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The development of wide-bandgap perovskite materials has enabled new
opportunities for highly efficient tandem solar cell applications. In this study,
the optical and electronic performance of a single junction dome-shaped
nanostructured wide-bandgap perovskite (MAg 4Csq1Pb(lgBrg4)3) is studied for
all-perovskite tandem solar cell (SC) applications. The optical performance
of the proposed design is studied using finite difference time domain. The
introduction of the dome-shaped (Al,Oz) antireflective layer improves the light
absorption to 90.1% relative to 77.1% for the PSC without antireflective coating
(ARC). Therefore, the maximum power conversion efficiency (PCE) of 15.3% is
reported for the optimized structure (E; = 1.82 eV) with an enhancement of
19.5% compared to the reference cell. When the defect density is increased
to 10 cm3, the PCE is dropped to 7.7% with a reduction of 49.7% relative to
the studied good practical defect density of 10*> cm™3. Furthermore, the impact
of the perovskite bandgap on the electrical parameters of the perovskite solar
cells (PSCs) device is analyzed. The optimized structure with a bandgap of 1.9 eV
shows the highest PCE of 16.1% with a Jsc of 18.1 mA/cm?. The results show
that the presence of Al,O3; ARC enhances the performance of PSC, which can
be useful for tuning wide-bandgap perovskite in tandem photovoltaic systems.

KEYWORDS

finite-difference time-domain, grating structure, perovskite solar cell, Silvaco TCAD,
tandem solar cell

1 Introduction

The photovoltaic effect is used by solar cells (SCs) to transform light energy into
electrical energy. Solar cells are generally categorized into different generations based on the
underlying technology used in their fabrication [1-3]. Because of their superior stability and
high conversion efficiencies, crystalline silicon solar cells (the first generation of photovoltaic
technology) control over 90% of the PV market, making them the most popular photovoltaic
devices [4]. Their high production costs and intricate construction procedure, however,
restrict their applicability for a range of uses. Second-generation solar cells were fabricated
by cheaper technologies compared to the first-generation solar cells [5] Nevertheless, they
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failed to achieve the efficiencies of first-generation solar cells.
The benefits of first- and second-generation PVs are combined
in third-generation devices. The most popular types of third-
generation photovoltaics include dye-sensitized solar cells (DSSCs),
organic solar cells (OSCs), quantum dot solar cells (Qdot SCs), and
perovskite solar cells (PSCs) [1, 6, 7]. PSCs are considered to be of
special importance owing to their ability to convert visible light into
electricity efficiently [8-10]. Therefore, in this research, we will focus
on currently emerging perovskite-based solar cell technology.

The growing attention toward halide perovskite (HP) solar
cells has grown significantly because of their higher power
conversion efficiency. Single junction PSCs PCE has increased
from 3.8% to 25.2% in just over 10years [11, 12]. In this
structure, the A-site is occupied by a monovalent cation (e.g.,
methylammonium, MA), the B-site by a metal cation (e.g., lead,
Pb), and the X-site by a halide anion (e.g., iodine, I). Accordingly,
halide perovskites (HPs) follow the general chemical formula
ABX,. Typically, HPs have high absorption coefficients, large
carrier diffusion lengths, high carrier mobilities, and tunable
bandgaps [8-10, 13]. Moreover, perovskite thin-film SCs offer
unique advantages over traditional semiconductor thin-film SCs,
such as solution processability and mechanical flexibility [14,
15]. Nevertheless, monovalent cation perovskites such as MAPbI,
suffer from instability [2]. Therefore, organic-inorganic mixed-
cation and mixed-halide perovskite compounds were developed
to mitigate stability issues [16]. Mixed-cation and mixed-halide
perovskite MA,Cs,_ Pb(I,Br,_,); is gaining a lot of attention due
to its higher bandgap and consequently higher voltage, stability,
and broad-spectrum absorption [17]. MA,Cs, Pb(I,Br, ), thin
film was developed to increase the chemical stability of the light-
absorbing material without the additional encapsulation [18]. In
this regard, Chang etal. [18] fabricated an efficient and stable
MA, 4Cs,Pb(IysBry,); thin film SC, which results in a power
conversion efficiency (PCE) of 10.0% with short circuit current
(Jsc) of 14.15 mA/cm?. Further, MA,Cs, Pb(L Br, ) is a suitable
top sub-cell to develop a multijunction SC. In this respect,
Rajagopal et al. [19] fabricated perovskite/perovskite tandem solar
cell with MA ¢Cs,, ;Pb(I; ¢Br, 4); and MAPb, sSn, 515 as a top and
bottom cell absorber material, respectively. The authors achieved an
interesting PCE of 18.5%.

Enhancing light trapping and absorption in thin absorber layers
requires extending the photon propagation path length beyond
the traditional Lambertian limit [20]. To achieve this, plasmonic
nanostructures have been integrated into solar cells, utilizing
near-field enhancement and efficient light scattering to boost
optical absorption [21-23]. Furthermore, nanowire architectures
have emerged as promising alternatives to thin-film solar cells,
offering superior performance while significantly reducing material
consumption [23-25]. In this concern, Mohammadi et. al [23].
employed three-dimensional simulations to investigate the light-
trapping effects of plasmonic core/shell nanorod arrays on PSC
performance. By optimizing nanorod geometry and materials-
specifically using Ag cores with CuSCN shells—the device achieved
enhanced absorption and carrier generation, resulting in a PCE of
19.33% with a Jgc of 23.12 mA/cm? and V¢ of 1 V. Furthermore,
antireflection attached to front side of the glass substrate can
improve the optical transmittance [22, 24] and light tapping inside
the active material. Further, Wu et al. [22] found that incorporating

