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Featured Application: Applications are perovskite solar cells.

Abstract: Light management is an important area of photovoltaic research, but little is known about
it in perovskite solar cells. The present work numerically studies the positive effect of structuring the
photo-active layer of perovskite material. This structuration consists of a hybrid absorbing layer made
of an uniform part and an opal-like part. A genetic algorithm approach allows us to determine the
optimal combination among more than 1.4× 109 potential combinations. The optimal combination
provides an internal quantum efficiency of 98.1%, nearly 2% higher than for an equivalent unstructured
photo-active layer. The robustness of the optimum against potential experimental deviations, as well
as the angular dependency of the proposed structure, are examined in the present study.
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1. Introduction

Crystalline Si solar cells are the most abundant technology on the photovoltaic (PV) market due
to their high power conversion efficiency (PCE). The best research cell efficiency for crystalline Si to
date is attributed to Amonix Inc., with a PCE of 27.6% [1]. However, due to the market being highly
competitive, different routes are being investigated to cut production costs. One of them is thin film
technology, which drastically reduces the amount of absorbing material. A major drawback of this
approach is the high photon penetration depth around the optical bandgap of the semiconducting
material, which is located at 1.08 µm for Si [2]. In 2014, Solexel manufactured a thin film crystalline Si
solar cell with a PCE of 21.2% [1], with this value being 6.4% lower than Amonix’s device.

Light management inside thin film PV technologies is consequently necessary in order to enhance
the amount of light entering and eventually being absorbed within the cell. Surface texturing [3–6],
anti-reflective coatings [7], and use of plasmonics [8,9] or photonic crystals [10] are some of the methods
explored in the recent years in order to improve the efficiency of PV devices and increase the amount
of light captured inside the photo-active layer. Our attention is focused on photonic crystals, since they
enable the excitation of quasi-guided resonances, allowing an enhanced electromagnetic (EM) field
concentration inside the dedicated absorbing layer [11–15]. These kinds of phenomena intrinsically
have a very narrow bandwidth. Adjusting the geometrical properties of the photonic crystal enables
the position of the resonance wavelength to be tailored within the desired range, and can therefore

Appl. Sci. 2020, 10, 1783; doi:10.3390/app10051783 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0002-4571-0212
https://orcid.org/0000-0002-9889-8220
https://orcid.org/0000-0002-3813-6240
http://dx.doi.org/10.3390/app10051783
http://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/10/5/1783?type=check_update&version=2


Appl. Sci. 2020, 10, 1783 2 of 13

help in solving the high photon penetration depth issue occurring around the bandgap wavelength. A
peculiar characteristic of quasi-guided modes is their ability to couple with external light [16]. These
modes drastically affect the transmission and reflection of light within the slab, resulting in complex
resonant line shapes, which are described well by the Fano interference process [17]. This concept
refers to an interaction process between resonant and broadband scattering processes.

Another strategy to enhance the PCE is to use a more absorbent PV material than Si, with a
higher optical absorption coefficient, and consequently a shorter photon penetration depth. Among
the emerging PV technologies, one can cite dye-sensitized solar cells (record PCE of 12.3% [1]), organic
cells (record PCE of 17.4% [1]), and quantum dots cells (record PCE of 16.6% [1]), among others. The
fastest growing emerging technology involves organic–inorganic perovskite solar cells (PSCs); starting
from 2.2% PCE [18] in 2006, they reached 25.2% in 2019 [1]. Their high optical absorption coefficient,
high diffusion length, and low fabrication costs are indubitable advantages drawing the attention of
the PV community to these unique materials [19–22]. From a degradation point of view, several studies
point out the fact that the structure of methylammonium lead triiodide (CH3NH3PbI3), the photo-active
component used in most of the PSCs studied lately, is stable against spontaneous degradation, as
long as the cells remain isolated from environmental factors, such as temperature, humidity, oxygen,
and intense solar irradiation. The use of filters and encapsulation strategies for the assembly of PSCs
usually protects the perovskite material from these troublemakers. However, if this is not the case, the
degradation of CH3NH3PbI3 into PbI2 and CH3NH3I can be significant, especially in presence of water.
Then, the perovskite stability has been shown to be enhanced by substituting iodine with bromine or
chlorine. However, the associated increase of the band gap, often exceeding 2 eV, can be detrimental in
terms of accessible light absorption and consecutive power conversion [23,24].

