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Abstract: Perovskite solar cells (PSC) are currently exhibiting reproducible high efficiency, low-
cost manufacturing, and scalable electron transport layers (ETL), which are becoming increasingly
important. The application of photonic crystals (PC) on solar cells has been proven to enhance light
harvesting and lead solar cells to adjust the propagation and distribution of photons. In this paper,
the optimization of a two-dimensional nanodisk PC introduced in ETL with an organic-inorganic
lead-iodide perovskite (methylammonium lead-iodide, MAPDI;) as the absorber layer was studied.
A finite-difference time-domain (FDTD) simulation was used to evaluate the optical performance
of PSC with various lattice constants and a radius of nanodisk photonic crystals. According to the
simulation, the optimum lattice constant and PC radius applied to ETL are 500 nm and 225 nm,
respectively. This optimum design enhances PSC absorption performance by more than 94% of
incident light.

Keywords: perovskite solar cells; 2D photonic crystals; FDTD simulations; nanodisk array

1. Introduction

Perovskite solar cells (PSC) are among the third-generation solar cells in the spotlight
because of their rapid efficiency trend and ability to compete with silicon-based solar
cells [1]. PSC are solar cells that use the ABX3 crystal structure, known as the perovskite
structure, as an active light-harvesting layer whose solution process uses tin or halides. Per-
ovskite material in solar cells was introduced by Miyasaka et al. in 2009 with an efficiency
of 3.8% [2]. Kim et al. (2012) introduced the material N,N-di-p-methoxyphenylamine (or
spiro-OMeTAD) as a hole transport layer to improve power conversion efficiency (PCE) [3].
PSC has received much attention because of its cheap materials and fabrication processes,
ideal bandgap (1.55 eV), and good efficiency trends [4]. PSC are constantly being improved.
In a relatively short period, the highest efficiency achieved in PSC reached 29.40% for the
p-type absorber layer made of methylammonium lead-iodide (MAPbI3) in 2019 [5]. In
addition, the MAPbI3 material in PSC is indeed proven to have high performance [5-9].
In PSC, perovskites act as light absorbers and facilitate the charge transport of electrons.
To improve the absorption of perovskite, optical solutions, such as the photonic structure
introduced in PSC, can be one of the promising options. Besides increasing the ability to
absorb light, the optical solutions also allow a thinner absorber layer [10]. One of the optical
solutions mentioned is to apply photonic crystals to the layers of solar cells.

A photonic crystal (PC) is a nanostructure wherein the dielectric constant changes
with a period similar to the wavelength of light [11]. PC application to solar cells is

Appl. Sci. 2022, 12, 351. https:/ /doi.org/10.3390/app12010351

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app12010351
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-2760-3322
https://orcid.org/0000-0002-8183-1249
https://orcid.org/0000-0002-4611-341X
https://doi.org/10.3390/app12010351
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12010351?type=check_update&version=1

Appl. Sci. 2022,12, 351

2 0f9

known to maximize light absorption in a particular wavelength range because it has a slow
photon effect that increases the interaction of photons and materials [12,13]. PC also has a
bandgap, or, specifically, a photonic bandgap (PBG), which is the gap between two adjacent
photonic band structures. There are three types of PC based on their spatial arrangement,
namely, one-dimensional, two-dimensional, and three-dimensional PC [14]. The higher the
dimension, the better the optics enhancement quality. However, the highest dimension
of PC (3D) is 1 um thick instead of in the range of sub-micrometer. Furthermore, it has a
complex structure, so the fabrication is more complicated and requires better preparation
technologies [15,16].

This study applies a 2D PC in the electron transporting layer (ETL). ETL is a perovskite-
coated conductive layer that extracts electrons from the perovskite and carries them to the
transparent electrode, resulting in charge recombination [17,18]. The hole transport layer
will do the same to the holes as well. Thus, the electron-hole charge recombination can be
reduced by utilizing the slow photon effect.