Frontiers in Physics

10.3389/fphy.2025.1754822

irregularly shaped silver nanomaterials into the electron transport
layer of PSC can enhance both light trapping and carrier extraction
through combined far-field scattering and near-field plasmonic
effects. This strategy improved device performance significantly,
increasing the PCE from 19.52% to 22.42%. Despite these advances,
reflection losses at the air-top electrode interface remain a major
challenge, as they reduce the amount of light reaching the active
layer. Therefore, achieving effective index matching at this interface
is crucial during the device design process. This can be realized by
introducing textured antireflective coatings (ARCs), which enable a
gradual refractive index transition from the transparent electrode
to air [26-29]. In this regard, Tavakoli etal. [29] show that the
nanocone-based array antireflection film can enhance the optical
transmittance and introduce superhydrophobicity, improving the
PCE from 12.1% to 13.14%. In 2021, Shahiduzzaman etal. [26]
proved that incorporating a nanostructured ARC significantly
boosts light coupling, improving the top subcells Jsc from
20.5 mA/cm? (without ARC) to 23.6 mA/cm? (with textured ARC).
Furthermore, a PSC structure with an Al,O; pyramid anti-reflection
layer was proposed by Liu et al. [28]. The authors found that the
textured Al,O; ARC can contribute to photon management in PSCs
through improved light coupling. Compared with the flat PSC, the
efficiency of the PSC with an Al,O; ARC increased from 14.01%
to 17.19%. A combination of back-reflector nanostructures and
surface gratings resulted in enhanced absorption in thin-film Si solar
cells [27]. The absorption can be improved for shorter wavelengths
via antireflection effects of surface grating, whereas the longer
wavelengths are enhanced through plasmon interactions of the
back-reflector nanostructures. Lately, Chen et al. [30] introduced a
UV-resistant sticker-type nanostructured acrylic resin antireflective
film to enhance the light-trapping and stability of PSCs, reducing
average reflectance by 4.06% and increasing PCE from 20.77%
to 22.1%. Additionally, the resin antireflective film demonstrated
excellent durability under prolonged UV exposure and was
successfully applied to large-area CIGS solar cells, highlighting its
potential for commercial photovoltaic applications.

The ARC has a significant effect on both the top and the
bottom sub-cells of tandem solar cells. It minimizes the front-
surface Fresnel losses, allowing more light to enter the tandem
stack and couple effectively into the wide-bandgap perovskite top
cell. This not only boosts absorption in the top cell but also
helps more light reach the bottom cell. For the 2-Terminal (2-T)
tandem SCs, the ARC boosts the photon absorption in the top
cell at shorter wavelengths. Additionally, it allows more longer-
based wavelengths to reach and be absorbed by the bottom cell
as well. Further, the ARC can be optimized to enhance the
JSC and decrease the current mismatch between the two sub-
cells [31]. Shahiduzzaman etal. [26] demonstrated that adding a
nanostructured MgF, ARC significantly enhances light coupling
in both the top and bottom cell. At shorter wavelengths (around
550 nm), more photons are absorbed in the top cell, while at longer
wavelengths (around 730 nm), the photons penetrate deeper and
are absorbed by both cells, resulting in a noticeable increase in
absorption within the bottom cell. In contrast, for 4-terminal (4-
T) tandem solar cells, the overall conversion efficiency is simply
the sum of the independently measured efficiencies of the two
sub-cells. Unlike 2-T tandem cells, there is no current-matching
requirement between the sub-cells. Therefore, increasing the Jg: of
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the top cell using an ARC is beneficial; however, it does not influence
the performance of the bottom sub-cell.

In this work, we examine the optical and electronic performance
of a single-junction dome-shaped nanostructured wide-bandgap
perovskite solar cell, focusing on the MA,Csy;Pb(I,¢Brg4)s
composition, which is suitable for tandem architectures. The mixed-
cation, mixed-halide MA,Cs,_ Pb(I,Br,_,); thin film was developed
to address stability issues [17]. Therefore, MA 4Cs, ;Pb(I ¢Bry 4)s
possessing a band gap of 1.82¢V, is selected in this study.
Furthermore, this specific composition is chosen since experimental
optical data are available. Different textured AR designs using
MgF, and Al,O; layers are proposed to enhance light management
and overall device efficiency. The optoelectronic performance of
the suggested PSC structure is evaluated using the SILVACO
TCAD. In this regard, the FDTD is initially employed for a
precise investigation of the optical simulation. Electrical simulation
depends on the finite element method (FEM), in which the
Poisson and drift-diffusion equations are computed, considering
both bulk and interface recombination mechanisms. In this research,
incorporating dome-shaped (Al,O5) antireflective structures led to
a significant enhancement in light absorption, increasing it to 90.1%
compared to 77.1% for the PSC without ARC. This improvement
in optical performance translated to a PCE of 15.3%, representing
an enhancement of 19.5% over the conventional structure without
ARC. The PCE dropped to 7.7% when the defect density was
increased to 10'® cm™, which represents a 49.7% decrease in
comparison to the practical defect density of 10'> cm™. These results
provide important novel insights for designing nanostructured
wide-bandgap perovskites that will improve efficiency in tandem
photovoltaic applications.