Nevertheless, methylammonium lead triiodide still exhibits a high photon penetration depth
around its bandgap (around 800 nm [22]). It severely reduces the absorption in this wavelength range,
and consequently the number of electron–hole pairs that are photo-generated. Therefore, the idea of
applying photonic management strategies, which have been successfully demonstrated for Si solar cells,
to PSCs came along recently [25–33]. Inverse opal perovskite films have previously been successfully
prepared and Chen et al. [27] demonstrated that an optimal radius of 200 nm results in a promising
PCE of 11.7% compared to an island-like perovskite film of PCE equal to 5.6%. Ha et al. achieved a
PCE of 17.1% using 600 nm-thick inverse opal perovskite films (with the radius of the spheres being
equal to 50 nm) [28], while Schmager et al. experimentally demonstrated that a 2D periodic array of
holes inside a perovskite film was able to excite quasi-guided modes in thin film PSCs [31]. The latter
photonic management strategy showed an improved PCE of 2% compared to planar structures.

Recently, our team numerically investigated the positive impact of photonic structuring inside
PSCs. Without a specific optimization scheme, we evidenced a maximal relative enhancement of 6.4%
in the spectrally integrated absorbed photon flux, with the photo-active layer consisting of a monolayer
of entire perovskite spheres (radius of the spheres being equal to 175 nm) instead of a homogeneous
perovskite layer [33]. Additional layers of spheres increase the integrated quantum efficiency (iQE).
For example, three layers of entire perovskite spheres arranged in a face-centered, cubic, closed-packed
structure with ABC stacking allowed for an iQE of 96.7% over the 310–800 nm wavelength range. The
3D interconnected structure of inverse opals allows the excitation of quasi-guided modes within the
active layer, which increases the photon lifetime inside the desired layer.

Off the strength of those results, the main goal of this study is to further optimize the rational
structure of PSCs to be closer to experimental reality by using a genetic algorithm (GA). The GA
finds a global optimum or a high-quality solution within a multi-dimensional parameter space for a
dedicated problem, such as light absorption [34–36]. This procedure enables the smart exploration
of a larger range of parameters and is particularly relevant for the absorption inside the PSCs (e.g.,
the thicknesses of the different layers or the radius of the spheres). The GA approach is interesting,
since it finds a global optimum without specifically testing each combination (their number increases
exponentially with the number of parameters). The GA does not require the computation of gradients.
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In contrast with algorithms such as the (quasi-)Newton method or gradient descent, the GA is able to
find the global optimum of a problem, while the former methods converge to the first local optimum
encountered. In contrast with a standard simulated annealing algorithm, the GA enables a collective
exploration of the parameter space, since a whole population actually contributes to this exploration.
The GA can easily escape the local optima, since it requires only one individual to find a better place
to attract the rest of the population. Compared to a GA based on a real number encoding of the
parameters, a GA that relies on binary encoding, as in this work, will account for the precision required
for these parameters in every operation. Instead of improving an unnecessarily large number of digits,
a binary-encoded GA will keep exploring globally before converging to a solution with just the required
precision [37,38]. Combined with an intrinsic suitability for parallel computing, a binary-encoded GA
is especially attractive for optical engineering problems. This approach allows us to provide a stable
range of experimental parameters that will lead to robust EM absorption.

Our manuscript is organized as follows. Firstly, the design of the PSCs is discussed, explaining the
rationale behind the choice of materials and the range of the different parameters under investigation
in the GA optimization procedure. Secondly, we briefly introduce the numerical method used to solve
Maxwell equations, our GA approach, as well as the different figures of merit used for the optimization
of the absorption within the PSC. Results from the GA providing the most absorbent PSCs from a
purely photonic point of view are then discussed. Furthermore, we provide maps of the iQE as a
function of the radius of the perovskite spheres and the thickness of the perovskite layer. This allows
us to identify stable regions of experimental parameters, providing a roadmap for further experiments.
Finally, the angular dependency of the optimal solution is discussed.

2. Design of the Perovskite Solar Cell

The combination of PSCs under investigation is based on representative PV devices described in
the literature [39] and is shown in Figure 1.

The incident (emergence) medium is composed of a semi-infinite, non-dispersive glass (air) slab
with a refractive index ni (ns) of 1.5 (1). The first layer of the photonic structure consists of a uniform
transparent conducting electrode layer made of fluorine-doped tin oxide (FTO), with its thickness
denoted as tFTO. This thickness is the first variable for the GA optimization and varies from 50 to
800 nm. A numerical resolution of 10 nm is chosen for all parameters.