Various types of PC structures have been applied to PSC. Ko et al. have demonstrated
this by applying photonic crystals to organic solar cells [19]. There is an increase in light ab-
sorption and electrical properties, such as the short circuit current (J,.), fill factor, and open
circuit potential (V,), compared to planar layers. Choi et al. applied nanodisk photonic
crystals to ETL and demonstrated greater absorption enhancement and current density than
in ETL without photonic crystals [16]. By comparing several studies that applied photonic
crystals on PSC to date, it is known that nanodisk photonic crystals with a two-dimensional
hexagonal layout design by Choi et al. produce the highest performance [16,20-28]. This
work has a similar focus to that of Jeyakumar’s et al. study [5]; that is, to study the interface
of absorber/ETL. The result shows that their structure provides better performance. The
differences between both works are the material used as an absorber layer. Choi et al.
use mixed cations and halides perovskite, (Csx(MAg 17FAq 83)100-x)Pb(lo.83Bro.17)3), while
Jeyakumar et al. use MAPbI; [5,16]. Therefore, further study of nanodisk photonic crystals
on lead iodide (MAPbI3) is required to improve the PSC performances.

This study modified the MAPbI3; PSC using nanodisk PC on titanium dioxide (TiOy)
materials. The geometry of PC, including the lattice constant and radius, is optimized using
the finite-difference time-domain (FDTD) method. This optimization was made based on
the study of PBG dependence on the PC structure [29]. The PBG changed when the size
of the photonic crystal was modified. Furthermore, in this study, variations of the lattice
constant and radius of photonic crystal were made to find the optimum PBG. This optimum
design can be seen by its optical performance. The optimized performance was determined
based on their optical performance. Finally, this study was expected to prove the advantage
of PC in the solar cell by providing the enhancement of PSC performance compared to a
non-PC structure.

2. Materials and Methods

In this study, simulation is performed in Lumerical FDTD. Various parameters, such
as the lattice constant and radius of nanodisk PC were varied. This model structure has
five rectangular layers with disk-shaped PC between the absorber/ETL. The layout of this
PC is hexagonal because the spacing between unit cells is minimal, which leads to more
photons in the slow photon mode [30]. The finite-difference time-domain (FDTD) method
is used to simulate the optical properties of the structures made by solving Maxwell’s
equations. A perfectly matched layer (PML) boundary condition is applied to the top and
bottom sides to calculate the absorption spectra in the range of wavelength used in this
simulation. In addition, the periodic limits are used on edge boundaries as the periodic
2D PC is introduced in this structure. Furthermore, a plane wave with a 300-1000 nm
wavelength range is used as an electromagnetic source.

The material in each PSC layer and the parameters referred to in this study are
presented in Table 1. Variation of photonic crystal parameters was selected based on the
optimal design of Wang et al. [29]. The material refractive index data for each layer is
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obtained from the Palik data [31] for Au layer, from Green et al. [32] for MAPbI3, from
Filipi¢ et al. [33] for Spiro-OmeTAD, and from Raoult et al. [34] for TiO;. These data will be
one of the simulation’s inputs, besides the light wavelength range and more previously
mentioned conditions.

Table 1. Materials and size parameters for each layer of solar cells used in the simulation. Variations
were made on the radius and lattice constant of the PC of TiO, nanodisk.

Layer Material Size
Transparent Electrode FTO (fluorine doped tin oxide) 80 nm thick
Electron Transport (ETL) TiO, 100 nm thick
100 nm thick, 37.5-225 nm
Photonic Crystals TiO, radius, 450-1125 nm lattice
constant
Perovskite MAPbDI; 500 nm
Hole Transport (HTL) Spiro-OMeTAD 300 nm
Metal Electrode Au 80 nm

The absorption per unit volume, A(r,A), is obtained using FDTD, and the light
absorption is obtained using the Poynting theory, which corresponds to Equation (1) [35]:

N

1 Re (VP)

A(T, /\) = iip
i

_ Lwlm(e(r,w))|E(r,w)
2 b;

where E is the electric field,  is position, P;, is the incident light source power, w is the
angular frequency, and ¢ is the dielectric constant. The absorption spectra abs(r, A) are
obtained by integrating the positions corresponding to Equation (2).

A(r,A) @

abs(r, A) = / A(r, \)dV @)

with A is the wavelength of light-source and dV is the volume element.
Then, the photocurrent density (Js) is obtained from the incident light according to
Equation (3).