2 Design considerations and
simulation methodology

The 3D schematic diagram for the suggested PSC configuration
with the dome-shaped nanostructure is shown in Figure 1. As depicted
in Figure 1, the proposed architecture consists of multiple functional
layers, including the MgF, AR coating, transparent conducting
oxide (ITO), hole transport layer (NiO), active perovskite absorber
(MA, 4Cs ; Pb(I, ¢Brg 4)5), electron transportlayer (Cg, ), and metallic
electrode (Ag). In this regard, the studied unit cell in 3D is shown
in a gray dashed line. Figure 1b presents the perovskite solar cell
(PSC) structure featuring a dome-shaped antireflective (AR) grating,
simulated using the SILVACO tool (DevEdit) in the X-Y plane. The
dome-shaped geometry is defined by the period (p), the dome height
(h,), and the bottom AR layer thickness (h,), with the dome height
measured from the top of the grating structure. The simulation domain
for optical modeling is depicted in Figure Ic. To analyze the impact
of this dome-shaped AR structure on light management and device
performance, electromagnetic interactions are examined using the
FDTD method, which is integrated with the ATLAS device simulation
tool for a comprehensive electro-optical assessment. To minimize
computational cost, the simulation considers a single unit cell along
the x-axis, using periodic boundary conditions (PBCs), while perfectly
matched layers (PMLs) are applied along the positive y-axis. A perfect
electric conductor (PEC) is used along the negative y-axis to represent
the back metallic reflector, which blocks light transmission. In this
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work, the absorption edge is set at 680 nm, aligning with the bandgap
of MA¢Cs,Pb(I;4Bry,);, which is approximately 1.82eV [19].
Simulations are performed by applying a normal-incidence plane wave
under AM1.5G conditions, with an input power density of 0.1 W/cm?
to represent standard one-sun illumination. The J-V characteristics are
analyzed using the AM1.5G spectrum data provided by the National
Renewable Energy Laboratory (NREL) [32]. The perovskite absorber
is initially set to a thickness of 190 nm [19], with the hole and electron
transportlayers (HTL and ETL) fixed at 30 nm and 50 nm, respectively
[19]. The complex optical refractive indices of all layers are sourced
from existing literature [19]. Considering realistic conditions such as
resistance paths, reflection at the front contact (ITO), and various
recombination mechanisms, including Shockley-Read-Hall (SRH),
radiative, and Auger recombination. Carrier mobility concentration
dependence and bandgap narrowing (BGN) effects are also considered
[33,34]. A summary of the electrical parameters for the different layers
is provided in Table 1, as well as the work functions of the ITO and
Ag electrodes, as 4.3 eV and 5.0 eV, respectively [19]. This design
approach and simulation framework enable a rigorous evaluation
of the optical and electronic performance enhancements achieved
through the dome-shaped AR structure. In this work, both optical
and electrical simulations are employed to study the performance of
the reported PSC device. In optical simulation, the finite-difference
time-domain (FDTD) method is employed to calculate the generation
rate (Equation 1), which is used as an input for the electrical simulation.
Furthermore, electrical simulationin ATLAS is based on the numerical
solution of basic equations of charge transport, including Poisson’s
equation, the continuity equations, and transport equations [35,
36]. These fundamental equations were solved on the finite element
mesh (FEM) grid points, allowing the calculation of the current
density of electrons and holes, and the current density-voltage (J-V)
characteristic of the photovoltaic cell. Figure 2 depicts a flowchart
summarizing the optical and electrical simulation steps in SILVACO
TCAD, along with the principal equations solved in the ATLAS device
simulator. The utilized materials are defined by the complex refractive
index of each layer and illuminated under the AM1.5G spectrum. In
this regard, the optical input is modeled using FDTD to calculate the
spatial generation rate. This generation profile is then coupled into the
ATLAS device simulator, where continuity, Poisson, and transport
equations are solved to describe carrier dynamics, recombination,
and electrostatics. The combined method enables precise prediction
of photovoltaic performance, yielding key outputs such as J-V
characteristics and EQE. The photogeneration rate is given by:

W

- Ea 2n W

where|E|? is the electric field intensity, 77 is the quantum yield, defined as
the fraction of absorbed photons that are converted to photogenerated
electron-hole pairs, h is PlancK’s constant, A is the wavelength, ¢ is
the speed of light, and a is the absorption coefficient. To analyze
and evaluate the optical performance in the context of photovoltaic
performance, an average weighted absorption to the AM1.5G solar
spectrum [37]. Solar weighted average absorption (A,,) and reflection
(R,,) can be calculated from Equations 2, 3, respectively:

rg AN dA
A, = 300)L ) @
J C 1) d

300
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FIGURE 1
(a) Schematic diagram of perovskite solar cell structure with a grated antireflective layer, and (b) Cross-sectional simulation model with PML and
periodic boundary conditions. (c) Geometrical parameters of the grating unit cell.
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where ), is the cut-off wavelength corresponding to the band gap of
the perovskite material utilized. I()) is the solar irradiance at AM1.5G
[32, 38].

The power conversion efficiency (PCE) can be calculated as
given by Equation 4 using [2],

4

where P, is the average solar power density (~100 mW/cm?), and P,
is the output P power density. FF is the fill factor, and J¢ here takes
the recombination effects into account. FF quantifies how closely
the device’s performance approaches the ideal product of V. and

Jsc [39].
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3 Results and discussion
3.1 Model validation and initial study

Initially, the wide-bandgap MA,Cs, Pb(I;¢Bry,); PSC
without the proposed AR surface [19] is analyzed to validate
the simulation framework used in this study. In this respect, the
structural schematic diagram established in SILVACO Atlas is
shown in Figure 3a, which consists of an ITO front contact, NiO hole
transport layer (HTL), the mixed-halide wide-bandgap perovskite
absorber (MA,4Csy;Pb(IBry4)s), Cep electron transport layer
(ETL), and an Ag back electrode. Further, the energy-level alignment
of the PSC layers is shown in Figure 3b, highlighting the conduction
and valence band positions and illustrating the built-in potential
that drives carrier separation and extraction. Figure 3¢ shows the
J-V simulation results of the suggested model compared to the
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TABLE 1 The electrical parameters of the simulated structure used in the PSC.

10.3389/fphy.2025.1754822

Parameters MA{ oCsq 1Pb(lg gBrg4)z (WBG)
Thickness (nm) d 30 190 50
Band gap (eV) E, 3.6 1.82 1.9
Electron affinity (eV) X 1.8 3.93 4
Permittivity e, 10.7 10 4.2
Conduction band density (cm-3) N, 2.8x 10" 1x10" 8x 10"
Valence band density (cm-3) N, 1x10" 1x10'%® 8x 10"
Donor concentration (cm-3) Np - - 1x10"
Acceptor concentration (cm-3) N, 1x10' - -
Electron mobility (cm2.V-1 - s-1) U, 12 17 8x 1072
Hole mobility (cm2.V-1 - s-1) 2.8 17 3.5%x 107
Hp
Ref. [19,71] [19,72] [19,72]
/ [ Material | \
| Structure I | Optical | | Electrical | | Light source |
Define: Complex optical Bandgap, Onezsin
Mesh, Region, refractive index data Mobility, Doping. AMI.5G
Electrode (n, k) of each layer Affinity 2
\ / Optical simulation
/ ATLAS \ FDTD (Luminous tool)
(Device simulator)
| Continuity equations | | Poisson’s equation | | Transport equations |
on_ 1 =
B I GR—IR Jn = qnunEn +qDyVn
g e 2g=—2 Generation rate
B Lol =R E
k e o ot —Rp Jp = qpipEp — quVP/
Display J-V, and EQE
FIGURE 2
A flowchart of optical and electrical simulation.

