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Abstract: Perovskite solar cells (PSCs) still suffer from varying degrees of optical and electrical losses.
To enhance the light decoupling and capture ability of Planar PSCs, an ultra-thin PSC structure with an
Al,O3 pyramid anti-reflection layer (Al,O3 PARL) is proposed. The effect of the structure of the Al;O3
PARL on the photoelectric performance of PSCs was investigated by changing various parameters.
Under the AM1.5 solar spectrum (300-800 nm), the average light absorption rates and quantum
efficiency (QE) of PSCs containing pyramid-array textured rear layers (PARLs) were significantly
higher than those of planar PSCs. The Al,O3 PARL-based PSCs achieved a light absorption rate of
96.05%. Additionally, electrical simulations were performed using the finite element method (FEM)
to calculate the short-circuit current density (Jsc), open-circuit voltage (Voc), and maximum power
(Pmax). Based on the maximum value of the average light absorbance, the geometric structure of
the Al,O3 pyramid PSCs was optimized, and the optimization results coincided with the Jsc and QE
results. The results of the electrical simulation indicated that the maximum Jgc was 23.54 mA /cm?.
Additionally, the Jsc of the Al,O3 pyramid PSCs was 22.73% higher than that of planar PSCs, resulting
in a photoelectric conversion efficiency (PCE) of 24.34%. As a result, the photoelectric conversion
rate of the solar cells increased from 14.01% to 17.19%. These findings suggest that the presence
of the Al,O3 PARL enhanced photon absorption, leading to an increase in electron-hole pairs and
ultimately improving the photocurrent of the solar cells.

Keywords: perovskite solar cells; pyramid structure; photoelectric conversion efficiency; solar
energy absorption

1. Introduction

Perovskite materials are different from other common semiconductor materials; they
have stronger optoelectronic performance, with advantages including a high light absorp-
tion coefficient, adjustable diffusion length, low processing cost, and so on, attracting a lot
of photovoltaic field scholars” and industrial researchers’ attention [1-6]. However, when
sunlight enters from one medium into another medium, according to the Fresnel reflection
principle, a reflection occurs at the interface between the two media, and the greater the
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difference in refractive index between the two media, the stronger the reflection will be.
We know that there is a certain degree of optical loss in the existing perovskite solar cells
(PSCs), and the light absorption efficiency is low, seriously restricting the energy efficiency
improvement [7,8]. At the same time, due to the high optical loss, the perovskite light
absorption layer cannot absorb enough photons, thus cannot generate enough electron—
hole pairs, limiting the electrical performance. In existing research [9,10], many scholars
have added a high-performance anti-reflection film to the transparent substrate of PSCs.
The presence of the anti-reflection film enables solar cells to achieve broadband absorp-
tion, thus effectively improving the PCE. It also effectively isolates solar cells from the
external environment, reducing the impact of wind and rain on solar cells and minimizing
losses [11]. Al;O3 material has a refractive index of about 1.62 in the visible light region,
and it is often used with MgF, and ZrO, to coat the visible light region of the anti-reflection
film. Generally, physical vapor deposition (PECVD) or solution-based methods are used to
prepare Al;Oj3 thin films, ensuring the selection of high-purity precursor materials [12,13].
During PECVD, deposition temperature, gas flow rates, and deposition time were con-
trolled to achieve obtain uniform and dense Al,O5 films. These methods can control the
thickness and morphology of the film to achieve optimal antireflection effects. Traditional
materials such as TiO; and SnO; exhibit good transparency in the visible light range, but
their electron transport properties are relatively poor. This can lead to recombination of
electron-hole pairs, thereby reducing solar cell efficiency. Additionally, some traditional
materials are sensitive to humidity and oxygen, which can lead to degradation and impact
solar cells’ lifespan. In summary, the Al,O3 pyramid structure holds potential as a novel
antireflection coating material for solar cells, but further research and optimization are still
needed. Al,Oj3 has excellent corrosion resistance, wear resistance, and heat resistance, with
both very high surface stability and excellent adhesion, and it can be closely combined with
glass substrate, giving it excellent optical performance, making it an ideal anti-reflection
film material. In addition, texturing the Al,O3 anti-reflection film can further enhance light
capture efficiency, thereby improving light absorption. Texturing can involve a variety of
different nanostructures, including but not limited to nanowires [14,15], nanorods [16,17],
nanocones [18,19], nanoholes [19,20], and so on. Compared with the above nanostruc-
tures, nanopyramids have smaller surface recombination, more suitable for solar cells. The
nanopyramid Al,O3 anti-reflection film significantly enhances light absorption in the solar
cell, thereby boosting energy conversion efficiency [21-23]. Incident light interacting with
different positions of the Al,O3 pyramid structure experiences varying refractive indices,
known as the refractive index gradient effect. This effect enhances light capture efficiency
and accentuates the cone profile [24]. The side walls of the Al,O3 pyramid structure create
multiple light-scattering effects, increasing the path length of photons within the active
layer, which enhances light capture. Based on this understanding of the anti-reflection
performance of the Al,O3 pyramid structure, we integrated this structure into planar PSCs
to reduce optical losses and enhance light capture capability [25].

