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Abstract. Planar perovskite solar cell (PSC) measuring 900 nm total thickness is designed and
simulated using Silvaco and SCAPS. Silvaco (Atlas 5.16.3.R) photovoltaic simulating system
enables the formation of the stacking model and estimation of the physical properties of various
functional materials, whereas SCAPS (version. 3.3.07) patterns the photovoltaic metrics includ-
ing the fill factor (FF), power conversion efficiency (PCE), open-circuit voltage (Voc), short-
circuit current density (Jsc), maximum voltage (Vm), maximum current (Im), absorption and
reflection coefficients, and energy state diagram of the whole device. Alternation of illumination
power and use of different buffer materials was utilized as the main tuning strategy. The cham-
pion layout was achieved by optimization of the stacking model, material system, and power of
illumination, which demonstrated 26.32% PCE, 83.77% FF, Jsc of 26.27 mA∕cm2, and the
exceptional Voc of 1.19 V. This theoretical performance remains stable in 1000 W∕m2 light
radiation. The calculated efficiency and FF were very close to the previously reported exper-
imental data, and this proved the high accuracy of this simulation work. These findings promise
a feasible application of PSC in high-efficiency wearable electronics. © 2022 Society of Photo-
Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JPE.12.015503]
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1 Introduction

Perovskite solar cells (PSCs) are nearly changing the game in the energy market, as they are
attaining the efficiencies of their commercial counterparts.1,2 However, the intermittence over
time and climate conditions still make them unreliable for commercial applications. Moreover,
the bulk and molecular imperfections and mismatches of the work function in different junctions
keep the genuine power conversion efficiency (PCE) of PSCs lag behind the theoretical values.3

Plenty of configurations, stacking manners, and material systems have been surveyed experi-
mentally, but the results have not exceeded ∼25% PCE,4 which is yet standing far below the
predicted potential of 31.4% PCE.3

From a technical point of view, the performance and lifetime of a perovskite multijunction,
especially where an organic–inorganic composition is used, are dramatically disturbed by
numerous internal and external potential triggers. Light intensity and the power of illumination,
humidity, external environmental temperature, and the number, thickness, contact, and quality
of the junctions, as well as the intrinsic physical properties of each layer, such as thermal and
electrical resistivity, light absorption-reflection behavior and thermal and chemical stability,
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all together rule out the net performance and durability of PSCs. In addition to the above factors,
materials such as composites and atomic-doped materials, rearrangement of stacking orders,
engineering of interfaces, addition of protective, heat sucking, and antirefractive layers are also
known to greatly affect the overall PCE performance of PSCs.1–11 It is therefore necessary to
develop and generalize the systematic protocols for addressing these factors in terms of opti-
mization, for improved cell efficiency.

The experimental studies however are highly informative but are designed for a limited
domain of conditions, and hard to be reproduced plainly. Having a numerical/theoretical backup
minimizes the data points and saves time, costs, hazards, and the related systematic errors.
Nonetheless, there has been so far less attention to the theoretical works on perovskite materials
and their related electronic devices. Some simulation works have been done to explore the effect
of using different materials, changing cell layer thickness, and the effect of defect densities. For
example, Lakhdar et al. simulated a PSC with SCAPS software, in which they studied and
designed the effects of electron transporting layer (ETL) on the Ge-based PSC for an improved
performance. They used different materials as ETL, among which the PSC with C60 illustrated
the highest PCE of 13.5% compared with those with other ETL materials.12 In another work,
Chowdhury et al. investigated the effects of defect density on the absorber layer and n/i interface
for PSCs using the SCAPS software. Based on the simulation results, a PCE of >25% was
reported with a fill factor (FF) of 85%. They concluded that by increasing the absorber layer
thickness, the efficiency increased rapidly. And that the defect density has a great effect on the
PSC, which can be overcome by increasing the thickness of the perovskite layer.13,14 Also,
Malyukov et al. presented a numerical model for the simulation of a PSC. The simulation results
showed that the thickness of the perovskite absorber layer and its qualities (charge carrier life-
time and diffusion length) can significantly affect PSC efficiency.15 Many other similar works
can be found in the literature, including those focusing on absorber layer thickness,14,16–18 defect
density, and doping concentration.17,19,20

