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1. Introduction

The present deliverable 3.1 results from the main activities developed in Task 3.1 of APOLO project, led by
UNINOVA partner. The object of this task is the computational optimization of light trapping (LT) structures, to
be integrated in the Perovskite solar cells (PSCs), addressing only optical effects in the cells and neglecting, for
now, electrical phenomena. Optimization algorithms implemented in an electromagnetic solver (Lumerical
FDTD) have determined the best parameters (i.e. geometry) of the micro-structures patterned on the cells’
substrate (to be latter fabricated in Task 4.3 of the project) that maximize absorption in the Perovskite layer.
This allowed the determination of the generation profile (G, defined below in section 2) in the absorber and an
ideal output photocurrent, which neglects electrical losses, taken as an initial figure-of-merit.

Besides determining the preferential parameters of the photonic structures, the present optimization studies
have enabled the analysis of the underlying optical mechanisms (based in anti-reflection and scattering) that
contribute to LT, and identify parasitic losses to be minimised in the devices. The results are here compared
with theoretical analytical formalisms (e.g. Lambertian surfaces in the geometrical optics regime) for
corroboration of the solutions and to gain deeper understanding of the interference-related LT mechanisms
arising from the wave-optics regime. Such optical gains can be maximized by adjusting the structures’ geometry;
thus allowing their customization for different absorber thicknesses or distinct types of Perovskite compounds.

Here, the LT optimizations were performed for two perovskite absorber thicknesses (300 and 500 nm), to
understand how to minimize the amount of absorber material while maintaining maximum light absorption. This
is of great relevance to allow maximizing the cells’ flexibility while keeping the 30% efficiency enhancement
targeted in APOLO, relative to benchmark flexible cells without LT (KPI#4). In parallel, this will also allow
reducing the amount of toxic materials to a minimum level.

2. State of the art

Light trapping using periodic arrays of nanostructures has proven to be an effective method to solve the well-
known dichotomy where thicker solar cells are optically favorable and electrically disadvantageous, and
conversely for thinner devices, ultimately opening a new window of research possibilities pointing to cost-
competitive photovoltaics (PV) [1-4]. This method relies on improved anti-reflection and light scattering effects,
that can be optimized to significantly enhance broadband light absorption in ultra-thin absorber layers, thereby
increasing their efficiency [5,6]. This reduction in solar cells thickness also enables several advantages, be it in
electronic properties such as open circuit voltage and carrier collection, or even in other properties like cells’
stability and mitigation of hazardous/toxic compounds (e.g. Pb) for the case of perovskite [5,7-12]. Furthermore,
it also creates a conducive scenario to improve the performance of ultra-thin and low-cost solar cells for portable
electronic devices with higher intrinsic mechanical flexibility [5,6,8,13,14].

Equivalently, organic—inorganic halide perovskite semiconductors have been extensively researched during the
last decade due to their impressive optoelectronic properties [5]. Perovskite solar cells (PSCs) are a promising
step in the recent evolution of PV due to their high light absorption coefficient [15], tunable band structure
[16,17], high charge carrier mobility [18,19], and low fabrication cost [20]. Based on the aforementioned
characteristics conjoined with deeper understanding of materials and device properties, brought out by the vast
research in the area of materials science, PSCs efficiency saw a rapid improvement, having grown from ~3.8%
in 2009 to > 24.2% in 2019 [21-26]. However, the progress in PSC technology hitherto has been mainly
achieved by optimizing the process techniques of the perovskite layer and the quality of the cells’ interfaces
[20,27-29].

Nevertheless, keeping a balance between generating and collecting carriers in PSCs still remains a major
challenge to overcome. In conventional PSCs, a perovskite layer with typically ~500 nm thickness is required
to allow sufficient light absorption (hence, photocarrier generation) and maximize efficiency. In contrast, thinner
absorber layers should facilitate carrier collection at the contacts since, ideally, the perovskite thickness should
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be smaller than the carrier diffusion length [30]. For instance, the carrier diffusion lengths in the commonly used
methylammonium lead iodide (MAPDbIs) perovskite are of about 100 nm [5,30], therefore reducing the
perovskite’s thickness is an important goal to minimize recombination losses. Concomitantly, the use of less
amount of absorber material is also an important mean to mitigate the usage of toxic Pb [7]. However, reducing
the absorber thickness comes at the expense of increasing the optical losses in PSCs; particularly for the longer
sunlight wavelengths in the VIS-NIR range that require a large travel path inside the absorber to generate
photocurrent. Therefore, effective light trapping (LT) strategies are crucial to improve performance in ultra-thin
solar cells, ultimately enabling highly efficient and flexibility PSCs [5,6].