This paper proposes PSCs based on an Al,O3 pyramid anti-reflection layer structure
(Al,O3 PARLS). The change of the optoelectronic performance of the designed cells under
different geometric parameters of Al,O3 PARLs was studied. When the Al,O3 pyramid
height h = 200 nm, bottom length d = 200 nm, the performance of the solar cell was the best,
and its PCE increased to 17.19%. Comparing these structural parameters with the planar
PSCs, the comparison results revealed that the Al;O3; pyramid PSCs on the surface had an
average light absorption of 96.05%, much higher than the planar PSCs. Al;O3 PARLs had
the effect of reducing the reflectivity, improving the PSCs’ light absorption and quantum ef-
ficiency (QE). According to the calculated electric field intensity distribution map, the Al,O3
pyramid structure had a strong light coupling effect, corresponding to its light absorption
results. Through electrical simulation, the maximum short-circuit current density of this
Al,O3 pyramid PSCs was found to be 23.54 mA /cm?, increasing by 4.36 mA /cm?compared
with the planar PSCs’ short-circuit current density of 19.18 mA /cm?, and the PCE increased
from 14.01% to 17.19%. The calculation results will be useful for developing and manufac-
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turing the next generation of high-efficiency solar cells, providing detailed guidance for
PSCs with energy conversion efficiency.

2. Model Structure

Figure 1a shows the high-efficiency planar single-junction PSCs we designed. The
structure from top to bottom was a 200 nm thick FTO/glass substrate, a 150 nm thick TiO,
electron transport layer (ETL), and a 500 nm CH3NH;3Pbl; perovskite active layer, placed
on a 250 nm Spiro-OMeTAD hole transport layer (HTL). Finally, 100 nm thick Au was
used as the electrode to complete this planar single-junction PSC. All geometric parameters
were optimized based on FDTD software (FDTD 8.15.736) [26-28]. Figure 1b illustrates
the energy band diagram of carrier transport in the designed PSC, wherein the contact
between each layer exhibits a gradient increasing band gap. This configuration ensured
favorable valence band matching, provided a nearly constant Voc, and enhanced the FF
by facilitating carrier transport and reducing the loss of carrier complexes in the absorber
layer. The planar PSC design shown in Figure 1a does not allow enough photons to be
absorbed in the active CH3NH3Pblj; layer, resulting in corresponding reflection losses. To
enhance the light decoupling and light capture capabilities of these planar PSCs, this paper
proposes PSCs with an Al,O3 PARL structure based on the designed planar PSCs, as shown
in Figure 1c. Figure 1d shows a section of the designed model. In this design, the PSC
surface is textured with an Al,O3; pyramid anti-reflection film with a length-to-width ratio
of 1(d = w) and a height of h, as shown in Figure le, using additional means to optimize
light decoupling and light capture, providing an effective structure for optimizing photon
management of single-junction PSCs. Since the metal oxide Al,O3 has a refractive index
comparable with perovskite materials, when the incident light propagates from the air
medium to the solar cell, this Al;O3 pyramid can serve as a refractive index gradient.
The incident light produces different refractive indices at different positions of the Al,O3
pyramid structure. When the equivalent refractive index curve of the Al,O3 pyramid
gradually increases from top to bottom, the gradient change of the refractive index with the
surrounding air gradually decreases, thereby reducing the reflectance of the incident light.
Using this gradient refractive index characteristic of the AlO3; pyramid, we can reduce the
reflectance of the PSCs in the wide band from 300 nm to 800 nm, thereby improving the light
absorption efficiency. In the optical simulation stage, we used the finite-difference time-
domain method (FDTD) to study the optical properties of the planar PSCs and the PSCs
with the Al,O3 PARL structure. Due to its high accuracy and wideband frequency coverage,
Lumerical FDTD is one of the most suitable commercial software tools for detecting the
optical performance of optoelectronic devices [29,30]. The complex refractive index of the
material obtained from the experiment was used as the optical simulation parameter input
to the FDTD material library [31,32]. In FDTD, we set the wavelength range to between
300 nm and 800 nm, and the plane wave incident perpendicular to the PSCs surface. The
wave source was placed in the air, and periodic boundary conditions were set in the X-
axis and Y-axis directions, so that periodicity was established in the entire designed PSC
structure. To avoid parasitic emission and absorption of electromagnetic waves, we set the
boundary conditions along the Z-axis direction to be a perfect matching layer (PML). In all
simulation cases, the grid size was 5 nm. Through FDTD optical simulation, the generated
electron-hole pairs were used as optical inputs for finite element simulation, and then, the
photo-generated carrier rate was simulated via finite element method (FEM) technology
for electrical simulation [33,34]. For the electrical simulation, we calculated the electronic
parameters of the materials used from the literature [35,36].
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Figure 1. (a) Diagram of planar PSCs; (b) energy band diagram of carrier transport in the designed
PSCs; (c) diagram of Al,O3 pyramid PSCs; (d) part of the structure; (e) the dimensional details of one
pyramid of the AlO3 PARL (d:w =1:1).