experimental results. The close agreement between the simulation
(blue circles) and experimental data (red line) highlights the
accuracy of the model. This consistency confirms the reliability
of the chosen optical and electrical parameters, including defect
states, recombination mechanisms, and carrier mobility models.
Table 2 shows the electrical parameters of the studied PSC
versus the data provided for the published experimental work
[19]. Similarly, Figure 3d shows the external quantum efficiency
(EQE) spectrum, where the simulated curve closely matches

Frontiers in Physics 05

the experimentally measured data. The excellent correspondence
between the simulated and experimental results across both J-V
and EQE measurements validates the accuracy of the simulation
methodology. This provides confidence in extending the validated
simulation approach to explore and optimize advanced device
architectures, such as the proposed dome-shaped antireflective
structures PSC design.

Figure 4 provides a comparative analysis of the considered
PSC structure with the suggested dome-shaped (MgF,) versus the

frontiersin.org


https://doi.org/10.3389/fphy.2025.1754822
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org

Salem et al.

10.3389/fphy.2025.1754822

(a)

n:
NiO

Ceqo
Ag

0 02 04

0.6
Voltage (V)

0.8 1 1.2

FIGURE 3

MA9Csg 1 P 6Bro.q)3

Experimental —8—FDTD simulation

(a) The structural schematic diagram, (b) energy-level band diagram of PSC, (c) Current density—voltage (J-V) curve and (d) external quantum
efficiency (EQE) of the planar PSC structure compared with experimental data [19].
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TABLE 2 The short-circuit current density (Jsc), open-circuit voltage (Vo ), filling factor (FF) and power conversion efficiency (PCE) of the simulated and

experimental PSC.

Parameter ‘ Jsc (MA/cm?) Voc (V) FF (%) PCE (%) Reference No
Value 15.1 1.20 69.0 125 [19]
Unit 15.6 119 689 128 "This work

conventional planar ARC layer and without ARC. The periodicity
is set at 400 nm, and the total ARC thickness of the surface dome-
shaped is fixed at 500 nm (h; = 300 nm, h, = 200 nm) for a fair
comparison as in Figure 4b. In this regard, absorption spectra, EQE
and the corresponding J-V behavior are presented in Figures 4a,c,d,
respectively. One can notice that the absorption spectra of the
structure with ARC are nearly enhanced over the corresponding
solar spectrum of the studied PSC, attributed to improved light
coupling and reduced reflection losses. The average optical efficiency
of the studied PSC with the flat ARC is enhanced to 81.3% versus
77.1% without using the ARC layer. With using the surface dome-
shaped ARC layer, the optical efficiency is elevated to 83.8% with

Frontiers in Physics

an enhancement of 3.1% and 8.6% versus the structure with and
without using the planar ARC. Figure 3b shows that the dome-
shaped ARC consistently enhances EQE compared to both the
planar ARC and no-ARC structures. With taking the electrical
parameters into consideration, we notice that the suggested PSC
structure offers the highest J-V characteristic, further confirming
the performance gains offered by the dome-shaped surface AR
layer. The short circuit current density (Jg) and the corresponding
PCE for the dome-shaped design are increased to 16.7 mA/cm?
and 13.8%, respectively, relative to 16.3 mA/cm?* and 13.4% for
the structure with a planar ARC, and 15.6 mA/cm? and 12.8%
for the structure without the ARC. Overall, these results confirm
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FIGURE 4
(b) The studied PSC schematic structures with and without the suggested planar and dome-shaped ARC (MgF,) at period of 400 nm, the
corresponding (a) absorption spectra, (c) EQE and the (d) J-V curve and PCE.

that integrating the dome-shaped ARC grating enhances light
harvesting and carrier collection, leading to significant performance
improvements in the PSC structure-demonstrating the effectiveness
of the dome-shaped design in addressing optical limitations
compared to planar configurations.

3.2 Influence of the antireflective coating
parameters

Figure 5 illustrates the contour plot of the Jq. of the suggested
PSC with an MgF, anti-reflection coating as a function of the period
(P) and height (h). Specifically, the graph shows how Jg¢ varies as a
function of the grating period (p) for three different dome heights
(h; = 300 nm, 400 nm, and 500 nm), while keeping the ARC base
layer thickness (h,) constant at 200 nm. The color bar minimum
corresponding to the Jg- the conventional flat ARC structure
studied. Across all cases, the textured ARC demonstrates superior
performance to the flat structure. With the configuration using h; =
500 nm (i.e., h, = zero) at periodicity of 600 nm, the offered dome-
shaped nanostructure yields the highest current densities, exceeding
16.8 mA/cm?. The observed performance enhancement results are
due to the increased light coupling and reduced reflectance owing
to the dome-shaped texture. This structure effectively increases light
trapping and thus the photon absorption within the perovskite layer
[26]. Light scattering is strongest when structural dimensions match
the incident wavelength. Given that the solar spectrum’s center
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wavelength is near 600 nm, surfaces structured with a 600 nm period
achieve maximum optical absorption [40]. As a result, J¢ peaks at
a 600 nm period, which is therefore consistently adopted for the
structured surface design in this study. These findings emphasize
the critical importance of precisely adjusting the ARC dome’s
height and periodicity to optimize light harvesting and enhance the
photovoltaic performance of wide-bandgap PSCs.

The MgF, has a low refractive index (~1.38), traditionally
suitable for air/glass interfaces. However, its index is slightly
high compared to the top ITO contact layer utilized. Generally,
for typical ITO films, the refractive index is in the range of
1.6-2.2 [41]. Comparatively, Al,O; has a higher refractive index
of ~1.75 at 632 nm [42, 43], which may provide a better refractive
index gradient in nanostructured or textured geometries when
transitioning from air to the underlying ITO layer [41, 44]. In
this respect, a comparative study is performed using Al,O; as an
alternative ARC material. Figure 6 presents a comparative study
between MgF, and Al,O; as dome-shaped antireflective coatings in
the optimized PSC architecture. After identifying the ideal geometry
for the textured ARC, these two dielectric materials were evaluated
for their optical and electrical performance enhancements.