While silicon-based solar cells have been extensively tested regarding the implementation of advanced LT
schemes, their application in PSCs is still in its infancy. This lethargy in LT adoption comes, understandably,
from the high absorption properties of these perovskite materials. Regardless, for ultra-thin technology LT
methodologies become viable to mitigate non-absorption losses [5,6,31]. Different LT approaches have been
proposed in the last few years for PSCs, such as micro lens or nanocone arrays [32—34], random pyramids [35],
fiber array-based anti-reflection front electrodes [36], nanophotonic front [37] and back electrodes [11],
nanophotonic perovskite layers [7], nano- and micro-patterned charge transport layers [38,39], and corrugated
substrates for single [40] and multijunction [41-43] PSCs, as well as the exploitation of surface plasmon
resonances, e.g.: plasmonic nanoparticles [44-46], light grating-coupled plasmons [46] and embedding TiO2
nanoparticles into the mesoporous TiO2 layer [47]. Nonetheless, most of these approaches have yet to
demonstrate pronounced absorption improvements that justify the efforts in their integration, or have even
caused electrical deterioration of the devices.

In a previous theoretical contribution the authors presented a novel LT design, operating in the wave-optics
regime [3], that was shown to allow record photocurrent gains in PSCs via the incorporation of wavelength-
sized pyramidal-like features in the front electron transport layer (ETL) of cells with a substrate (p-i-n)
configuration [5]. This enabled the demonstration of LT levels close to the ideal Lambertian limits of geometric
optics. However, the implementation of such LT architecture may be difficult to realize in practice, since the
photonic elements need to be patterned on top of the planar PSC layers, during the final processing stages,
which may cause the degradation of the delicate materials of the cells during the micro-patterning fabrication
[31,48].

In this work, we explored PSCs patterned with wave-optical semi-spheroidal LT features formed from the
conformal deposition of the cells’ materials onto photonic-structured substrates. Such innovative industrially-
attractive LT design is studied and optimized here for two different solar cell configurations: superstrate and
substrate; considering distinct perovskite absorber thicknesses (300 and 500 nm), as sketched in Fig. 1. This
approach has significant practical benefits regarding its applicability, when compared with post-patterned
photonic structures implemented on the ETLS, since here the PSC layers are wet-coated by usual methods over
a substrate already patterned with LT structures, hence making the photonic integration independent of the
PSC’s fabrication. This is particularly beneficial in order to prevent the LT implementation from deteriorating not
only the PSC layers but also less robust polymeric substrates used in flexible devices [13,49]. Besides, this
enables the widespread application of the micro-structured substrates as generic photonic platforms to support
other types of thin-film PV devices (based in Si [6], CIGS [50], CZTS [51], organic [13], tandems [52] etc.), after
straightforward adaptation/tuning of the geometrical parameters of the LT structures.

Previous work has shown that hexagonal arrays of high-index semi-spheroidal features patterned on the cells’
illuminated front surface allow pronounced broadband absorption enhancement in the PV absorber of thin-film
solar cells [5,6,31,48]. Here, such type of features is produced in the cells’ front due to the conformal deposition
of the PSC layers over the patterned substrates (see Fig. 1). Apart from allowing higher optical density with
thinner absorber thickness, the LT geometries investigated here provide three other practical advantages: 1)
the “round” spheroidal-type shapes can avoid losses associated with nanostructures having high spatial
curvatures or sharp edges [2,56]; 2) arrays of such semi-spheroidal features can be easily fabricated by
industrially-attractive patterning methods such as colloidal lithography - a low cost soft-lithography process
capable of engineering with nano/micrometer resolution with high uniformity throughout large areas [31,48]; 3)

L,
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the inherent wide angular acceptance of this type of structures is particularly important for flexible solar cells
[6,56], since their operation under bending implies the simultaneous conversion of light coming from a broad
angular range.