In the FDTD simulation phase, we used plane waves with wavelengths between
300 nm and 800 nm incident on the solar cell surface in the negative Z direction. We used
periodic boundary conditions in the X and Y directions [37-39]. To eliminate parasitic
reflections and absorption of electromagnetic waves in the Z direction, we used perfectly
suited layer (PML) boundary conditions [40,41]. FDTD can calculate the optical power that
is absorbed on a per unit volume basis [42], which is defined by the following formula [43]:

Pabs = —0.5w|E|*Im{¢} 1)

where E is the electric field in the type, the angular frequency of the electromagnetic wave
is the dielectric constant, and Im{e} is the imaginary part of the dielectric constant. Under
the AM1.5 solar spectrum, which was used to determine an important parameter of the
solar cells, namely Jsc, the ideal Jsc value can be calculated by the following formula under
the assumption that every photon absorbed by the active layer generates an electron-hole
pair [44]:

a L S (ML Ad 2
Jse = 27thc/300nm Qg (A)Iam15AdA )

where Q is the charge of the electron, A is the wavelength of the light source, C is the
speed of light in a vacuum, Qg(A) is the QE of the solar cells in the formula, and Iam1 5
represents the solar irradiance under AM1.5. The following formula expresses the amount
of photogenerated carriers per unit volume [45]:

_ Pabs  0.5Im{e}
= e = & @)

where 7 is the reduced Planck’s constant and 27w is the corresponding frequency of
photon energy. G, the total number of photogenerated carriers [46], is integrated over the
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entire range and depends on frequency and space. According to the relevant physical
theory expressed in the formula, we calculated the photogenerated charge carriers using
the FDTD software (FDTD 8.15.736) which were then imported into the Comsol software
(Comsol 6.1.0.357) for the electrical simulations. With the support of this theory, we obtained
the Jsc, Voc, Pmax, and other electrical parameters of the solar cells.

In order to measure the actual photovoltaic performance of the solar cells, electrical
simulation of the designed solar cells was carried out using the finite element method to
determine the various electrical parameters of the calcium titanite solar cells, such as Jsc,
Voc, fill factor, and photovoltaic conversion efficiency. In the finite element method, a geo-
metrical model of the designed solar cells was first created, the material parameters of the
modeling region, boundary conditions, scanning voltages, and mesh size dimensions were
defined and finally, the simulation was run. Electrical simulations were performed using
the finite element method and the device characteristics were controlled by semiconductor
equations, including nonlinear Poisson, continuity, and drift-diffusion equations. Four
types of composite mechanisms were also considered in the electrical simulations [47]:

Riag = B(np — nlz) (4)
Raug = (nCn + pCp) (np - niZ) )
2
np, — N;
Rorp = b 6
ST 1y (n+ ) + tal(p+py) ©
2
ny, — N;
RSurf = 4 : (7)