Solar harvesting potential is the focal point of the current article. For the light-harvesting and
photovoltaic materials particularly, plenty of interactive factors are potentially confining their
level and ability of harvesting light energy. The atomic and crystalline nature of the photovoltaic
materials, as well as the position and area of exposure, day-time, and the weather condition, are
reasons for the serious malfunction in any given photovoltaic device.21–25

In this work, we dually address the light-harvesting shortcomings in a planar p-i-n PSC. From
one side, a range of organic and inorganic photoanode substances, i.e., titanium dioxide (TiO2),
zinc oxide (ZnO), phenyl-C61-butyric acid methyl ester (PCBM), and tin (IV) oxide (SnO2) (ETL
materials), are adopted as ETLs, and the performance of the issuing devices is compared. From the
other side, different powers of illumination after exposure to light are monitored and discussed in a
meaningful trend. For the simulation results with Silvaco, we first defined the mesh structure,
followed by the materials and thickness of each layer, and thereafter their doping concentration
and type. Then we defined the contacts and biased the structure under AM1.5 light illumination, to
earn the mesh structure, potential distribution in each layer, recombination rate, and net doping of
the proposed structure. With the SCAPS software, we designed the proposed structure and defined
material properties and defect density for each layer and biased the structure with 1.5V-voltage
under different illumination powers. Then, we changed the hole transporting layer (HTL) and ETL
thickness and materials, and the buffer layer materials and investigated their effects. All the sim-
ulations were done with Gummel and Newton Raphson methods. MAPbI3 was selected as the
model photovoltaic material, and copper oxide (Cu2O), copper thiocyanate (CuSCN), and
Spiro-OMeTAD materials were separately used as the HTLs, whereas P3HT, zinc telluride
(ZnTe), and cadmium telluride (CdTe) were incorporated and compared as the buffer layers.
With all the above-mentioned setups, optimization works confirmed that a p-i-n planar PSC can
potentially yield over 26% PCE, with the optimal ETL, HTL, buffer layer, optical traits of the
photovoltaic layer, and the thickness while keeping a proper power exposure to light.26–28

2 Simulation Parameters

For the simulation work and calculation of parameters, we applied both Silvaco and SCAPS for
programming. Silvaco is based on the digital resolution of the three fundamental equations of
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charge transport in semiconductors; these are continuity and transport equations for electrons,
holes, and Poisson’s equations.29 SCAPS on the other hand calculates the current–voltage char-
acteristics, energy bands, and spectral response (quantum efficiency), by solving continuity
equations for electron, hole, and Poisson’s equation.30 Figures 1(a) and 1(b) show the schematic
view of the hypothetical alignment and charge carrier transfer pathway of PSC, respectively.
While the distribution of the electron and hole current density in different photovoltaic and selec-
tive layers is shown in Fig. 1(c), for the designed PSC based on TiO2 and Cu2O as ETL and HTL,
respectively. Table 1 tabulates the physical and optical properties of the materials in different
layers, as theoretically estimated for the architecture shown in Fig. 1. As observed, a 50-nm ITO
film as the front electrode, a 200-nm Cu2O as HTL, a 600-nm MAPbI3 PV film, a 100-nm

Fig. 1 Schematic view of the (a) hypothetical alignment of the highly efficient PSC and (b) charge
transfer path. (c) Electrons’ and holes’ current density distribution in various thicknesses of the
proposed structure. (ETM, electron transfer materials; HTM, hole transfer materials).

Table 1 Physical and electrical properties of the materials used in the proposed structure.