a) PSCs in Superstrate Configuration b) PSCs in Substrate Configuration

Figure 1: Two types of photonic-patterned substrates were studied and optimized for two types of PSC
architectures: the conventional superstrate configuration (a), compatible only with transparent substrates (e.g.
flexible polymers as PEN/PET) [49,53]; and the so-called “inverted” substrate configuration (b) enabling a larger
variety of substrates (e.g. flexible opaque materials as metal sheets) [53-55]. The LT structures patterned on the
substrates are modelled as a hexagonal array (with pitch p) of vertically-aligned semi-prolate features with radii R
and Rz, respectively along the in-plane direction and illumination axis. The PSC layers are conformally deposited
over such spheroidal features: a) superstrate-type layer configuration, in which light comes into the devices from
the substrate side, composed of transparent conducting oxide (TCO, made of ITO/electron transport layer (ETL,
made of SnOz2)/perovskite absorber (methylammonium lead iodide, CHsNH3sPbls)/hole transport layer (HTL, made
of Spiro-OMeTAD/rear metal contact (made of gold, Au); b) substrate-type layer configuration, in which light
comes into the devices from the films’ side, composed of TCO (made of ITO)/ETL (made of ZnO)/perovskite
(CH3NH3PbI3)/HTL (made of NiOx)/rear contact (Au).

3. Modelling methodology

We employed a 3D finite difference time domain (FDTD) numerical method to rigorously model optical effects
in the photonic-structured PSCs [3,5,6,57]. This method is regarded as a preferential approach for solving
electromagnetic problems in the wave-optics regime, especially for light management in solar cells, mainly
owing to its conceptual simplicity and versatility [3]. Furthermore, its capability for single-run broadband
simulations is of particular interest for application in photovoltaics [2,5,6].

The two different PSC architectures of Fig. 1 were modelled, in which the solar cells are composed of 5 layers
conformally coated onto micro-structured substrates. The optical response of the materials is determined by
their complex refractive index (N=n+ik) spectra, which were taken from published experimental data and are
plotted in section S1 of Supplementary Material (SM, section 7). For the superstrate configuration (Fig. 1a), the
refractive index of the transparent substrate was accounted for by a fixed real value, attributed to the background
index of the simulation volume, equal to n=1.5 (e.g. similar to the index of PET) [58]. For the substrate
configuration (Fig. 1b), a background index n=1.6 was taken in order to account for a typical transparent
adhesive material used for encapsulation over the PSC layers [58].

The photonic features on the substrates are arranged in a hexagonal array, thus mimicking the structures
patterned by colloidal soft-lithography [31,48]. Therefore, the FDTD computations were carried out in a 3D unit

L,
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cell, corresponding to one period of the hexagonal array [59]. The PSCs are illuminated by a plane wave source
placed in the background medium above the structures. The computational unit cell was delimitated by boundary
conditions (BCs): perfect matching layers (PML) were applied in the top (above the source) and bottom (bellow
the cells) planes to prevent reflections of outgoing waves, and in the lateral planes periodic BCs were set to
simulate the infinite periodicity of the solar cells structure. At normal illumination, the symmetry of the LT
elements relative to the incidence direction also allowed calculating only one quadrant of the unit cell, employing
symmetric and anti-symmetric BCs, thus reducing the computation time [3]. However, when considering oblique
illumination, for the angular study in section 4, such symmetry is broken, so periodic Bloch BCs were applied
and the simulation volume was extended to the entire unit cell [6]. All the definitions of the FDTD computations
(mesh geometry, number of PMLs, etc.) were carefully checked based on sets of convergence tests performed
to validate the accuracy of the results.