]sc = e/ %abs(/\)lAMl.S (A) dA (3)

where ¢ is the electron charge, & is Planck’s constant, c is the speed of light, and I4p1 5 is
the 1.5 AM spectrum of solar radiation. This FDTD calculation was performed accurately
inside the code of Lumerical FDTD.

3. Results and Discussion
3.1. Structure and Design

The PSC design in this study is simulated to obtain the best performance in terms of
the lattice constant and radius of nanodisk variation. Typical structures of PSC include
the FTO, ETL, perovskite, HTL, and metal electrode [36]. The simulated structure in this
work is presented in Figure 1. The photogenerated charge carriers are generated in the
absorber layer and go to the transport layers by the drift process. HTL and ETL block the
electrons and holes, respectively, and then collect at the electrodes to create a potential
difference. The best material for the absorber layer is methylammonium lead iodide, also
known as MAPDI3, as mentioned in Jeyakumar et al. [5], with efficiency reaching 29%. TiO,
was commonly used as an ETL because of its proper electronic band levels and ease of
fabrication [37]. The other common materials used in PSC was FTO, which is used as a
transparent conductive layer, Spiro-OmeTAD was used as HTL, and gold (Au) was used as
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a metal electrode layer. The PC structure was introduced to the interface ETL/absorber
to enhance the absorption of incident light and increase the interaction between carrier
charges with a slow photon effect to reduce the recombination [38]. As with ETL, TiO, was
used as a PC material. The radius of the nanodisk PC is varied between 37.5 and 225 nm,
and the lattice constant is varied between 450 and 1125 nm, while the thickness is fixed
at 100 nm. This range is quite representative of finding the optimum size of the photonic
crystal and providing a better search for the optimum photonic bandgap, based on the
work of Wang et al. [29]. The PC was introduced at ETL/absorber because the energy
band alignment at the interface is an essential factor for high-efficiency solar cells [5]. The
flat-structured PSC is also simulated to study the enhancement of PSC performance.

FTO — e—
80 nm TiO: ﬁ

TiO:Nanodiscs el . . .

100 nm

500 nm

MAPl;  e— . .
300 nm

80 nm Spito OmeTAD  mummly-
Au —v

Figure 1. Simulated structures of PSC with photonic crystals on FDTD simulations.

3.2. Optical Performances

The absorption value of PSC is affected by variations in PC radius and lattice constant
in the structure. Thus, the contribution of each layer on absorption performance is observed.
The absorption spectra of each layer are shown in Figure 2. It can be seen that the perovskite
layer (MAPbI3) contributes the most absorption compared to other layers. This indicates
that the function of the perovskite layer as an active layer/absorber works well. This layer
absorbed more than 80% of the incident light at 300-630 nm, with the maximum absorption
reaching 92% at 409-429 nm of wavelength and dropping at 630-1000 nm. Meanwhile, in
the FTO, TiO,, Spiro-OMeTAD, and Au layers, it is seen that photons are absorbed much
less than in the perovskite layers.

This indicates that only a tiny fraction of the incident light photons is trapped in these
layers. Most of the photons are transmitted to the perovskite layer. Figure 3 shows the
absorption spectra for all PC radius variations and the lattice constant obtained from the
FDTD simulations. It shows the absorption as a wavelength function in the 300-1000 nm
range and shows a significant change in absorption for each wavelength point. From
300 nm to 800 nm, the absorption increases as the radius of the nanodisk is higher. It occurs
because the more the radius increases, the more that the photons from incident light can be
in slow photon mode. On the other hand, the absorption decreases as the lattice constant
increases. This also happens because the more lattice constant increase (more space at
the structure), the fewer photons get into slow photon mode. The design shows that the
structure absorbs over 90% of the incident light. The result proves that the nanodisk PC
increases the absorption of the PSC. The optimum performance is achieved at a 225 nm
radius of the nanodisk PC, reaching 94% absorption of the incident light, meaning that
there is an enhancement of absorption when the flat PSC only reaches 85% at the same
wavelength. Figure 4 compares PSC with PC and flat PSC in absorption performance. It
shows that there is absorption enhancement in PSC with PC. This enhancement can lead
PSC to better electrical performance.
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Figure 2. The absorption spectra for every layer in this structure.
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Figure 4. Absorption spectra for PSC without (flat) and with 225 nm radius of nanodisk photonic
crystals. The photonic crystals lead to the absorption enhancement of PSC.