é(n—knts) +3(p+ps)

where R,,q is radiation recombination, Raug is non-radiative recombination, i.e., Auger
recombination, Rgry is Shockley—-Read-Hall recombination, and Rg,, is surface recombina-
tion, B is the radiation recombination coefficient, Cy, is the electron Auger recombination
coefficient, Cp is the hole Auger recombination coefficient, Tn and Tp are the lifetimes of
electrons and holes, respectively, Sy and S, are the surface recombination velocities of elec-
trons and holes, respectively, and ni is the intrinsic carrier concentration. Through FDTD
optical simulation, the generated electron—hole pairs were used as optical inputs for the
finite element simulation, which was able to accurately simulate the electrical performance
of the solar cell devices. The generation rates of electrons and holes remained constant at
the total generation rate:

Gtotal =Gn = Gp 8)

In addition, the basic electronic properties of the materials were also used in the
calculations. Based on the above formulas, the electrical characteristics of the solar cells
were calculated using the finite element technology, and the light absorption curve, QE
curve, and various electrical simulation data of the PSCs were obtained.

3. Results and Analysis

The Al,O3 PARLs were able to effectively reduce the reflection of solar energy and
increase the light transmission rate in the PSCs. According to the gradient refractive index
effect, different base and height ratios of the pyramid led to different anti-reflection effects,
and the light absorption in the PSCs was different [48]. In order to study the specific
optical properties of the PSCs with the Al;O3 PARLs, we studied the changes in the optical
properties of the PSCs designed with different Al;O3 PARLs. First, we fixed the bottom
width d = 200 nm of the Al,O3 pyramid structure and explored the effect of different
heights h on the light absorption rate of the designed PSCs, as shown in Figure 2a. The light
absorption curve results showed that in the entire wavelength range we calculated, when
the height of the Al,O3 pyramid was 100 nm, the light absorption rate of the designed
PSCs was the lowest. As the height of the Al,O3 pyramid increased, the light absorption
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of the PSCs gradually increased and stabilized. The light absorption rates of the Al;O3
pyramid at 200 nm, 300 nm, and 400 nm were not much different. This is because when
the height of the Al,O3; pyramid increased to a certain level, the light absorption of the
PSCs reached its limit, and the overly high Al,O3; pyramid hindered a small part of the
light absorption [49]. Figure 2b explores the average light absorption of the designed PSCs
calculated under different Al,O3 pyramid structure heights h. In addition, it is apparent
in Figure 2b that from 100 nm to 200 nm, as the height of the Al,O3 pyramid increased,
the average light absorption rate increased from 87.42% to 96.05%, but when the height
h of the Al,O3 pyramid increased to 300 nm or 400 nm, the average light absorption of
the solar cell gradually began to decrease. From Figure 2, we can conclude that when the
height h of the Al;O3 PARLs was 200 nm, the average light absorption rate of the solar
cell was the largest at 96.05%. This shows that as the thickness of the Al,O3; pyramid
increased, the light absorption of the solar cell increased with the increase in thickness and
then gradually decreased.

(a) " (b)
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Figure 2. At different heights of the Al,O3 pyramid, (a) the absorption spectra of the designed cells;
(b) the average light absorbance of the designed cells.

To further explore the optical performance of Al,O3 pyramid PSCs, we also studied the
effect of different bottom side lengths of the Al;O3 pyramids on the optical performance of
the designed PSCs. Figure 3a shows that as the bottom side length d of the Al,O3; pyramid
increased from 40 nm to 200 nm, the light absorption of the solar cell gradually increased;
however, when d increased from 200 nm to 280 nm, the light absorption of the solar cell
decreased. Figure 3b shows more clearly that when the bottom side length d of the Al,O3
pyramid was 200 nm, the average light absorption of the solar cell was at its highest.
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Figure 3. At different bottom side lengths of the Al,O3 pyramid, (a) the absorption spectra of PSCs;
(b) the average light absorption rate of the PSCs.