We are interested in analyzing the light absorption along the PSC structures of Fig. 1, i.e. the power absorbed
per unit volume (Pags) in each element of the structures which is given by the resulting electric field distribution
established in its material:

1
Pyps =Ea)€”|E|2 1)

where |E|? is the electric field intensity, w is the angular frequency of the light and €" is the imaginary part of the
dielectric permittivity. Pags is normalized by the source power to obtain the absorption density (pass, units of m-
3). The absorption of light for a particular wavelength (1) is determined by integrating pass along the absorber
volume: Abs(A) = [ paps(A)dV. The number of photons absorbed per unit volume and per unit time is the photon
absorption rate: g(w)=Pass/Epn; Where Epny=hw is the photon energy. Here we consider that each absorbed
photon excites one electron-hole pair, so g is equivalent to the optical generation rate. Since the illumination is
provided by a broadband source, characterized by a spectral irradiance (instead of a power density), the E-field
is substituted by an electric-field spectral density such that its intensity, |E|?, becomes with units of V2m-2Hz™.
In this way, g is normalized to a spectral generation rate (in units of m-3s'Hz'!) such that the total generation
rate (G, units of m=3s1) is determined by integrating over the frequency range of the source bandwidth: G=

J g(w)dw [59].

The wavelength range of the illumination source was 300-1000 nm in all calculations, since it corresponds to
the most significant portion of the photocurrent spectrum of PSCs [5]. In this study, we considered an ideal
internal quantum efficiency of the PSCs equal to 100% (i.e. every photon absorbed in the perovskite material
generates carriers collected by the contacts), since we are mainly concerned with the optical rather than the
electrical transport behavior of the cells [3,5,6]. Thus, the photocurrent density (Jpn) is determined by integrating
the absorption in the perovskite material, multiplied with the solar power spectrum AM1.5G (lam 15, units of Wm-
?m-1), along the chosen computation wavelength range (300-1000 nm):

A
Jou = [ AbsO) s DA ()

Where e is the electron’s charge, h is Planck’s constant and c is the light velocity in vacuum. This spectrally-
integrated Jpy creates an upper-limit to the attainable short-circuit current density of the cell, since it neglects
any electrical losses. Furthermore, this parameter will also be used in the simulations as the figure-of-merit to
optimize the geometry of the substrate features - modelled as semi-spheroidal shapes with an axis of revolution
aligned with the illumination direction.

A particle swarm optimization algorithm (PSO) [6,59] was employed in the FDTD programs to find the optimized
set of parameters for the semi-spheroidal structures of the photonic substrates. Population-based stochastic
optimization methods, such as PSO, are the most favorable approach to perform the complete screening of
complex physical systems with a strong correlation between a high numbers of parameters, as in the present
wave-optics regime, in order to determine precisely the global maximum of any given figure-of-merit. Further
details concerning the PSO methodology are given in previous contributions [3,6,60].
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4. Results of optimized photonic-structured perovskite solar
cells

In this section we present the results of the optimized LT structures considering both configurations depicted in
Fig. 1. The superstrate configuration (Fig. 1a) is the current record efficiency holder in PSCs [26]. Nevertheless,
the requirement for superstrate solar cells to be supported on transparent substrates is a major limiting factor if
one is to achieve ultra-thin and flexible devices. This can be mostly attributed to the proclivity for low degradation
temperatures, usually seen in bendable transparent materials (e.g. PEN, PET), that severely restricts the PSCs
fabrication conditions [53]. Subsequently, there has been a shifting interest to the substrate configuration (Fig.
1b), since it allows for a more versatile gamut of materials to be used, such as the case of opaque and much
more robust bendable materials (e.g. metal foils, PI) [53-55]. Besides, the substrate-type PSC structure is
compatible with its application as sub-cell in monolithic tandem devices (e.g. perovskite top cells coupled with
Si [52] or CIGS [53] bottom cells), which is another research line responsible for attracting much interest lately.

The materials considered for the PSCs' layer structure are based on state-of-the-art devices produced with low-
temperature (< 200 °C) fabrication. Different materials are considered for the ETL and HTL in each configuration:
SnO:2 and ZnO are the materials taken for the ETLS, and Spiro-OMeTAD and NiO are those of the HTLs,
respectively in the superstrate and substrate configuration. Apart from their low-temperature processing, both
ETL materials have recently been revealing better stability and performance than the conventional TiO:2
[26,61,62]. As for the HTLs, Spiro is the material that has allowed the highest efficiencies so far. However, due
to its high cost, other HTLs have been investigated, being NiO-based materials those that appear to be the best
alternative, especially for flexible applications that can particularly benefit from low-cost devices [63]. The
conventional MAPI (methylammonium lead iodide) perovskite was taken for the absorber material, with two
different thicknesses analyzed in this work: the standard 500 nm and a thinner 300 nm layer.