A uniform hole blocking layer made of TiO2 is placed above the photo-active hybrid perovskite
layer. Its thickness is fixed to 40 nm according to optimized results from the literature [33,40–42].
Both refractive indices of the FTO and TiO2 layers are taken from [42]. Importantly, the optical
bandgap of TiO2 is 385 nm, implying that this layer slightly absorbs incident light in the following
simulations, introducing some additional parasitic absorption, namely absorption occurring outside of
the photo-active layer, in the short wavelength part of the spectrum (310–385 nm).

The third layer is a hybrid photo-active layer made of a uniform homogeneous layer and of
spheres of methylammonium lead triiodide (MAPbI3) perovskite arranged according to a face-centered
cubic (fcc) close-packed structure (filling fraction of 0.74) with ABC stacking. The spheres are integrated
within a mesoporous TiO2 host matrix acting as an electron-collecting electrode. At the structured
perovskite–TiO2 layer interface, the spheres might be non-entire. This choice adds two advantages to the
structure. It first confers more photonic flexibility for the light trapping at the interface (i.e., it introduces
a new parameter that can be used during the GA optimization). Secondly, this approach involving
potentially non-entire spheres formalizes a less ideal case, better reproducing the experimental reality
than with entire spheres, the latter being the ideal case limit described in our previous work [33].
Therefore, the two important parameters for the structured part of the photo-active layer are (i) the
radius R of the spheres and (ii) the thickness tstruc of the structured perovskite layer. The radius of the
spheres can be tuned by selecting appropriate polystyrene beads that act as structuring agents during
the synthesis of the inverse opal TiO2 porous films. In the following, R can vary between 50 nm and
1100 nm. The thickness tstruc can be controlled by the quantity of perovskite being infiltrated inside



Appl. Sci. 2020, 10, 1783 4 of 13

the spherical pores left after calcination of the TiO2 precursor solution. The thickness tstruc will vary
between 50 nm and 2200 nm. These potentially non-entire spheres represent the opal-like subunits
used in the photonic structuring strategy applied here.
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Figure 1. Schematic of a perovskite solar cell (PSC) using a hybrid photo-active layer made of structured
and homogeneous methylammonium lead triiodide (MAPbI3) perovskite subunits. The structured part
is made of perovskite spheres with radius R, arranged according to ABC stacking. The thicknesses of
the fluorine-doped tin oxide (FTO) layer (tFTO), the homogeneous perovskite layer (tuni), the opal-like
structured layer (tstruc), and the 2,2’,7,7’-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobifluorene
(spiro–OMeTAD) layer (tspiro), as well as the radius R of the spheres, are the parameters for the genetic
algorithm (GA) optimization. The thicknesses of the TiO2 blocking layer and of the Au layer are fixed
to 40 and 100 nm, respectively, while the refractive index of the incident (emergence) medium is set to
1.5 (1).

The presence of a uniform perovskite layer underneath the structured part of the photo-active
layer confers a hybrid character to the photo-active layer (a mix of unstructured and structured layers),
differing from the previous structures investigated to date in the literature, and consequently differing
from our previous study [33]. This layer is often observed experimentally when the TiO2 porous matrix
is overfilled by perovskite during the infiltration process. The thickness tuni of this uniform layer will
vary between 0 (no layer) and 100 nm.

To complete the design of the PSC, a hole transporting (HT) layer made of 2,2’,7,7’-Tetrakis[N,N-
di(4-methoxyphenyl)amino]-9,9’-spirobifluorene or “spiro–OMeTAD” (C81H68N4O8) is placed between
the hybrid photo-active layer and a gold counter-electrode. The thickness tspiro of the HT layer is our last
parameter, varying between 50 and 800 nm. The idea behind the variation of this parameter is to allow
the spiro–OMeTAD layer to act as a Fabry–Perot cavity, maximizing the reflection of non-absorbed
light by the Au counter-electrode and using constructive interferences to enhance light absorption
inside the hybrid photo-active layer. The thickness of the Au layer is fixed to 100 nm, which is sufficient
to almost perfectly block and reflect any remaining light (transmittance T = 0) [43].