Electrical performance is an important indicator of solar cells [50,51]. In order to better
reveal the photoelectric performance of Al,O3 pyramid PSCs, we used the finite element
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method (FEM) to simulate the electrical performance of cells with different Al,O3 PARL
parameters. The specific electrical performance parameters of the solar cells at different
AlyO3 pyramid heights are shown in Table 1, below. These results were consistent with the
absorption. As shown in Figure 4a, illustrating the J-V curves, we explored the changes in
Jsc of the solar cells with different Al;O3 pyramid heights. In the figure, ‘Planar’ represents
a perovskite solar cell without Al,O3 PARLs. From Figure 4a, it can be clearly seen that
the Jsc of the PSCs without Al,O3 PARLs was the lowest at 19.18 mA /cm?. When the
height of the Al,O3 pyramid increased from 100 nm to 200 nm, the Jsc increased from
21.48 mA/cm? to 23.54 mA /cm?, because as the height of the Al,O3 pyramid increased, the
anti-reflection performance of the Al,O3; pyramid also increased [52]. When the heights of
the Al,O3 pyramid were 200 nm, 300 nm, and 400 nm, the J-V curves of the solar cells almost
coincided, indicating that as the height of the Al,O3; pyramid increases, the Jsc of the solar
cell no longer increased. The calculation results showed that when the height h of the Al,O3
pyramid was 200 nm, the Jsc of the designed cell was the largest, Jsc = 23.54 mA /cm?. As
shown in Figure 4b, the P-V curves was basically the same as the ]J-V curves at different
Al,O3 pyramid heights.

Table 1. Specific Electrical Performance Parameters of Cells with Different A1203 Pyramid Heights.

H (nm) Voc (V) Jsc (mA/cm?) PCE (%)
Planar 0.89 19.18 14.01
100 0.89 21.48 15.50
200 0.90 23.54 17.19
300 0.90 2341 17.06
400 0.90 23.32 16.98
(a) . (b) 18 Planar
& —— d=200 nm h=100 nm
£ 20- & 151 —— d=200 nm h=200 nm
2 E d=200 nm h=300 nm
E e 8 124 === d=200 nm h=400 nm
E 154 —— d=200 nm h=100 nm 3
g 4=200 nm be300 am E
e 104 = d=200 nm h=400 nm =
g Z 64
o) =]
5 5 - 3
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Figure 4. (a,b) the J-V curves and P-V curves of the designed PSCs with different heights of Al,O3
pyramids, respectively (d = w = 200 nm).

Figure 5a,b, respectively, show the J-V curves and P-V curves of the designed PSCs
when the bottom side length d of the surface Al,O3 pyramid was 40 nm, 120 nm, 200 nm,
and 280 nm (the height of the Al,O3 pyramid was fixed at 200 nm). The curve results
showed that under the Al,O3 PARLSs, when the bottom side length d = 200 nm, the max-
imum short-circuit current density was 23.54 mA /cm?. When d = 40 nm, the minimum
short-circuit current density of the solar cell was 20.67 mA /cm?. The corresponding P-V
curves and ]-V curves showed that when d = 200 nm, the maximum electrical power of
the designed solar cell was 17.19 mW/cm?. When the bottom side length of the Al,O3
pyramid increased from 40 nm to 80 nm to 200 nm, the maximum electrical power showed
a tendency to increase and then decrease. From Tables 1 and 2, it can be seen that when the
Al,O3 PARLs had dimensions of h = 200 nm, d = 200 nm, the Jsc of the designed PSCs was
23.54 mA/cm? and the electrical power was 17.19 mW /cm?; at this time, the photoelectric
performance of the solar cells was at its best, and the anti-reflection effect of the Al,O3
structure was at its best.
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Figure 5. (a,b) J]-V and P-V of the designed solar cells at different bottom side lengths of the Al,O3
pyramid, respectively.

Table 2. Specific parameters of the electrical performance of cells with different bottom edge lengths

of Al,O3 pyramid.
d (nm) Voc (V) Jsc (mA/cm?) PCE (%)
Planar 0.89 19.18 14.01
40 0.89 20.68 14.67
120 0.89 21.42 15.44
200 0.90 23.54 17.19
280 0.90 22.81 16.52