Figure 6 displays the absorption (A) and reflection (R) spectra
of the PSCs equipped with MgF, (blue) and Al,O; (red) suggested
domes. It is evident that the Al,Oj-coated PSC exhibits higher
broadband light absorption, especially from 600 to 700 nm.
Therefore, a significant reduction in reflection losses compared to
MgF, is observed at the aforementioned range from 600 to 700 nm
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(a) Absorption and reflection spectra, and (b) EQE of the proposed dome-shaped design using MgF, and Al,O; ARC relative to reference PSC. (c)

Generation profile for 1) PSC without ARC, 2) PSC with MgF, ARC, and 3) PSC with Al,O5; ARC.

as shown in Figure 6a. This enhanced light-coupling is attributed  the small refractive index difference between the Al,O; layer and
to the low refractive index contrast between nanostructured dome-  top ITO contact layer air, provides a better impedance match at the
shaped Al,O; and air, providing a better impedance match at the  front interface. The ITO acts as an intermediate optical medium
front interface. Furthermore, the enhanced light-coupling due to  between the ARC and the perovskite absorber (~2.5-2.7). Therefore,
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TABLE 3 The Average absorption (A,,) and reflection (R,,) of the studied
dome-shaped design using MgF, relative to Al,O; ARC.

Dome-shaped PSC R,y (%) A,, (%)

Using MgF, 15.8 84.2

Using Al,O4 8.9 91.1

the use of a higher-index ARC such as Al,O; contributes to
reduced reflectance and improved light in-coupling in the interested
wavelength range from 600 nm to 700 nm. Although the absorption
spectrum is reduced from the wavelength of 450-580 nm, the
photogenerated carriers is improved. The average absorption (A,,)
and reflection (R,,) over the considered spectral range are shown
in Table 3. The Al,O5-based structure shows an average absorption
of 91.1%, significantly higher than 84.2% for MgF,. Conversely, the
average reflection is reduced from 15.8% (MgF,) to 8.9% (Al,O;),
confirming the superior antireflective performance of the Al,O,
coating. Figure 5b presents the external quantum efficiency (EQE)
of the two configurations, where the Al,O5-coated PSC consistently
outperforms Al,O;, particularly in the 600-700 nm wavelength
range, indicating better photo-generated carrier collection due to
improved light harvesting. This performance boost arises not only
from the overall enhancement in optical absorption but also because
it covers the solar spectrum’s peak photon flux at nearly 670 nm [45].

The ARC plays a crucial role in suppressing PSC reflection
and increasing the light absorption [46]. The ARC affects the
light coupling and reflectance through its refractive index and
thickness. This depends on decreasing the refractive index mismatch
between air and the device with better light coupling and reduced
Fresnel reflection. When the ARC refractive index with quarter-
wave thickness is properly chosen, reflectance will be minimized
[47]. This will increase the light coupling into the absorber with
improved device performance. However, this occurs at a certain
wavelength. To increase the absorption wavelength range, grading
structures have been widely used [2, 48, 49]. Figure 6a and (b)
illustrates the absorption and reflection spectra for the PSC without
ARC, PSCs with a dome-shaped MgF,, and Al,O; ARCs structures.
It may be seen that the PSC with ARC has a small reflection spectrum
with broadband higher light absorption compared to the reference
cell. Further, the overall light absorption is improved using the
high refractive index Al,O; relative to the MgF, one. To better
understand this behavior, the generation rate profiles of all the
studied structures are examined. Figure 6¢ compares the generation
profiles for the three studied cases. It is evident that the ARC
significantly increases the generation rate intensity relative to the
flat PSC. Further, Figure 6¢(3) shows that the PSC with the high-
index ARC (Al,O3) exhibits a higher generation rate than the PSC
with the lower-index ARC Figure 6¢(2). This improvement results
not only from the top-index grating, which enhances light coupling
from air, but also from the refractive index of Al,O; being closer to
that of the underlying ITO. As a result, the impedance mismatch is
reduced, enabling more efficient light coupling into the ITO layer.
Consequently, the high-index Al,O; ARC facilitates deeper light
penetration and enhances absorption within the PSC”

Figure 7a illustrates the output electrical power density as a
function of voltage for the studied designs. The dome-shaped with
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MgF, reference structure achieves a Jo- of 16.9 mA/cm* and a
PCE of 13.9%. In contrast, the nanostructure with suggested Al,O5
material attains enhanced performance, with a Jsc of 17.5 mA/cm?
and an efficiency of 14.5%, as shown in Figure 7b. This improvement
is attributed to the dome-shaped structure which provides a
smoother refractive index transition between air and the device
surface, resulting in better optical impedance matching. In addition,
the close refractive index of Al,O; and the ITO layer provide a
better light coupling to the perovskite material, followed by the ITO
layer. These findings highlight the effectiveness of the dome-shaped
grating based on the Al,O; nanostructure material in enabling
high-efficiency solar cell designs. These improvements are in line
with recent reports demonstrating the effectiveness of high-index
AR layers like Al,O; in minimizing optical losses and boosting
photovoltaic performance [50, 51].

3.3 Influence of absorber layer thickness

The thickness of the active layer is responsible for controlling
the diffusion length and, consequently, the carrier lifetime of the
charge carriers [52]. Therefore, in this study, we investigate the
thickness-dependent performance of the wide-bandgap (WBG)
perovskite system MA, 4Cs, ;Pb(I (Bry4)5. As shown in Figure 8a,
the Jgc increases with active layer thickness due to enhanced light
absorption, particularly within the visible spectrum, but reaches
saturation beyond approximately 450 nm, in accordance with the
Beer-Lambert Absorbance law [53]. For WBG perovskites [17],
with bandgaps in the range of 1.8-2.0 eV that primarily absorb
higher-energy photons, thinner layers (~200-400 nm) are sufficient
to maximize J.. With the increase of the active layer thickness
up to 250 nm, the light absorption and thus the current density is
improved, and therefore the open-circuit voltage (V) is slightly
improved to 1.2V [54]. The inherently higher V. of WBG
perovskites (theoretically ~1.2-1.5 V) remains advantageous for
tandem integration [55]. If the thickness is further increased, the
Vo exhibits a slight decline, as in Figure 8b, as a result of the bulk
recombination increase and the reduced electric field strength [2].