Table 1 shows the sets of relevant physical parameters optimized for the aforementioned cell designs, where
R, R; and p define the geometry of the LT features patterned on the substrates (see Fig. 1) and the values tiayer
correspond to the thickness of specific flat layers. These quantities were taken as variables by the PSO
algorithm that iteratively searched for the best set of parameters that maximizes the photocurrent (Jen, equation
2) produced in the perovskite material. Row 1 of Table 1 shows the Lambertian limits of geometrical optics for
the analyzed perovskite absorber layers, as described in an earlier contribution of the authors [5]. In this case,
the values of the LT enhancement were calculated relative to a cell without LT in the same regime of geometrical
optics. Row 2 and 4 present the optically-optimized values for the thicknesses of the front contact of planar
PSCs, which provides an anti-reflection coating (ARC) effect, and of the HTLs, respectively for superstrate and
substrate configuration. These serve as reference results for comparison with the ones obtained with the
photonic semi-spheroidal structures shown in rows 3 and 5, respectively. The results and discussion for the two
optimized types of planar PSCs are presented in section S2 of SM (section 7).

Table 1. Highest Jen values obtained for the optimized LT structures for two distinct PSCs, with 300 or 500 nm perovskite
layer thicknesses, in two different solar cells configurations, superstrate and substrate-type, considered in this work. The
geometrical optimization parameters (R, Rz, p, tiro, tsno2, tspiro) and (R, Rz, p, tiro, tzno, tnio), for the LT structures in
superstrate and substrate configurations, respectively, are sketched in Fig. 1. The results are compared with the reference
cases of planar PSCs having optically-optimized TCO/ETL and HTL thicknesses, as well as with the theoretical limits in
the regime of geometrical optics attainable with a Lambertian scattering front surface.

Absorber: Absorber: Row

) ) 300 nm Perovskite layer 500 nm Perovskite layer index
Light Trapping . .

Structures Optimal JprH, mA/cm Optimal JprH, MA/cm
(LT (LT
Parameters Parameters
enhancement) enhancement)
Lambertian surface - 33.8 - 35.3 1
(28%) (25%)
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tiro =50 nm ttco = 50 nm
L. . tsnoz =25 nm _
Optimized Photonic |~ *_ ./ tsnoz2 = 25 nm
PSCs in Superstrate RS”_""Z_lg ) 30.7 tspiro = 50 NM 325
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(Fig. 2) e Rz = 259.8 nm
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Optimized Planar _ _
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(Fig. S4) tnio = 10 nm tnio = 10 nm
. . tro = 50 nm tr0 = 50 M
Optmized Photonic | tzno = 100 nm tzo = 100 nM
PSCs in Substrate tnio = 10.1 nm "
. : 28.0 tnio = 11.1 nm 30.2
Configuation R =239.0 nm
(Fig. 3) oy = 300.2 (24.4%) R =200.2 nm (20.3%)
Siiae Rz =519.3 nm
p = 480.1 nm p =484.4 nm

The PSO “smart search” was constrained to certain parameters’ boundaries that were set based on reasonable
values for their domains. Several optimization runs were performed with different initial parameter sets spanning
the domain space, and it was found that the algorithm consistently converged to thicknesses of the contact
layers (tito, tsnoz, tspiros tzno, thio) at the minimum allowed value of the domain, defined in order to guarantee their
electrical performance. Therefore, it is clear that such layers are optically undesirable, but their presence is
electrically needed with a minimum thickness to guarantee effective current extraction. This aspect is further
detailed in sections (S2 and S3 of SM) [3,5,6].

4.1 Photonic-enhanced PSCs in superstrate configuration

We begin by analyzing the results obtained with the optimized set of geometrical parameters of PSCs in
superstrate configuration (Fig. 1a), which are presented in Fig. 2. The absorption spectra of the optimized LT
structures (corresponding to row 3 of Table 1) are compared to those of the planar reference cells (row 2 of
Table 1) in Fig. 2a,b, for the perovskite absorber thicknesses (300 and 500 nm) considered in this study. Figs.
2c,d show the pass profiles of PSCs with LT structures, along the xz plane passing by the center of a semi-
spheroidal feature, for four different wavelengths along the illumination spectrum.