We know that the PSCs designed with the Al;O3; PARLs had the best photoelectric
performance when the height h = 200 nm and the bottom side length d = 200 nm. Therefore,
under the parameters of h = 200 nm and d = 200 nm, we compared the photoelectric
characteristics of planar PSCs and Al,O3 pyramid PSCs. In FDTD, we calculated the
reflection (R) and absorption (A) spectra of two differently structured cells, as shown in
Figure 6a. These two structures are marked as the ‘planar structure” and ‘Al,O3 pyramid’
in Figure 6a. The ‘planar structure’ represents a planar PSCs without Al,O3 PARLs, and the
‘Al,O3 pyramid’ represents a perovskite solar cell with an Al,O3 PARL structure. Figure 6a
indicates that the PSCs with the Al,O3 PARLSs significantly reduced the reflectivity within
the wavelength range of 300 nm to 800 nm, which in turn enhanced absorption; the Al,O3
pyramid had an anti-reflection effect on the entire solar cell, and the overall light capture
ability of the solar cell was greatly improved compared with the traditional “planar structure’
PSCs. It was observed that within the wavelength range of 300 nm to 800 nm, the light
absorption rate of the Al,O3 pyramid was basically above 90%, while the light absorption of
the planar structure was basically below 90%. This is because the Al,O3 pyramid structure
on the surface of the solar cell was able to significantly reduce the reflectivity of the solar cell,
enhance the light capture ability of the solar cell, and improve the light absorption of the
solar cell [53,54]. In order to further compare the optical performance of the two structures
of PSCs, we compared the light absorption efficiency of planar and Al,O3 pyramid PSCs
under the AM 1.5 solar spectrum, as shown in Figure 6b. In Figure 6b, it can be seen
that in the entire region of 300-800 nm, the average absorption rate of the Al,O3 pyramid
structure reached 96.05%, while the average absorption rate of the planar structured cell
was 87.41%, with the former increasing the average light absorption rate by 8.64%. The
spectral absorption curve of the Al;O3 pyramid structure basically coincided with the solar
energy spectrum at AM 1.5, indicating that the Al,O3 PARLs improved the light absorption
of the PSCs in the visible light band [55].



Photonics 2024, 11, 715 9of 14
(b) s
£
=
o

£ 124

= =z

S o~

‘= 0.64 = Absorption with planar structure L0.6 = 5 0.9

E = Absorption with Al,O, Pyramid 2 'E

a = == Reflectance with planar structure g =

L2 044 === Reflectance with ALO, Pyramid 0.4 E g 0.6 ‘ +

< - ' 6 = J |

A L}
& 0 i & |
0.2 \‘ '. ‘I ', \‘ e i 27 *\\ 1 0.2 Ea- 0.3 1 -‘
\ . o ' Sol trum at AM 1.5
‘\,' \" o g S Nl ’ @ f{ ] Ah:r::::nrund:rmllr radiation with t\l,O.p!'rlmid‘
o0 Feas ’ . A O e 4 0 . 0.0 0.0 / | Absarption of plane structure under solar radiation
300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 6. (a) The absorption and reflection spectra of the Al,O3; pyramid; (b) the comparison chart of
the absorption spectra of planar and Al,O3 pyramid structures under the AM 1.5 solar spectrum.

QE is another important parameter to characterize the optical performance of PSCs.
We also calculated the QE diagrams of the two structures and the corresponding integral
currents. Figure 7a provides the QE curves and integral currents of the PSCs with Al,O3
pyramids in comparison with planar PSCs. It was observed that the two structures showed
substantial differences in QE and integral current. The QE of the planar structure was much
lower than that of the Al,O3 pyramid structure. The integral current value of the planar
structure was also smaller than that of the Al,O3 pyramid structure. This result further
verifies that the light capture ability of the structure with Al,O3 pyramids was greater than
that of the planar structure [56,57]. In order to better compare the electrical characteristics
of the two structures of PSCs, we used the finite element method to perform electrical
simulation on the designed cells. As shown in the J-V curves in Figure 7b, the Voc of the
planar structure was 0.89 V, and its Jsc was 19.18 mA/ cm?. The short-circuit current of the
J-V and the integral current of the QE were found to be in close proximity to one another
and aligned with the QE results. The Voc of the Al,O3 pyramid structure was 0.90 V, and
its Jsc was 23.54 mA /cm?. By establishing the surface Al;O3 PARLs, the Jsc of the solar
cell was increased by 4.36 mA /cm?. The above data prove that the Al,O3 pyramid PSCs
had greatly improved short-circuit current density due to their significant anti-reflection
benefits. In the P-V curve shown in Figure 7c, the Pmax of the planar structure PSCs is
14.01 mW/cm?, and the Pmax of the Al,O3 pyramid structure is 17.19 mW/ cm?. Therefore,
the PSCs with Al,O3 pyramids had a higher short-circuit current density and higher Pmax
compared with the planar PSCs.
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Figure 7. Diagrams of results for planar and Al,O3 pyramid structures: (a) QE curves and integral
current; (b) J-V curves; (c) P-V curves.