Materials Cu2O
28 MAPbI3

31 TiO2
27

Electron affinity (eV) 3.20 3.75 3.90

Electron mobility μe (cm2∕Vs) 200 2 20

Hole mobility μh (cm2∕Vs) 80 2 10

Band gap energy Eg (eV) 2.17 1.55 3.20

Conduction band effective
density of states NC (cm−3)

2: − 02 × 1017 2.20 × 1015 1.00 × 1021

Valence band effective density
of states NV (cm−3)

1.10 × 1019 2.20 × 1017 2.00 × 1020

Dielectric constant ε∕ε0 7.11 6.50 9

Acceptor concentration NA (cm−3) 1.00 × 1018 1.00 × 1015 —

Donor concentration ND (cm−3) — 1.00 × 1015 1.00 × 1018

Defect density Nt (cm−3) 1.00 × 1015 2.30 × 1013 1.00 × 1015
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TiO2 as ETL, and a 50-nm gold as the top contact form an ultrathin two-dimensional PSC, in
which the carrier densities of 1 × 1015 cm−3 (p-type), 1 × 1015 cm−3 (n-type), and 1 × 1018 cm−3

(n-type) are created in the HTL, ETL, and PV layers, respectively, upon illumination.
In Fig. 1(b), the green arrows show the ideal direction for energy conversion, including pho-

ton excitation, electron transfer from the perovskite layer to the ETL, and hole transfer from the
perovskite layer to the HTL. Also, the red arrows indicate the energy lost during delivery to the
charge carriers. Such a parasitic effect includes recombination and leakage or backward flow of
electrons and holes from the ETL and HTL, respectively, to the perovskite layer. The rate and
mechanism of these phenomena are dominated by the state of the energy profile in the whole
system. In detail, part of the dissipated energy depends on the bandgap ofMAPbI3, and the level
of conformity between the valance band of HTL and the conduction band of ETL with respect to
MAPbI3. On the other hand, the ratio between the absorbed and the total incident photons should
be kept as high as possible. It means that the chances of reflection or transmission from the PV
layer will be minimized.32–36

Figure 1(c) shows the density of hole and electron obtained upon illumination in various
functional layers, through simulation backed up with the following equations:

EQ-TARGET;temp:intralink-;e001;116;543Jp ¼ −qμpp∇ðϕ − ϕpÞ þ KTμp∇p; (1)

EQ-TARGET;temp:intralink-;e002;116;499Jn ¼ −qμnn∇ðϕ − ϕnÞ þ KTμn∇n; (2)

where Jp is the current density due to the mobility of holes, Jn is the current density due to the
mobility of electrons, μn is the electron mobility, μp is the hole mobility, q is the electron charge,
ϕ is the electrostatic potential, and K is the Boltzmann’s constant.

3 Results and Discussion

3.1 Recombination Rate in Functional Layers

Generation or production of excited electron–holes and charge carriers concurrently from the
valance band of the semiconductor to the conduction band requires a sufficient amount of
energy (larger than the bandgap of the material) from photons or other resources. This leaves
a hole in the valance band. Recombination with an inverse mechanism includes a relaxation
mode in which electrons and holes reunite in the valance band and then are annihilated. The
latter process is associated with energy production in the form of heat or radiation. In a balanced
status, the rate of recombination and generation are equal. For specific applications such as solar
cells and light-emitting diodes (LEDs), this equation should be canceled. For the solar cells, a
minor rate of recombination is desired, and in LEDs, a high range of radiating recombination is
required.37–41

Herein, we estimated the rate of recombination through the PVand charge selective layers of
the proposed PSC, and calculations were performed based on different mesh constructions.
Figures 2(a)–2(d) compare the profile of recombination rate in different layers, with and without
the boundary conditions. Figures 2(e) and 2(f) correspondingly demonstrate the forms of the
mesh structure, without and with consideration of the boundary conditions. It is observed that
when the boundary conditions are put into the calculation system, the rate of recombination
through the cell increases to more than two orders of magnitude. This is well in line with reality
as the boundary conditions theoretically define the interfaces and junctions of ETL and HTL
with the PV layer. In a practical case, these interfaces are the key points of recombination based
on two main reasons: first, for the offsets of valance band at HTL/PV and conduction bands at
PV/ETL; second, because of the inevitable bulk and crystalline defections at the borders that can
trap the carrier and exhaust their energy, pushing them back to the valance band of the photo-
voltaic layer.1,3 Moreover, in polycrystalline structures such as perovskite films, the mesh density
presents the frequency of grain boundaries, which in the normal case could be in the range of
1010 to 1020 orders of magnitude.1,3,8,42–44
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3.2 Doping Effect

