changing.

Fig. 9 and Fig. 10 show the effect of changing temperature
on both electrons and holes densities across the PSC layers
after taking the common logarithm to indicate the variation
range of both electrons and holes concentrations. Both figures
indicate the expected result that electron density decreases
gradually from its highest value at the top of the FTO contact
to its lowest value at the bottom of HTL, on the other side,
the density of holes is at its peak value at bottom edge of the
HTL and minimum value at the front side of FTO contact.
While the temperature variation may have slight effect on
carrier concentration, yet, these two figures indicate more
obvious variation in the electrons concentration than the holes
concentration can be caused by temperature alternating, that

FIGURE 9. Electron density across the PCS at (a) 25◦C (b) 80◦C.

FIGURE 10. Holes density across the PCS at (a) 25◦C (b) 80◦C.

can be interpreted by the fact that the temperature value has
significant influence on the minority carrier density, in our
case the electrons in the P-type absorber, than the majority
carrier density.

C. EFFECT OF CHANGING SUN IRRADIANCE
The influence of varying the sun irradiance on the PSCs
JV curve is indicated in Fig. 11 and Fig. 12, keeping tem-
perature unchanged at 30◦C and under solar irradiance of
1sun (1000W/m2), 0.7 sun (700W/m2), 0.5 sun(500W/m2),
0.3 sun(300W/m2) and 0.1sun (100W/m2), JSC values were
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FIGURE 11. JV curves of PSC under variable solar irradiance.

FIGURE 12. Carriers generation rate profile for PSC under variable solar
irradiance.

found to be 24.366mA/cm2, 17.06mA/cm2, 12.18mA/cm2,
7.3mA/cm2 and 2.44mA/cm2 respectively.
The values of VOC over the same solar irradiance values

were 0.99V, 0.98V, 0.96V, 0.94V and 0.9V with corespond-
ing PCE of 19.69%, 19.49%, 19.27%, 18.89% and 17.9%.
The noted change of JSC value with solar irradiance is mainly
caused by the variation of the carrier’s generation rate indi-
cated in Fig. 12.

Fig.12 shows the expected result of carriers generating rate
profile for the PSC as a function of the cell length, as the
perovskite material has the smallest band gap among the PSC
structure layers, then the incident light is absorbed in this
main absorber layer causing carrier generating rate to reach
its maximum value at the top edge of perovskite layer or at
the interface between the active material and ETL, located at
583 nm in our proposed structure, and starts to decrease inside
this layer until it reaches to 0 again at the interface between
the perovskite material and the interface between the active
material and HTL at 183nm.

Fig. 13 indicates the PSCs JV curve with different values of
both temperature and solar irradiance. Variation of solar irra-

FIGURE 13. JV curves of PSC at different values of solar irradiance and
temperature.

FIGURE 14. JV curves of the proposed PSC with different ETL geometric
structure.

diance and temperature from 1000W/m2, 30◦C to 100W/m2

and 80◦C causes the value of JSC to drop by 90%, drop of
VOC by factor of 20.2%, and 4.86% PCE reduction.

D. EFFECT OF CHANGING ETL GEOMETRY
To study the effect of changing ETL geometric structure, the
PSCs structure was modified with different shapes shown
in Fig. 1(b), then optical study was recomputed to extract
carriers generation rates then export them to electrical study
to determine the electrical parameters of PSC for each case.

The maximum photogenerated carriers rate at the
perovskite top edge interface with ETL was found
to be 1.817∗1028m−3s−1, 1.879∗1028m−3s−1, 1.903 ∗

1028 m−3s−1, 1.944∗1028m−3s−1 for flat, spherical, trape-
zoidal and pyramid shape respectively, which indicates higher
carrier generating rate in case of pyramidal ETL by factor of
6.989% compared to the planar shape.

Electrical parameters of PSC resulting from changing ETL
geometry were extracted from the JV curves shown in Fig. 14
and summarized in Table 2.

VOLUME 11, 2023 36405



A. A. Zaky et al.: Mitigation of Temperature Effects and Performance Enhancement of PSCs

TABLE 2. Electrical parameters values of PSC with different ETL geometry.

FIGURE 15. Generation rate of carriers for PSC with flat and pyramidal
ETL geometries.

As indicated in Table 2 changing the shape of ETL mainly
affects the short circuit current density, while, open circuit
voltage is nearly not affected as there is neither energy level
nor recombination rates changing.

The reason of such improving of JSC in case of pyramidal
geometry of ETL is the enhancement of the absorption and
carriers photogeneration rates of the cell as pyramidical grat-
ing shapes have the ability of scattering more light into the
main absorber than other geometries.

Fig. 15 indicates the enhancement of carriers’ generation
rates profile caused by changing the geometry of the ETL
to pyramidal shape compared with the planar ETL struc-
ture which agrees with the previously mentioned results in
Table 2.
Fig. 16 indicates the effect of base width variation of the

pyramid grating on the PCE, showing reduction of the PCE
with the increasing of base width. That comes as results of
changing the capability of the scattering by variation of the
scattering element dimension. Maximum PCE was found to
be 21.058% with pyramid base width of 50nm.

Fig. 17 shows the effect of temperature variation on the
pyramidal grated ETL PSC’s parameters over 25 − 80◦C
temperature change range. Compared to results displayed in

FIGURE 16. Effect of changing pyramid grating base width on the PCE of
the cell.

FIGURE 17. Pyramidal ETL PSC’s parameters variation depending on
temperature.

Fig. 7, results presented in Fig. 17 indicate that the reduction
in PCE caused by temperature increasing can be compensated
by changing the geometry of ETL to pyramidal shape.

IV. CONCLUSION
In this research article, a 3-D FEM numerical study has been
introduced for PSC to investigate the electrical and optical
effects of changing the thickness of both main absorber and
carrier transporting layers, operating temperature and sun
irradiance. Main parameters of the proposed PSC have been
introduced by computing optical and electrical studies then
getting the main parameters from JV curves in each case.
Results have indicated that optimized thickness for each layer
in our study are 400nm for the main absorber, 50nm for the
ETL, 150nm for the HTL and 100nm for the front transparent
conducting layer with corresponding maximum PCE value of
19.818% . Changing temperature mainly affects the value of
open circuit voltage causing overall drop in PCE of 2.722%
for temperature variation between 25 − 80◦C. While solar
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irradiancemainly affects the short circuit current, results have
shown that changing temperature and solar power at the same
time may cause degradation of PCE by 4.86%. Also, results
have indicated that changing the geometric shape of ETL to
pyramidal shape instead of flat shape can increase the PCE
of PSC by 1.24% which can be utilized as a compensat-
ing technique of efficiency reduction caused by increased
temperature.
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