This particular device design is considered here so as to focus on the purely photonic optical
properties of the system and their potential impact on the efficiency of absorption in PSCs (using the
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iQE, as defined below). Effects related to the electronic properties are, therefore, not tackled in the
present work as this would require a different approach in terms of calculation methodology and
material design. The thermodynamic (un)stability of the perovskite material and the consecutively
assembled PSCs, known to be potentially detrimental in reality, are not discussed here, considering
that the cell constituents are protected and isolated from external degradation factors such as moisture,
heat, and intense solar irradiation.

The different parameters for the GA are summarized in Table 1 below, as well as their range
of variation.

Table 1. Parameters considered for GA optimization of the perovskite solar cells (PSCs) and their range.
A numerical resolution of 10 nm is chosen for all parameters.

Parameter Name Minimum Value Maximum Value

Thickness of the transparent conducting electrode
fluorine-doped tin oxide FTO layer tFTO

50 nm 800 nm

Thickness of the uniform perovskite layer tuni 0 nm 100 nm
Radius of the perovskite spheres R 50 nm 1100 nm

Thickness of the structured perovskite layer tstruc 50 nm 2200 nm
Thickness of the hole transporting spiro–OMeTAD layer tspiro 50 nm 800 nm

3. Numerical Methods and Figure of Merits

In order to assess the absorption properties of the different PSCs made of opal-like subunits,
we have to solve Maxwell equations. A perfectly adapted numerical method for solving such a
stratified and periodic photonic structure is the rigorous coupled wave analysis (RCWA) [44]. The total
reflectance R and total transmittance T are calculated for each incident wavelength, and the global
absorptance A is deduced from the conservation of energy. Numerical convergence is ensured if a
sufficient number of plane waves is taken in order to reproduce the electric permittivity and EM fields
developed in the truncated 2D Fourier series. Here, this convergence is verified using 7 × 7 plane
waves along the x and y directions.

In order to find the set of parameters that will provide the highest photon absorption over the
considered wavelength range amongst the 1.45 × 109 possible combinations of the five parameters
described in Table 1, we used a genetic algorithm (GA) optimization approach [45–47]. The idea
consists of working with a population of npop = 50 individuals that represent possible solutions to the
problem. Each individual is representative of given values for the parameters we seek to determine.
A binary Gray code is used for the representation of these parameters [37,47]. We refer by DNA to
the chain of bits associated with the coding of the complete set of parameters and by fitness to the
function we seek to maximize (the iQE, as explained in the next paragraph). We start with a random
population. The nrand less fit individuals are replaced by random individuals; they are transferred
to the next generation (nrand = 0.1 × npop × (1− p)), with p = |s− 0.5|/0.5 being a progress indicator
and s the genetic similarity defined as the fraction of bits in the population whose value is identical
to the best individual. We apply a rank-based roulette wheel selection on the remaining part of the
population to select N = npop − nrand parents (a given individual can be selected several times). For the
two parents selected, we define two children for the next generation either (i) by a 1 point crossover of
the parents’ DNA (probability of 70%), or (ii) by a simple replication of the parents (probability of 30%).
We apply binary mutations on the DNA of the children obtained by crossover (a binary mutation rate
of 0.95/nbits is used, where nbits = 33 is the number of bits in the DNA). We finally establish a quadratic
approximation of the fitness in the close neighborhood of the best individual at that time. The local
optimum of this approximation (if acceptable) is injected in the next generation. After evaluation of
the next generation, we apply elitism to make sure that the best solution was not lost. This strategy is
repeated from generation to generation until a convergence criterion is met. We refer to our previous
work for more details on this algorithm [37,38].
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As mentioned above, the main goal is the determination of optimal parameters in order to
maximize the PSCs’ absorption. Therefore, our fitness will be the so-called integrated quantum
efficiency (iQE). This quantity is the ratio of the spectrally integrated absorbed photon flux φa over the
PSCs to the spectrally integrated incident photon flux φinc:

iQE =
φa

φinc
=

∫ λmax

λmin

λ
hc A(λ)S(λ)dλ∫ λmax

λmin

λ
hc S(λ)dλ

, (1)

where h is the Planck constant, c the speed of light, λ the incident wavelength, and S(λ) the normalized
solar spectrum (AM1.5G). The integration is performed for the absorbing wavelength range of MAPbI3

perovskite (i.e., 310–800 nm) [22]. We should point out that this chosen fitness refers to the absorption
properties of the PSCs only. No electrical effects are taken into account here, since our work focuses on
the photonic aspects exclusively. Consequently, the iQE fitness should not be mistaken for the PCE.