Looking at the reference planar cells (blue curves in Fig. 2a,b), both 300 and 500 nm cells show a similar
broadband behavior, with the 300 nm cell showing an overall lower absorption, from the shorter light travel path
in the absorber. The considerably high absorption in the perovskite active region (mainly corresponding to the
450-750 nm wavelength range in Fig. 2) evidences well the outstanding perovskite optical properties, preceded
by a small absorption drop in the UV-blue range (300-450 nm) due to reflection and parasitic absorption in the
front contact (ITO and SnO: layers). This drop is slightly lower (~5%) for the 300 nm thick cell. In the near-
infrared (NIR) there is a more abrupt absorption drop above 750 nm (nearing 86% and 89% for the 500 and 300
nm thickness, respectively) that coincides with the 1.5 eV bandgap of the absorber material. Regarding the
photonic LT structures (red curves in Fig. 2a,b), there is a pronouncedly higher broadband absorption occurring
in the perovskite, brought out by the superior light management scenario created by the photonic features, as

explained below.
8 ‘
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The results of Fig. 2 demonstrate a key optical advantage of using photonic-structured PSCs via conformal
deposition over patterned substrates: the fact that it is the higher-index perovskite material that plays the main
role in anti-reflection and light scattering, which causes the notable absorption gains and extremely low parasitic
absorption (even lower than the reference planar cells) in most of the spectrum. The inset images of Fig. 2a,b
show the cross section of the solar-spectrum-weighted generation rate (G) along the PSCs with the optimized
LT structures, computed over the 300-1000 nm wavelength range. It is notable from these inset profiles that the
spectral-integrated absorption occurs primarily in the perovskite. However, Spiro-OMeTAD and Au also show
some parasitic contribution, complementarily evidenced in the absorption density profiles (Fig. 2 c,d), especially
for longer NIR wavelengths.
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Figure 2: a,b) Absorption spectra obtained with the optimized LT structures sketched in Fig. 1a, for PSCs in superstrate
configuration (red lines, row 3 of Table 1), compared the reference cases of optically-optimized planar cells (blue lines,
row 3), for perovskite layers with distinct thickness: a) 300 nm and b) 500 nm. Each graph presents the absorption
occurring in the perovskite (solid lines) and the parasitic absorption in the other materials (dashed lines). The inset profiles
represent the log-scale distribution of the corresponding total generation rate, G, along the xz cross-sectional plane of the
structures passing by the semi-spheroidal center. c¢,d) Log-scale distributions of the absorption density, pass, along the
same xz plane of the structures, at the wavelengths of the peaks marked by the arrows in a) and b), respectively for the
PSCs with the 300 nm (c) and 500 nm (d) thick perovskite absorbers in superstrate configuration.
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The absorption gains in the UV-VIS are attributed to a better light coupling towards the perovskite material by
the semi-spheroidal LT features, as a consequence of two optical mechanisms: 1) superior anti-reflection owing
to the geometrical index matching [5,6] caused by the curvature of the front layers (ITO, SnOz and perovskite)
coupled with the propinquity amongst the real part (n) of the refractive indices of ITO, SnO2 and perovskite
(plotted in the section S1 of SM). 2) Near-field forward-scattering [5,6] due to the micro-lens effect of the
curvature of these three layers, which is causes the focal regions of intense electric-field in the top portion of
the perovskite observed in the G profiles of Fig. 2a,b and in the pags profiles of Fig. 2c,d (mainly for the indicated
wavelengths of 580 nm and 566 nm, respectively). It should be noted that the absorption enhancement observed
in this spectral range (<750 nm) cannot be due to the rear contact pattern, as the light is strongly absorbed
before reaching the back. In the NIR range, the remarkable absorption increase is chiefly due to the far-field
forward scattering caused by the semi-spheroidal shape of both the front and rear features of the PSCs
structure, which is favoured by the high real part (n) of the perovskite refractive index. This effect manipulates
the vertically-impinging light and redirects it to paths closer to the horizontal plane, thereby leading to optical
path length amplification within the cell and coupling with waveguided modes. This is evidenced by the “hot-
spots” observed in the pass profiles for wavelengths >700 nm, which result from constructive interference
between the light waves traveling along the incidence direction and the scattered light that travels along the
plane of the cell layers suffering multiple reflections from the top and bottom surfaces of the cell. The sharp
absorption peaks observed in the NIR in Fig. 2a,b are a consequence of the 3D Fabry-Perot resonances
resulting from such interference.