The general descriptions of current density (J) and conductivity (σ) in a semiconductor, as
applied in our simulation package, are presented in Eqs. (3)–(8), where nn and pn are the density
of electrons and holes, respectively, and e and p are the electrical charges in a single electron and
hole, respectively. μe is the electron mobility, μh is the hole mobility, and E denotes the applied
electric field.45

EQ-TARGET;temp:intralink-;e003;116;159J ¼ ðneμe þ peμhÞE; (3)

EQ-TARGET;temp:intralink-;e004;116;116σ ¼ J
E
; σ − neμe þ peμh; (4)

EQ-TARGET;temp:intralink-;e005;116;84Jn ¼ eðnnμe þ pnμnÞE; (5)

EQ-TARGET;temp:intralink-;e006;116;62σn ¼ eðnnμe þ pnμhÞ; (6)

Fig. 2 Distribution of the recombination rate throughout the proposed PSC: (a) without boundary
conditions and (b) with boundary conditions. The recombination rate throughout the proposed
PSC: (c) without boundary conditions and (d) with boundary conditions. The mesh structure:
(e) without boundary conditions and (f) with boundary conditions.
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EQ-TARGET;temp:intralink-;e007;116;440Jp ¼ eðnpμe þ ppμhÞE; (7)

EQ-TARGET;temp:intralink-;e008;116;417σp ¼ eðnpμe þ ppμhÞ: (8)

In the field of simulation, dopants or impurities mimic the carriers. The type and density of
carriers are initially set as the tuning factors and optimized along with calculation cycles.
Figures 3(a) and 3(b) show the doping and electrical potential distributions obtained for different
layers of the designed PSC. The density of p-type carriers undergoes an upward trend from PV
toward HTL, in which the p-type carriers are most frequent. The same trend is observed for n-
type carriers from PV layer toward ETL as expected and perfectly accords with the real cases. In
terms of electrical potential, simulation also follows the reality, whereby it remains at the mini-
mum level in HTL and continuously increases linearly toward the PV part, to reach its maximum
at the ETL border.

3.3 Absorptance and Reflectance

Light absorption capability is affected by both external and internal parameters, such as the
intensity of incident photons, the area, and power of exposure, and the optical properties of the
active layer. Moreover, depending on the side of exposure (back or front illumination), the inter-
mediate layers such as the electrode and selective junction should be as transparent as possible
and have a marginal reflecting effect, for a negligible parasitic absorption.46–50 In this work, we
theoretically characterized the absorption–reflectance behavior of the three main functional
layers; ETL, HTL, and PV. The absorption coefficient of the PV layer is significantly higher
than that of the selective layer, as expected, whereas the HTL is showing a higher absorption
coefficient over the full wavelength (0 to 900 nm), as compared with the ETL. However, both
selective layers possess a minor absorption coefficient along the full wavelength. On the other
side, the reflectance of all mentioned layers was determined to be negligible [below 1%,
Fig. 3(b)], making them desirable for efficient optical performance. With all these findings,
it can be concluded that our proposed multijunction PSC is adequately designed for illumination
of both sides (direct and inverted).

When a specific flux of incident photons (I) with an amount of energy, E, and intensity, I0,
collides with the surface of a solar cell, part of this flux is absorbed and reaches the photovoltaic

Fig. 3 (a) n-type and p-type doping distribution rate in different layers of the proposed structure
(according to the graph, we observed the highest amount of acceptor concentration in the HTL,
and the highest amount of donor concentration in ETL), and (b) potential distribution rate applied in
different layers of the proposed structure (potential of 1.5 V was applied to the ETL).
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layer. The portion of the incident light absorbed is influenced by various factors, including the
travel distance of the photon (the thickness of the photovoltaic film, dx, and the top layers) and
the optical nature of photovoltaic materials [Eq. (9)]:

EQ-TARGET;temp:intralink-;e009;116;699

dI
dx

¼ −αI: (9)