Generally speaking, in order to better interpret the optical properties of a device,
it is necessary to model its associated electromagnetic fields [58—-60]. Here, in order to
understand more clearly the propagation of incident light inside the solar cells before
and after the assembly of the AlO3 PARLSs, Figure 8a—f illustrate the electric field inten-
sity distribution of solar cells with and without Al,O3 PARLs at different wavelengths
(A =300 nm, 410 nm, and 700 nm). Among them, Figure 8a—c represent the internal electric
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field intensity distribution of the planar PSCs. Figure 8d—f show the internal electric field
intensity distribution of the Al,O3 pyramid PSCs. Comparing the electric field intensity
distribution between the two can indirectly explain the increase in the light absorption
rate. For the electric field intensity distribution diagram, we chose the middle position
in the X-Z plane. From Figure 8a—c, it can be seen that the planar PSCs induced the
Fabry—Perot interference effect, responding to the electric field intensity as a striped pattern
distributed along the Z-axis direction [61-63]. Compared with the planar PSCs, the Al,O3
PARLs enhanced the electric field intensity inside the perovskite light-absorbing layer,
characterized by two bright local points at the edge of the model, as can be seen from
Figure 8d—f. At A = 300 nm, the electric field distribution of the planar PSCs was completely
different from the electric field distribution of the perovskite solar cells with Al,O3 PARLSs.
Compared with the planar PSCs, the electric field intensity distribution on both sides and
the inside of the top Al,O3 pyramid of the perovskite solar cells with Al,O3 PARLs was
higher. There was no high electric field in the planar PSCs, and most of the spectral energy
was distributed in the FTO/glass layer at this wavelength. In addition, compared with
Figure 8b,e, under the Al,O3 pyramid structure, part of the spectral energy penetrated into
the perovskite photosensitive layer. Comparing Figure 8c,f, in the Al;O3 pyramid PSCs
in Figure 8f, except for the surroundings of the Al,O3 pyramid structure, the stripe width
is almost the same as that in Figure 8c, but the electric field on both sides of the Al,O3
pyramid structure is significantly enhanced. This shows that the Al,O3 PARLs were able
to excite guided-mode resonance in the perovskite absorption layer, corresponding to the
periodic pattern of electric field intensity [64—66]. Therefore, due to the increase in the
number of quasi-guided mode couplings, the electric field intensity was enhanced. The
absorption of light is proportional to the electric field intensity, so the light absorption of
the Al,O3 pyramid PSCs was higher, and the Al,O3 pyramid greatly improved the light
absorption of the solar cells. In summary, the Al,O3; pyramid structure can adjust light
coupling, has an anti-reflection effect, and has a good focusing effect on solar energy within
the visible light range [67-69]. The existence of the Al,O3; pyramid structure enhances
photon absorption, thereby generating more electron-hole pairs, so with the final increase
in the photocurrent of solar cell, the overall performance of the solar cell is improved.

=300 nm 2=410 nm 2=700 nm Max
(b)[ —— () —_———]

(2)

X Min

Figure 8. Field profiles of |El, (a,d) planar PSCs and Al,O3 pyramid PSCs at 300 nm; (b,e) planar
PSCs and Al,O3 pyramid PSCs at 410 nm; (¢,f) planar PSCs and Al,O3 pyramid PSCs at 700 nm.

4. Conclusions

In this paper, we propose a perovskite solar cell based on an Al,O3 PARL structure,
with a total thickness of 1400 nm. We analyzed the optoelectronic characteristics of Al,O3
pyramid PSCs in detail, and calculated the light absorption, QE, and various electrical
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parameters of the solar cells by changing various parameters of the Al,O3 PARLs, including
different heights and bottom lengths. Under the AM1.5 solar spectrum (300-800 nm), the
average light absorption rate of the optimized Al,O3 pyramid was 96.05%, which was
much higher than that of the planar structure. In addition, electrical simulation was carried
out using the finite element method, and the Jsc, Voc, and Pmax were calculated. Based on
the maximum value of the average light absorbance, the geometric structure of the Al,O3
pyramid PSCs was optimized. The electrical simulation results showed that the maximum
Jsc was 23.54 mA /cm? and the Jsc of the Al,O3 pyramid structure was 22.73% higher than
that of the planar model, while the PCE of the solar cells increased from 14.01% to 17.19%.
These results indicate that the ARL array had a strong light coupling effect, highlighting the
great potential of Al,O3 PARLSs for solar absorption. This work provides valuable insights
for the structural design of PSCs and suggests that further exploration will lead to even
greater improvements in the PCE of PSCs.
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