After running the GA, one obtains a high-quality solution that maximizes the fitness iQE, as well
as a sampling of iQE as a function of the five parameters considered. By taking linear interpolations of
this sampling, one can establish 2D maps of the fitness variation with respect to the main parameters.
In our problem, the most important parameters directly influencing the useful absorption are the ones
related to the hybrid photo-active layer, namely the thickness of the uniform perovskite layer tuni, the
radius of the spheres R, and the thickness of the structured perovskite layer tstruc. Those variables
control the quantity of absorbent material inside the PSC.

In addition to the global optimum, other quantities may be useful for further experimental studies.
More specifically, we might be interested in knowing the robustness of the fitness around the global
optimum found by the GA. Indeed, during experimental fabrication, some imperfections might drive
the realized structure away from the optimum. Using the results provided by the GA, we can assess
if such a deviation from ideality is negatively impacting the performance of the device. Within a
two-dimensional (2D) map of the multi-dimensional parameter space, we can average the fitness
over a 2D box of dimensions l1 × l2. This averaging is realized using a linear interpolation over the
collected data coming from the GA optimization process. We can define ∆ as the difference between
the optimal fitness and the averaged fitness over the 2D box (i.e., ∆ =

∣∣∣iQE(optimum) − iQE2D

∣∣∣). A high
∆ being a sign of a relatively sharp optimum is not really robust from an experimental point of view.
Therefore, another 2D region might be of prime interest for experimentalists, namely a the 2D box of
the same dimensions, l1 × l2, presenting the highest average fitness. This region will be referred to as
the “sweet spot”, since it is more robust regarding experimental imperfections that might occur during
the fabrication process. We can also evaluate how much we reduce the device performance compared
to the optimum established by the GA by calculating δ =

∣∣∣iQE(optimum) − iQE(sweet spot)
∣∣∣. In the best

case, the two 2D boxes will be fairly superposed. If not, the sweet spot might be preferred if δ is not
too high (i.e., if the performances are not reduced too much).

4. Results

4.1. Optimum

We present here the results of the GA optimization process. Figure 2 shows the best iQE and the
mean iQE in the population as a function of the number of generations. A reasonably fast progression
of the algorithm is noticed already after 6 generations. The global optimum is found at generation
34 (genetic similarity s of 84.8%), with a related iQE equal to 98.1%. All further generations do not
provide a better iQE up to 84 generations. The global optimum found at generation 34 (red cross)
corresponds then to the best combination of the parameters and is kept for all further generations. The
value of 98.1% gives an idea of the averaged absorptance over the 310–800 nm wavelength range. The
parameters for this global optimum are summarized in Table 2 below.
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generations, showing the best (square) and the mean (circle) iQE in the population in the first 84
generations when optimizing the PSCs. The combination giving the optimal iQE is found after 34
generations (red cross). Between generation 34 and 84, no better solution is found by the GA. The
parameters for the optimal combination are listed in Table 2.

Table 2. Optimum parameters provided by the GA optimization process.

Parameter Name Optimum
Value

Thickness of the transparent conducting electrode fluorine-doped tin oxide FTO layer tFTO 710 nm
Thickness of the uniform perovskite layer tuni 80 nm

Radius of the perovskite spheres R 300 nm
Thickness of the structured perovskite layer tstruc 2080 nm

Thickness of the hole transporting spiro–OMeTAD layer tspiro 240 nm

The corresponding structure encompasses four entire spheres and part of a fifth sphere on top of
the structured perovskite layer. It can be noticed that the iQE is maximal for high values of tuni (80 nm,
where the maximal allowed value was 100 nm) and tstruc (2080 nm, where the maximal allowed value
was 2200 nm). Logically, more absorption occurs inside the PSCs if more absorbing material is present.

One can compare the difference between structured and unstructured PSCs by considering
an equivalent layer of uniform perovskite with the parameters for the optimal iQE (tuni = 80 nm
and tstruc = 2080 nm). This equivalent thickness is given by teq = tuni + 0.74 × tstruc = 1620 nm.
The corresponding iQE is 96.2%. The corresponding photonic enhancement factor, Gphot =