If we can assume that the energy of the absorbed photons is entirely consumed for creating
the free charge carriers, the rate of generation can be denoted as

EQ-TARGET;temp:intralink-;e010;116;633gðE; xÞ ¼ bðE; xÞαðE; xÞ; (10)

where b is the photon flux along with x.
On the other hand, the rate of photon absorption depends on various parameters, such as the

energy of quantum photons and the energy states of the absorption layer.51–55 For absorption of
photons, at least two levels of energy are required. To achieve a stable photon-to-charge function,
the excited carrier’s lifetime must be sufficiently greater than the time required for transmitting
the carriers from the valance band to the conduction band. Also, a qualified photovoltaic material
is evaluated based on its absorption coefficient (α), which is a function of the wavelength of
incident photons, as denoted as56–61

EQ-TARGET;temp:intralink-;e011;116;506α ¼ Aðhν − EgÞ12; (11)

where A is a constant, which is a function of the materials nature, hν is the photon energy, and
Eg is the bandgap of the material.

It should be noted that the intensity of the incident photons is exponentially varied during
their passage through the different layers, according to

EQ-TARGET;temp:intralink-;e012;116;423I ¼ I0e−aX: (12)

There is always a share of reflected photons, which is defined as the ratio between the energy
of the surface wave to the energy of the colliding wave to the surface. In other words, reflection
is the refraction of a random light reflected from the surface, which is an intrinsic characteristic
of materials. It is essential to determine the color characteristics, polarity, and transparency of
materials.62–64 Internal reflectance is another important phenomenon occurring in some optical
devices. Figure 4 manifests that the incident rays and reflected photon rays have the same size of
angles, as regards to the shared surface.

Reflectance is a function of the valance and conduction energy states of materials, which are
intrinsic for each material and determined by the optical constants and the density of the free
carriers on the surface. In general, the optical reflection trait of a material is indicated by the
reflection index.

Fig. 4 The angles of the incident, reflected and refracted rays to the surface of the material.
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EQ-TARGET;temp:intralink-;e013;116;735n ¼ nþ iK; (13)

where n denotes the surface reflective index, and K indicates the surface extinction coefficient.
Beyond the materials, optical characters, position, and intensity of irradiation would profoundly
dominate the optic-electronic activities.

Having known the details of influencing parameters, this study further envisages the effect
of irradiation power on the photovoltaic efficiency of PSCs.

3.4 Different Light Radiation Power

For the optical investigation of this cell, the maximum absorption for different radiation powers
was examined for the planar p-i-n perovskite device with a 600-nm-thick perovskite layer.
Table 2 presents the output terms of this theoretical measurement and optimization. Figure 5(a)
unveils that with a 1000-W∕m2 radiation power, a minimum reflection occurs, as absorption
increases significantly. However, Fig. 5(b) shows a serious drop of current density with a
1000-W∕m2 radiation power. Such an observation could be because the higher powers of photon
impact create further parasitic effects such as traps on the interfaces. As deduced from Figs. 5(a)–
5(c) and Table 2, there should be a trade-off between the desired and adverse upshots of a reflec-
tance power, which for the current case can be optimized when the power of irradiation is set at
1000 W∕m2. AM1.5, 1.5-atmosphere thickness, matches a solar zenith angle of z ¼ 48 deg. So,
solar manufacturing has been using AM1.5 for all standardized measurement or rating of physical
solar cells or modules, including those applied in concentrating systems.65 For clarity, we can
flashback to Fig. 4, which shows that normal refraction minimizes the potential of internal reflec-
tions and is associated with a higher chance of transmission.66

On the other hand, varying the radiation power in the range of 826 to 1000 W∕m2 changes
the effective light diffusion length. Such an interactive behavior states that illumination power
should be optimized for each specific penetration thickness, including the thickness sizes of the
front electrode (here; glass/ITO), the atop selective layer (here; Cu2O), and the active layer
(perovskite).

Table 2 Photovoltaic parameters of various irradiation power, as
calculated for the proposed p-i-n PSC.