Concerning the parasitic absorption, below 500 nm wavelengths it mainly occurs within the front ITO and SnOz,
as evidenced by the pass plots of Fig. 2c,d. For longer wavelengths it is mostly relegated to the cell’s rear contact
(Spiro-OMeTAD/Au), with also some contribution from SnO2 as evidenced by its increasing imaginary part (k)
of the refractive index in the NIR (see Fig. S1b in SM). Again the pags plots for >500 nm wavelengths illustrate
well this effect. It should also be noted that, throughout the UV-VIS range, the photonic-structured devices show
significantly lower absorption losses when compared with the reference ones. This is mostly due to the
geometrical index matching caused by the front curvature of the perovskite absorber, which provides a better
coupling of light towards such material with high n, preventing its back-reflection towards the ITO/SnO: top
layers. Nevertheless, in the NIR range (750-1000 nm wavelengths) the parasitic absorption is notably higher
with LT structures due to the plasmonic effect caused by the corrugated Au metal layer [2], as seen in the G
and pass profiles of Fig. 2, which does not occur in the flat metal present in the reference cells (see Figs. S3
and S5 of SM).

Comparing this LT design to that of additional thick photonic structures coated on top of the solar cell (as
analyzed in a previous study [5], the present implementation bypasses the parasitic absorption within such thick
structures, especially for shorter wavelengths. This is because of two reasons: first, the optimized thicknesses
of the structured front layers of ITO (50 nm) and SnOz (25 nm) are relatively small and the same as the reference
cells, thence the parasitic absorption in these materials is quite low; and second, the perovskite is the main
scattering material benefiting from an extremely high absorption coefficient (k values) in this range, which also
helps mitigate parasitic absorption.

4.2Photonic-enhanced PSCs in substrate configuration

In this section, we analyze the results obtained with the optimized set of geometrical parameters of PSCs in
substrate configuration (Fig. 1b), which are presented in Fig. 3 (corresponding to rows 4 and 5 of Table 1). The
absorption profiles of Figs. 2 and 3 show a similar overall optical behavior, despite the difference in cell
architecture. However, the light confinement (focusing) in the front curvatures of the perovskite is more intense
for the substrate-configuration PSCs, as seen by the higher values of the generation profiles (Fig. 3a,b, insets)
and of the pags profiles (Fig. 3c,d) at the first two wavelengths, due to the more elongated shape (higher Rz) of
these optimized features relative to those of the superstrate PSCs (see Table 1), for both 300 and 500 nm
absorber thicknesses. A bigger height (Rz) is needed in the substrate configuration to provide a higher effective
geometrical index matching for stronger broadband anti-reflection in the UV-VIS range, since this configuration
suffers from reduced absorption throughout the 300-700 nm wavelength range, relative to the superstrate
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configuration, as seen in the absorption spectra of the planar reference cells. At the same time, the structures
must maintain a large scattering cross-section for path length amplification in the NIR, so the optimized lateral
radii (R) are similar in the superstrate and substrate configuration. Nonetheless, for the thinner 300 nm
perovskite, stronger scattering is required to compensate for the reduced absorber thickness, which explains
the larger R values of the thinner PSCs relative to the 500 nm ones. The optimal designs of the semi-spheroidal
arrays converged to similar pitch (p) for both 300 and 500 nm perovskite, with optimal p values slightly
above/below 500 nm for the superstrate/substrate configuration.
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Figure 3: Similar to Fig. 2 but for the PSCs in substrate configuration sketched in Fig. 1b. a,b) Absorption spectra
obtained with the optimized LT structures (green lines, row 5 of Table 1), compared with the reference cases of planar
cells (grey lines, row 4), for perovskite layers with distinct thickness: a) 300 nm and b) 500 nm. The inset profiles represent
the total generation rate, G, along the xz cross-sectional plane of the structures. ¢,d) Profiles of the absorption density,
pass, along the same xz plane, at the wavelengths of the peaks marked by the arrows in a) and b).
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It can be seen that the substrate configuration suffers from higher parasitic absorption in most of the spectrum.
At the shorter wavelengths <500 nm it is mostly attributed to the thicker 100 nm of ZnO that serves as ETL, in
contrast to the 25 nm SnO: for the superstrate configuration. At the longer wavelengths in the NIR the high
parasitic absorption occurs mainly at the rear contact, as revealed by the particularly intense hot spots present
in the HTL and Au layers of these structures (see G and pass profiles of Fig. 3), which exhibit a much higher
magnitude than those of Fig. 2. The main reason for this is the fact that the HTL material (NiOx) considered here
has a considerably higher n (see Fig. Sla of SM), so the optical optimizations converged to HTL thicknesses
(tnio~10-11 nm) much lower than those (50 nm) taken for the Spiro-OMeTAD used in the superstrate PSCs.