The fill factor is an important metric for figuring out
PSCs’ conversion efficacy. Charge transport rates compete with
recombination rates, making it essential to minimize recombination
to enable efficient carrier extraction and maintain a high fill
factor (FF). Lower than the thickness of 500 nm, we observe that
the charge transport is good, compatible with the V. curve
behavior. When the thickness is increased above this value, the
charge transport is highly affected by the recombination-based
thickness. FF deteriorates, as in Figure 8c, due to increased series
resistance and carrier recombination, although the superior charge-
carrier mobility in WBG perovskites may partially offset these
losses, provided interfacial defects such as halide segregation are
effectively passivated [56]. Figure 8d shows the corresponding PCE
versus the active material thickness from 300 nm to 1400 nm. The
maximum PCE of 15.3% can be obtained at the active material
thickness of 550 nm. Such a value represents an optimal trade-off
between the Jgo, Ve, and FF of 18.5 mA/cm?, 1.2V, and 69%,
respectively, for working as an optimum single junction solar cell.
In contrast, within tandem cell architectures, precise tuning of the
wide-bandgap (WBG) perovskite thickness is essential to maximize
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TABLE 4 Average light absorption of the offered PSC device with different active layer thicknesses.

Active layer thickness 50 nm 200 nm 550 nm 700 nm ‘ 1000 nm 1400 nm
Average absorption 87.8% 91.3% 90.1% 90.7 92.7% 95.7%
Incident light

-300 0 300 -300 0 300 i
Position (nm) Position (nm) Position (nm) ’
FIGURE 10

Electric field profiles of the suggested PSC with Al,Oz ARC for an incident wavelength of (a,d) 300 nm, (b,e) 550 nm, and (c,f) 700 nm, respectively.
The absorber layer has a thickness of 550 nm.
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Variation of (a) Js¢ (b) PCE and (c) FF and Vo versus the defect density and (d) J-V curve at different defect densities for PSC with Al,O5 ARC.

TABLE 5 The electric results of the proposed PSC device at different
defect densities.

Jsc FF (%) Voc (V) | PCE (%)
(mA/cm?)
1x10' 185 68.9 1.21 153
1x 107 18.5 64.4 1.23 14.6
1x 10" 15 422 1.22 7.7
1x 10" 4.6 33.1 1.19 1.8

overall efficiency while ensuring spectral current matching with
the bottom subcell [57]. If the thickness is increased to 1400 nm,
the PCE is slightly lessened to 14.1%. Notably, the mixed-cation
(Cs/MA) and mixed-halide (I/Br) composition in this WBG system
offers improved phase stability compared to MAPDI;, reducing
defect densities and enhancing operational durability. Overall,
these findings highlight the critical role of thickness optimization,
nanostructuring, in advancing high-performance WBG perovskite
subcells for efficient tandem solar cell architectures.
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To understand the growth behavior of the Jg- with the cell
thickness, the light absorption spectrum and the corresponding
EQE are studied for the proposed PSC as presented in Figure 9.
In this study, optoelectronic behaviors are shown at different
thicknesses from 50 nm followed by the optimum thickness of
550 nm to a large thickness of 1400 nm. The absorption spectra
(Figure 9a) demonstrate a clear thickness-dependent behavior,
exhibiting significantly enhanced light absorption across the visible
spectrum (400-700 nm) due to increased photon capture. In
particular, the 700 nm-thick device exhibits an absorption spectrum
nearly identical to that of the 550 nm-thick optimal device, which
is consistent with the intrinsically high absorption coefficients of
perovskite materials. The average absorption of the thickness of
700 nm is equal to 90.7% relative to 90.1% for the 550 nm-thick
value. This means that the active material absorbs nearly all the
light penetrated for the spectrum range higher than its bandgap.
The average absorption of the suggested PSC at different device
thicknesses is presented in Table 4. If the thickness is decreased to
200 nm and 50 nm, the absorption of low photon energy is reduced.
Therefore, the average absorption is reduced to 87.8% for the cell
thickness of 50 nm, with a reduction of 2.6% versus the absorption-
based optimum thickness. If the thickness is further increased to
1000 nm and 1400 nm, the average absorption is increased to 92.7%
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and 95.7% for the width of 1000 nm and 1400 nm, respectively, with
an enhancement of 2.9% and 6% against the optimum thickness
absorption. This is owing to the increase in the path length, which
enhances the absorption spectra for wavelengths above 700 nm,
as shown in Figure 9a.

Figure 9b shows the corresponding EQE for the offered dome-
shaped PSC with the different active layer thicknesses. The reduced
blue response is primarily due to surface recombination at the front
interface. In contrast, the diminished red response is attributed
not only to rear surface recombination but also to the limited
carrier diffusion length and the weaker absorption of longer
wavelengths [58]. Interestingly, the EQE of the ultrathin 50 nm
layer declines sharply beyond 500 nm wavelength, underscoring
the trade-off between optical absorption and carrier collection
efficiency in thin films. This may be attributed to the insufficient
thickness of the absorber layer, dominating the diffusion current
relative to the depletion region drift current [59]. If the active layer
is too thin to establish a robust drift field or if recombination
dominates, the overall collection (including drift) can be poor.
Moreover, the light absorption is located near the electrodes,
thus the carriers are likely recombined at the electrode’s surfaces
[3]. At a wavelength of 670 nm, the peak solar photon flux
wavelength [45], as a reference, the EQE drops to approximately
61% at this wavelength. In contrast, the EQE spectra (Figure 9b)
reflect similar increase trends, with a thicker active layer till the
700 nm-thick value. This may be attributed to the small defect
density of 10" cm™, making it not effective at the EQE (i.e., the
short circuit current) test [2]. At the thicknesses of 550 nm and
700 nm, the EQE is saturated at nearly 93% at the wavelength
of 670 nm. If the thickness is further increased to 1400 nm, the
average absorption still increases to 95.7%. However, we notice that
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their corresponding EQEs above 400 nm start decreasing, affected
by the studied defect density of 10'® cm™. The corresponding
EQE is decreased to approximately 87% at the reference
wavelength.