Light power
(W∕m2)

Voc
(V)

Jsc
(mA∕cm2)

Vm
(V)

Jm
(mA∕cm2) %FF %PCE

1000 1.19 26.27 1.04 25.14 83.77 26.32

962 1.19 25.23 1.04 24.16 83.77 26.21

900 1.18 23.20 1.04 22.20 83.77 25.60

826 1.17 16.32 1.02 14.60 83.62 19.35

Fig. 5 (a) The J–V curve for the proposed PSC under different radiation powers, (b) the photo-
voltaic efficiency under different radiation powers, and (c) the cathode current density under
different radiation powers.
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Results of this simulation under AM1.5G are very close to the state-of-art of experimental
works (Table 3), with similar visions, proving the higher efficiency of this simulation method.

3.5 Anode Buffer Layer

The front selective layer (here; HTL) can also crucially affect the light-responses of the whole
photovoltaic device. To survey this fact we ran a set of device simulations, based on different
material systems for the front-side HTL. Figures 6(a)–6(d) and Table 4 briefly show the simu-
lated external quantum efficiency (EQE), and PV metrics of the identical four planar p-i-n solar
systems, utilizing different materials for the front selective layer. EQE is defined as the ratio
between the electrons extracted from the device to the number of the incident light wavelength
[Eq. (14)]. Here, we calculated the later parameters based on an optimum (48 deg) radiating
power:

Table 3 Comparison of the characteristic of the proposed structure
with recent similar studies.

Reference
Light power
(W∕m2) %FF %PCE

Giacomo et al.67 1000 77.00 15.90

Dagar et al.68 1000 75.70 19.00

Xu et al.69 1000 75.00 20.00

Tumen-Ulzii et al.70 1000 77.00 21.1

Patricia et al.71 1000 80.00 25.10

This work 1000 83.77 26.32

Fig. 6 (a) The influence of the anode buffer layer on the J–V curve. (b) The EQE curve for different
anode buffer layers. (c) The impact of the anode buffer layer on efficiency. (d) The influence of
the anode buffer layer on cathode current density.
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EQ-TARGET;temp:intralink-;e014;116;570EQE ¼ number of electrons out of device

number of photons incident on device
: (14)

A minor difference in conversion and external quantum efficiencies is observed, and the best
performance belongs to the cell that uses P3HT, as HTL. The only variable parameters are the
current density and FF. Current density is an indicator of the level of harvesting and generation,
whereas FF is linked to the structure, which is in turn a function of the material nature. From a
theoretical perspective, we may assume that P3HTworks better owing to a relatively better match
of the energy states (work function, valance, and conduction bands) with the perovskite layer,
and the same reason can be used for the comparatively poor performance of CdTe.27,28,72 Overall,
these findings may guide us to the fact that, if we can prepare a perfect stacking structure (in both
crystalline and bulk scales), with an optimal thickness, the only remaining concern will be the
energy state of the adopted materials.

Among the materials used as anode buffer layers, P3HT is the best material due to the
many advantages, such as high charge, easy synthesis, good processability, and carrier
mobility.73

3.6 Influence of HTL and ETL Thickness on Photovoltaic Performance

As shown in Figs. 7(a)–7(c), the variation of the electron current density and efficiency with the
thickness of HTL indicate a change in the series resistor. When the thickness of HTL increases
from 100 to 500 nm, PCE decreases from 26.32% to 22.02% and corresponding cathode current
density shifts from 26.27 to 26.49 mA∕cm2. Table 5 reveals that the most favorable photovoltaic
function for the proposed outline is achieved when the thickness of HTL (based on Cu2O) is set
in the range of 100 to 500 nm. Such a prediction stands in line with reported theories and experi-
ments, as a very thin active layer may fail in harvesting, and a very thick one causes a series of
resistivity and imbalanced diffusion length.3

The HTL thickness of about 100 to 200 nm is ideal and suitable for high efficiency.
Maximum Jsc, Voc, efficiency, and fill factor (FF) of 26.27 mA∕cm2, 1.19 V, 26.32%, and
83.77%, respectively, were obtained for a thickness of 200 nm. This result indicates less recom-
bination in the device, an effective charge transport, high FF, low series resistance, and
high FF.74,75