(iQE(structured) − iQE(unstructured))/(iQE(structured)×100, is equal to 2%. This confirms the positive
impact on light absorption of structuring of the photo-active layer. A closer examination of the
absorptance spectrum (Figure 3) reveals an enhanced absorptance just before the optical bandgap of
perovskite. This was indeed the expected goal of structuring the photo-active layer. Quasi-guided
modes are excited inside the perovskite spheres [33] and the GA optimization favors the spheres
with the right radius, with the Fano resonance positioned close to the optical bandgap. It should be
noted that the peaks present above 800 nm are related to parasitic absorption, and therefore are not
directly useful for the production of electron-hole pairs without additional knowledge of the electrical
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properties of excitons in perovskite. Parasitic absorption (in TiO2 for example) is always included in
our calculations, and therefore the obtained results should be considered as an upper maximal value.
It is interesting to note that the optimized thickness for the HT layer outputted by the GA optimization
is close to the value present in the literature (tspiro = 240 nm instead of 250 nm [40,41]).
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4.2. Robustness of the Optimum

It is interesting to quantify the robustness of the optimum provided by the GA algorithm with
respect to potential experimental deviations from ideality. We present in Figures 4 and 5 two 2D maps
showing the linear interpolations of the iQE as a function of the radius of the perovskite spheres, R;
the thickness of the structured perovskite layer, tstruc; and the thickness of the perovskite uniform
layer, tuni. Those are the three main parameters responsible for useful absorption inside the PSC. The
optimal values (Table 2) are labeled with a red star. The blue dots indicate the parameters where the
iQE has been evaluated exactly. As we can observe, the GA has explored a lot of combinations around
the optimum, indicating the reliability of the solution. The R − tstruc 2D map (Figure 4) shows two
distinct 200 nm × 200 nm 2D boxes. The black box centered around the optimum determined by the
GA provides an average iQE of 97.0% (average of interpolated fitness values in this 2D plane), thus
∆ = 1.1%, showing a reasonably robust optimum. The blue box refers to the sweet spot. It can be seen
that the sweet spot does not overlap with the maximum established by the GA. The averaged iQE
inside the sweet spot is 97.3%, providing a δ of 0.9%. Since δ < ∆, it confirms the interest of the sweet
spot for the R− tstruc parameters.
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Figure 5. A 2D map of the iQE as a function of the thickness of the homogeneous perovskite layer
tuni and the thickness of the structured perovskite layer tstruc, two of the main parameters regarding
absorption in the PSCs. Blue dots indicate evaluation of the iQE made by the GA, the red star indicates
the optimal combination, the blue box indicates the sweet spot, and the black box indicates a 40 nm
(tuni) × 200 nm (tstruc) box around the optimal combination.
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Regarding the tuni − tstruc 2D map (Figure 5), a reasonably good overlap between the sweet spot
and the 2D box centered around the optimum can be observed. The 2D boxes measure 40 nm (tuni) by
200 nm (tstruc). We find that ∆ = 0.4% and δ = 0.3%. Even if δ < ∆, the difference is smaller and there
is no reason to choose the parameters from the sweet spot over the optimum ones.

One can state from the above results that the optimum found by the GA optimization process is
quite robust regarding any imperfection that might occur during the experimental fabrication process,
regarding the parameters that are the most sensitive to the iQE.

4.3. Angular Dependency

We are now interested in the angular dependency of the optimal combination found by the GA.
Unpolarized incident EM radiation is sent in the PSCs. Figure 6 shows the iQE as a function of the
incident angle θ, with steps of 5◦. The iQE is found to be reasonably stable regarding the angle of
incidence up to 75◦. The main factor limiting the absorption of light is the Fresnel reflection at the
FTO interface. It should be noted that no other specific light-trapping strategies were developed here,
except for the photo-active layer. Anti-reflection coatings or surface structuration of the FTO layer may
increase the light coupling.
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5. Conclusions

The present study numerically investigates photonic structuring of the photo-active layer within
PSCs. A genetic algorithm approach constrains the 1.4× 109 potential parameter combinations down
to an optimal configuration, giving an internal quantum efficiency of 98.1% over the considered
wavelength range (310–800 nm). The presence of a hybrid uniform-structured photo-active layer
shows an iQE value 2% higher than an equivalent unstructured photo-active layer. The structuring
consists of perovskite spheres arranged in an fcc closed-packed structure with ABC stacking. This
allows the excitation of the quasi-guided mode in order to provide higher light trapping within the
photo-active layer. The proposed structure is robust against experimental deviations that may occur in
the thicknesses of the perovskite layers or the radius of the perovskite spheres. It also presents stable
angular dependency. Nevertheless, as the present study only focuses on photonic aspects, further work
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should take into consideration the electronic effects before considering any realistic implementation
within a working PSC.
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