To figure out the light-trapping effect involved in the proposed
structure, Figure 10 depicts the electric field (E-field) profiles of
the PSC with textured ARC at a period of 600 nm (Figures 10a—c)
and 300 nm (Figures 10d-f). E-field profiles are shown for
monochromatic illumination of 300 nm, 550 nm, and 700 nm. For
short wavelengths of 300 nm, most of the incident light is absorbed
by the ARC (AL, O5) and ETL (TiO,), and only a small fraction of
light is absorbed by the perovskite layers as shown in Figures 10a,d.
For the wavelength of 550 nm, the incident light is effectively
absorbed by the absorber and does not interact with the back contact
as illustrated in Figures 10b,e. As the incident light wavelength
increased to 700 nm, the incident photons having higher energies
reached the rear contact to form a standing wave in the active layer.
Figure 10c, f) shows the electric field distributions for the wavelength
of 700 nm at periods of 300 nm and 600 nm, respectively. For
the case of 300 nm period, where the period is smaller than the
wavelength, a standing wave is formed, without diffraction, in the
active layer as shown in Figure 10f. On the other hand, the incident
light is diffracted at a period of 600 nm, as depicted in Figure 10c,
since the period is comparable to the incident wavelength of
700 nm [2, 60]. Additionally, the separation between successive
maxima is calculated by A/(2n) [61], where A is the wavelength
(A =700nm) and n is the wavelength-dependent refractive index of
the absorber layer (n(700) = 2.35). It is found that the separation
between successive maxima, which is around 150 nm, is consistent
with the value obtained from FDTD simulation, as shown in
Figure 10.
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3.4 Influence of defect density of the
absorber

In this respect, the proposed studies integrate defect density
analysis with the J-V characteristics, as shown in Figure 11. One
can notice that the Jg- remains relatively constant at approximately
18.5 mA/cm? for defect densities below 10'® cm™, suggesting
efficient carrier collection in low-defect films. However, the Jg-
declines markedly at higher defect concentrations, indicating
that bulk recombination becomes dominant beyond this critical
threshold [54]. The PCE shown in Figure 11b exhibits a similar
behavior of the Jg.. When the defect density is increased to 1
x 107 cm™ and 1 x 10" cm™, the PCE is dropped to from
15.3% to 14.6% and 7.7%, respectively, highlighting the detrimental
influence of defects on overall device performance. Figure 11c
shows that the V¢ is nearly constant under 10'® and slightly
decreases to 1.19 at the defect density of 1 x 10" cm™3. Further,
Figure 11c displays heightened sensitivity of the fill factor (FF) and
open-circuit voltage (V) to defect density. Specifically, the FF
decreases significantly from approximately 69%-42.2% as the defect
density increases from 10'® to 10'® cm™. This reflects intensified
defect-assisted non-radiative recombination, which limits charge
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extraction efficiency and consequently reduces both Jg- and PCE
[54, 62]. These trends are further validated by the J-V curves
in Figure 11d, where higher defect densities manifest as reduced
Jsc> Voc, FE and thus the PCE due to increased recombination
losses. The electrical output of the proposed PSC at different defect
densities is shown in Table 5. At the defect density of 108 |10' cm ™,
the PCE dropped to 2.6% and 1.8%, with a reduction of 83.0%
| 88.2% relative to the good defect density of 10'® cm™, due to
the decrease of the Jo- and FF to 15 mA/cm? |4.6 mA/cm?® and
42.2% |33.1%, respectively. Even though the Al,O; ARC efficiently
increases light coupling and reduces optical losses, under high-
defect scenarios, its optical advantages are negated by significant
electrical losses. These results highlight how crucial it is to use defect
suppression approaches to maintain high PCEs in PSCs [63], such
as compositional engineering, interfacial passivation, or perovskite
crystallization optimization.

3.5 Influence of the absorber bandgap

The bandgap of the absorber layer is a very crucial parameter
in solar cell design. Therefore, the effect of the bandgap of
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TABLE 6 A comparison between the reported WBG organic—inorganic PSC and those reported previously in the literature.