In the same line of thought, Figs. 8(a)–8(c) and Table 6 summarize the influence of ETL
thickness (based on compact TiO2), whereby the increase in the ETL thickness from 100 to
500 nm degrades both the overall cell efficiency and the current density from 26.32% to
25.99% and from 26.27 to 25.95 mA∕cm2, respectively. We accept this trend as a theoretical
principle and connect it to the effect of series resistivity with increasing thickness of stacking.
While in practice, further disturbing parameters such as the bulk and crystalline structure of ETL
film and interfaces may rule out the trend.

When the ETL thickness increases, the case to restrict electron transport to ITO increases due
to the higher recombination rate. This increases the series resistance to the solar cell, thus affect-
ing efficiency and the FF. When the thickness of ETL increases, the electrons need to move a

Table 4 Output characteristics of the proposed PSC as influenced
by the anode buffer layer materials.

Material
Voc
(V)

Jsc
(mA∕cm2)

Vm
(V)

Jm
(mA∕cm2) %FF

%
PCE

P3HT 1.26 26.27 1.08 25.41 82.81 27.53

ZnTe 1.26 26.26 1.06 25.38 81.07 26.92

CdTe 1.26 26.25 1.04 25.37 79.77 26.34

Without buffer layer 1.19 26.27 1.04 25.14 83.77 26.32
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long way to arrive at the top electrode. Due to a vast path distance, a high possibility for electrons
to recombine exists with minority carriers. So, the PSC efficiency decreases significantly.76,77

3.7 Influence of HTL and ETL Materials

Figures 9(a) and 9(b) show the schematic energy state diagrams of different materials tested for
ETL and HTL in the proposed perovskite cell.

Figures 10(a)–10(d) and Table 7 show the J–V trend and PV metrics, which were calculated
for the designed PSC, based on MAPbI3 (600 nm thickness), TiO2 as ETL (100 nm thickness),
and varying HTLs, i.e., Cu2O, CuSCN, Spiro-OMeTAD, and P3HT. It seems that Cu2O as HTL
yields the best operation for the proposed structure. This is further supported with the energy

Fig. 7 (a) The J–V curve of the proposed structure with different HTL thickness, (b) the efficiency
variation with different thickness of HTL, and (c) the cathode current density variation with different
thickness of HTL (corresponding to Table 4).

Table 5 The proposed PSC characteristics with HTL thickness
variations.

HTL thickness
(nm)

Voc
(V)

Jsc
(mA∕cm2)

Vm
(V)

Jm
(mA∕cm2) %FF

%
PCE

100 1.19 26.30 1.04 25.05 83.30 26.16

200 1.19 26.27 1.04 25.14 83.77 26.32

300 1.17 26.34 1.03 25.11 83.63 25.99

400 1.12 26.39 0.97 25.01 81.90 24.37

500 1.03 26.49 0.88 24.96 80.04 22.02
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Table 6 The proposed PSC characteristics with ETL thickness variations.

ETL thickness (nm) Voc (V) Jsc (mA∕cm2) Vm (V) Jm (mA∕cm2) %FF %PCE

100 1.19 26.27 1.04 25.13 83.77 26.32

200 1.19 26.17 1.04 25.04 83.77 26.21

300 1.19 26.08 1.04 24.96 83.77 26.13

400 1.19 26.01 1.04 24.89 83.77 26.05

500 1.19 25.95 1.04 24.83 83.77 25.99

Fig. 9 The schematic energy state diagram of different materials, tested for (a) HTL and (b) ETL
in the proposed perovskite cell.

Fig. 8 (a) The J–V curve of the proposed structure with different ETL thickness, (b) the cathode
current density variation with varying thicknesses of ETL, and (c) the efficiency variation with
varying thicknesses of ETL (corresponding to Table 6).
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state information in Fig. 9(a), where Cu2O demonstrates the most desirable offset of valance
band with MAPbI3.