Figure 5 shows the distribution profile of electromagnetic wave fields for flat PSC and
nanodisk PC-based PSC on every peak of absorption spectra that shown. The profile is
analyzed from every peak on absorption spectra, including 390 nm, 642 nm, 759 nm, and
900 nm of optimum design, 225 nm of radius, and 500 nm of lattice constant, as shown
in Figure 5. The deep blue color indicates the low-intensity electromagnetic field, while
the red color indicates the high-intensity electromagnetic field based on the number above
the scale. It is shown in Figure 5 that the electromagnetic field is more likely to be trapped
outside the absorber layer for lower wavelength until the wavelength is increased. For a
longer wavelength, it starts to enter the absorber layer. From Figure 5, we can also see that
the PC-based PSC has a higher electromagnetic field intensity. Moreover, the performance
of the PSC is evaluated by its Js, and it is shown in Table 2. The trends of J are linear
to the result of absorption spectra. The highest J;. that reached by the optimum design
(r =225 nm, a = 500 nm) in this work is 26.473 mA /cm?. This result also proves that when
the absorber material used is MAPbI3; the performance is increased compared to the work
by Choi et al. [16]. Another comparison from previous work is presented in Table 3. This
work provides a higher optical performance among other applications of PC on PSC. The
comparison is given in terms of the specific wavelength that is 446 nm, where the solar
spectrum I4p11 5 has a high intensity [39].

Table 2. The photocurrent density (Jsc) for certain variations of the radius (r) and lattice constant ()
of PC and flat PSC in this work.

r (nm) a (nm) Jsc (mA/cm?)
(Flat PSC) (Flat PSC) 24.470
50 24.659
100 25.428
150 500 26.153
200 26.467
225 26.473
450 26.251
562.5 26.187
225 750 25220

1125 24.618
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Figure 5. Electromagnetic field density profile of flat and PC-based PSC in 390 nm, 642 nm, 759 nm,
and 900 nm.
Table 3. The comparison of optical performance in this work with previous studies about application
of PC on PSC at 446 nm of wavelength.
Structure PC Shape Absorption Jsc (mA/cm?) Reference
FTO/TiO, /MAPbI;Cly /Spiro-OmeTAD Inverse Opal 55% 17.1 [40]
FTO/TiO, /MAPbI; /Spiro-OmeTAD Nanorod 57% 19.18 [41]
FTO/TiO, /MAPDI3 /Spiro-OmeTAD Inverse Opal 72% 14.9 [42]
FTO/TiO, /MAPDI; /Spiro-OmeTAD Hemisphere 82% 26.5 [22]
FTO/TiO, /MAPbI; /Spiro-OmeTAD Nanodisk 87% 26.5 This work

4. Conclusions

This work successfully obtained the optimum design of 2D nanodisk hexagonal pho-
tonic crystals for PSC application using the FDTD method. The radius of photonic crystals
has been varied from 37.5-225 nm, and the lattice constant is varied from 450-1125 nm.
The results show that the nanodisk PC with 225 nm of radius and 500 nm of lattice constant
provides the highest absorption, with up to 94% of the incident light absorbed. It also gives
the highest Js., which is 26.473 mA/ cm?. From this work, it is known that when the radius
of nanodisk PC increases, the absorption also increases. This occurs because the larger the
PC radius, the more photon from the incident light can be in slow photon mode. On the
other hand, when the lattice constant is increased, the absorption is decreased due to larger
spacing on the structure so that the photon that moves into slow photon mode is fewer. It
is best to keep the spacing of the photonic crystal at a minimum and the surface area of the
photonic crystal larger to achieve the photon being in slow photon mode. The application
of nanodisk photonic crystals in PSC is proven to enhance the absorption higher than that
of the flat PSC. This study proved that the PC is advantageous for optimizing solar cell
performance. Further study will simulate the electrical properties of the proposed design
as a preliminary study for the actual application of solar cells.
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