Perovskite SC Eg (eV) Voc (V) Jsc (mA/cm?) FF (%) PCE (%) References
MAPbBr, 225 1.08 8.6 78.0 7.20 (73]
MAPbIBr, 2.05 1.08 153 64.7 10.70 (74]
Cs0.15FAq55Pb(Bry;13)s 20 118 1232 79.0 11.50 (75]
MAgsFAg; Pb(Iy ¢Bry s 1.81 121 17.8 79.5 17.10 [76]
DMA;Csy;Brg5sCly 5 1.80 1.26 17.4 79.7 17.70 (77]
(FAg55GAg.10Cs0.32)Pb(Ly 73Brg57); 175 1.22 16.3 732 14.60 (78]
FA 45Cs0.1,Pb (I ¢Bry.,)s 1.74 12 19.4 75.1 17.10 (79]
FA(sMA, ;5Cs) 05 PbI,Br 173 - - - 17.54 (80]
Csg.05FAQsMA 15Pb(Iy 755 Br g 555); 1.69 1.23 20.58 81.1 20.46 [81]
(FAPDL,), 55(MAPbBry), 1.67 1.14 2115 775 18.68 (82]
Cs.0sMAg,15FA(sPb(15Bro 25)5 1.65 1.22 21.2 80.5 20.80 (83]
MA5Cs, Pb(IyBro)s 1.82 1.20 185 69 15.30 This work
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MA, ¢Cs,  Pb(I,Br;_); on the electrical parameters is investigated.
Zang et al. [64] succeeded in fine-tuning the bandgap by reducing
the [Br] content from 1 to 0, corresponding to an absorption
spectrum edge tweaked from red to green. In this regard, the
optoelectronic characteristic of the suggested design is investigated
by tuning the bandgap from 1.53 to 2.24 eV [64]. This study is
operated while maintaining the other layers’ parameters at the
values listed in Table 1. The extinction coefficient curves of different
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bandgaps are achieved by fitting the reference k-curve with an
Urbach tail [65] at the corresponding cut-off wavelength, as shown
in Figure 12. In this study, the extinction coefficient k(A) of the
proposed MA ,Cs,, ; Pb(I; ¢Br, 4); with bandgap of 1.82 ¢V is used
as a reference. The extinction coefficient was modeled with an
exponential Urbach tail from the absorption edge to analyze the
absorption tail variation with cut-off wavelength. The absorber layer
bandgap effect on the electrical solar cell performance is depicted
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in Figure 13. Consistent with the average absorption trend shown
in Figure 12, the Jq attains its maximum value at lower bandgaps
and declines markedly with increasing the bandgap, as illustrated
in Figure 13a. On the other hand, the V¢ increases due to the
increase of the material bandgap as presented in Figure 13b. The
results show that the FF (Figure 13c) is increased from 26% to 79%
with the increase of the bandgap from 1.53 to 1.9. Therefore, the
PCE is improved from 12.1% to a maximum value of 16.1% as
visualized in Figure 13d. If the bandgap is further increased above
1.9, the FF and therefore PCE are decreased to 42% and 5% at the
bandgap of 2.24, respectively. In this regard, the optimal bandgap
value at 1.9 eV yields a PCE of 16.1%, FF of 67.8%, Vo of 1.32V,
and Jg of 18.1 mA/cm?.

Table 6 compares the performance of WBG PSCs with
various compositions. It is observed that MA ¢Cs, ; Pb(I, ¢Br 4);
PSC exhibits a relatively lower Js- compared to other PSCs
listed in Table 6; however, it delivers a high Vo of 1.21V.
In addition, the MA-based wide-bandgap perovskite exhibits a
stable phase compared to FA-based mixed-halide systems, which
usually show a portion of the yellow phase when exposed
to ambient conditions [66, 67]. Matondo etal. [67] developed
Cesium-Methylammonium (CsMA)-based perovskite solar cells
with large grain size, less grain boundaries, and high crystallinity,
especially in MA,,Cs, ;Pb(I,¢Bry,); films. It can be seen that
the extracted Jg. from the (FAPbI;), ¢s(MAPDbBr;),, perovskite is
higher than that of the reported MA ¢Cs ; Pb(I, ¢Br,,); cell. This
enhancement can be attributed to its relatively low band gap value
of 1.67 eV, which enables absorption of a wider portion of the solar
spectrum and thus offers a higher Jq.

4 Suggested fabrication methodology

The proposed device fabrication is assumed to begin with the
precise deposition of a 55 nm ITO thin film onto a glass substrate,
serving as the transparent conductive electrode. A NiOx (30 nm)
precursor solution is then spin-coated onto the cleaned ITO surface.
Subsequently, the (550 nm) perovskite precursor solution was spin-
coated using a two-step spin program. After film formation, a
C¢o (50 nm) layer is thermally evaporated onto the perovskite.
Finally, a 150 nm-thick silver (Ag) electrode is deposited under high
vacuum as the rear contact [19]. The fabrication of the textured
antireflective coating (ARC) is achieved by casting a nanostructured
film onto a patterned silicon master using advanced semiconductor
processing techniques [26, 68]. UV Nanoimprint Lithography (UV-
NIL) technique can be introduced to fabricate nanostructured Al,O,
as reported in [68]. Nanoimprint lithography (NIL) has various
advantages such as large area coverage, high throughput, and a cost-
effective patterning process [68-70]. Additionally, NIL is a simple
and fast process for forming nanostructures [68]. Figure 14 depicts
a schematic diagram of the process steps for the fabrication of
nanostructured Al,O; using a Polydimethylsiloxane (PDMS) mold.
Initially, nanostructured Si master stamps are utilized to transfer
the nanostructure pattern to the PDMS mold (Figure 14a). After
preparing the resin and mold, the Al,O; dispersion resin is left
on the PDMS mold. Then, spin-coating is performed at 3000 rpm
for 30 s (Figure 14b). After spin coating, the substrate is covered
on a resin-coated PDMS mold (Figure 14c). To ensure uniform
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transfer, a pressure of 5 bar is applied while the PDMS mold and
substrate are exposed to UV light (365 nm, 4500 mW/cm?) for
20 min (Figure 14d). During this step, the Al,O; resin is cured to
form the nanostructures on the glass substrate. Finally, the PDMS
mold is slowly detached from the Al,O; nanostructure (Figure 14e).
At the end of the above process, textured Al,O; ARC is well formed
on the glass substrate.

5 Conclusion

In summary, we have demonstrated that integrating a
dome-shaped antireflective nanostructure into a wide-bandgap
MA, ¢Cs 1 Pb(I¢Bry4); perovskite absorber markedly enhances
light harvesting and device performance. Compared to a PSC
without ARC, the textured Al,O; ARC with optimized thickness
boosts the optical absorption from 77.1% to 90.1%, with a peak
PCE of 15.3% and an improvement of 19.5% over the initial flat
design. Furthermore, we investigated the effect of defect density in
the absorber layer. We found that increasing the defect density to
10" cm™ reduces the PCE to 7.7%. However, low defect densities
(<10'® ¢cm™) maintain high efficiency, underscoring the critical
importance of precise materials and interface engineering. The
impact of the perovskite bandgap on the PSC is also investigated.
The best efficiency of 16.1% is achieved with a bandgap of 1.9 eV.
These results not only validate the effectiveness of dome-shaped AR
architectures for maximizing photon utilization in wide-bandgap
perovskites but also provide clear guidelines on thickness, geometry,
and defect control for their deployment in high-efficiency tandem
solar cells. Future work will focus on experimental realization, long-
term stability testing, and the integration of these nanostructures
into full tandem modules to fully leverage their potential in
next-generation photovoltaics.
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