For this comparison, Cu2O, Spiro-OMeTAD, P3HT, and CuSCN were used as HTL. Because
Cu2O has a very high hole mobility rather than other selected materials, the hole mobility enhan-
ces the efficiency of the perovskite layer.78

Materials such as ZnO, SnO2, PCBM, and TiO2 were used as ETL layers, whereby TiO2

portrayed the best efficiency because it exhibits a suitable band adjustment with the perovskite
layer and a long electron lifetime, which decreases the hysteresis behavior of the PSCs.79,80

Similarly, Figs. 11(a) and 11(b) and Table 8 display the J–V trend and PV parameters of
the designed PSC, versus the changes in ETL materials. The cell made of PCBM performs
the minimum current density, EQE, and PCE, consequently. This operation may be due to the
low electron and hole mobility of about 2.00 × 10−1, which suppresses the acceleration of
charge collection. On the other side, TiO2 causes the best EQE and PCE. EQE, PCE, and the
corresponding Jsc of four different cells, adopting different ETL materials are given in
Figs. 11(b)–11(d).

Fig. 10 (a) The J–V curve of PSC based on MAPbI3, (b) the EQE for different HTL materials,
(c) the efficiency for different HTL, and (d) the cathode current density for different HTL materials
(corresponding to Table 8).

Table 7 The output parameters of the proposed structure with
different HTL materials.

HTL materials
Voc
(V)

Jsc
(mA∕cm2)

Vm
(V)

Jm
(mA∕cm2) %FF %PCE

Cu2O 1.19 26.27 1.04 25.14 83.77 26.32

Spiro-OMeTAD 1.17 26.24 1.00 25.33 84.23 26.02

P3HT 1.16 26.24 0.96 25.35 83.82 25.52

CuSCN 1.11 26.35 1.02 25.28 83.06 25.50
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4 Conclusion

Many studies have been previously conducted on PSCs, albeit with low PCE as compared with
state-of-the-art silicon photovoltaics. In this work, we used two software programs, Silvaco and
SCAPS, to demonstrate the influence of parameter variation on the proposed structure of PSCs.
With the SCAPS software, we investigated the effect of ETL and HTL, the anode buffer layer
materials, and the light radiation power on the proposed structure properties. With Silvaco, we
calculated the optical properties of the proposed structure.

The simulation results revealed that theMAPbI3 PSC, with the HTL thickness of 100 nm and
ETL thickness of 500 nm can generate a maximum cathode current density and efficiency by
increasing the ETL and HTL thickness. We observed that the short-circuit current density and
efficiency sharply decreased because of the increase in the series resistance. Moreover, by using
suitable and new semiconductor materials as ETL and HTL of the PSC, PCE increases dramati-
cally. We used different materials as the anode buffer layers and compared the results, whereby
P3HT turned out to be the best material for the anode buffer layer in the proposed structure. We
also illuminated light with different radiation powers, and with 1000 W∕m2, we obtained the
maximum efficiency. After optimization of all the parameters, the Voc, Jsc, efficiency, and FF

Fig. 11 (a) The J–V curve of PSC based on MAPbI3, (b) the EQE for different ETL materials,
(c) the efficiency for different ETL, and (d) the cathode current density for different ETL materials.

Table 8 The output parameters of the proposed structure with
different ETL materials.

ETL
materials

Voc
(V)

Jsc
(mA∕cm2)

Vm
(V)

Jm
(mA∕cm2) %FF

%
PCE

TiO2 1.19 26.27 1.04 25.14 83.77 26.32

ZnO 1.20 25.79 1.05 24.71 83.50 25.98

SnO2 1.20 25.79 1.05 24.70 83.41 25.95

PCBM 1.17 23.02 1.03 22.01 84.00 22.73

Farhadi et al.: Influence of the anode buffer layer materials and the light radiation power. . .

Journal of Photonics for Energy 015503-14 Jan–Mar 2022 • Vol. 12(1)

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Photonics-for-Energy on 13 Mar 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



obtained were 1.19 V, 26.27 mA∕cm2, 26.32%, and 83.77%, respectively. This theoretical
champion layout promises a feasible application of PSC as highly efficient electronic devices.
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