Overall, the absolute photocurrent density (Jpn) values attained with optimized LT are higher in the superstrate
configuration, for both 300 and 500 nm perovskite, owing to the reduced parasitic absorption. However, the
photocurrent improvement relative to the planar references is slightly higher in substrate configuration, mainly
because the substrate-type planar cells also suffer comparably high parasitic absorption in the UV-VIS range.
For this reason, the gains attainable with optimized LT designs in substrate PSCs are superior to those achieved
with superstrate architecture.

4.3Angle-resolved optical response

The dependence of the LT-enhanced PSCs performance with the incidence angle is of extreme relevance for
their practical application, not only in conventional non-tracking PV installations, but specially importantly for
thin-film cells integrated on bendable substrates [6,64]. In such case, the flexible solar cells will likely operate
with a certain curvature, so they will be illuminated by a cone of incidence angles along their active area. As
such, it is crucial to evaluate the LT performance for oblique illumination. Despite the fact that the LT designs
described in the previous section were optimized for normal incidence, they maintain broadband light absorption
enhancement for a wide range of incidence angles, as analyzed next.

At normal incidence, due to the spheroidal shape of the LT features, the optical response of the cells is
independent of the polarization of the incident light, since the illumination direction is along the axis of revolution
of the semi-spheroids. However, that is not the case for oblique incidence. As such, the TM (transverse
magnetic) and TE (transverse electrical) polarization components were computed separately, and the resulting
photocurrent densities are represented in Fig. 4d. The output photocurrent density, Jen, for the unpolarized
sunlight illumination was calculated by averaging the photocurrent values obtained with the TM and TE
components, and is shown in Fig. 4b,c.

In general, the planar PSCs exhibit a quite omni-directional response, particularly in the substrate configuration,
since the unpolarized Jpn (in Fig. 4b,c) is roughly constant up to ~60° and then starts decreasing only for higher
angles, as these structures do not provide scattering effects. While the unpolarized Jpy of the LT-enhanced
PSCs generally tends to decrease with increasing angle, but the maximum reduction is only of 3-4% for the
substrate configuration and of 6-7% for the superstrate configuration, for 0-60° incidence angles. Such small
reduction mainly occurs due to the relatively lower absorption in the perovskite in the NIR range, as seen in Fig.
4d, as a consequence of slightly weaker scattering and waveguide mode coupling for larger angles.
Nevertheless, such reduction with oblique incidence is significantly lower compared to that observed in thin-film
silicon solar cells coated with optimized front LT structures [6]. This is attributed to the fact the present PSCs
are conformally patterned on the photonic-structured substrates, so the corrugation of the PSC layers benefits
a wider angular response with respect to LT-enhanced cells having a planar absorber. The more angle-
independent Jpn Of the substrate-type PSCs, relative to the superstrate configuration, is due to the fact that in
substrate configuration the LT structures yield a higher fraction of absorption enhancement in the visible range
(400-800 nm wavelengths) relative to NIR enhancement at longer wavelengths, and the gains in the visible
(chiefly via anti-reflection) are less affected by the increase of the incidence angle as compared with those in
the NIR (via scattering).
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Figure 4: a) Sketch of sunlight illumination of a flexible LT-enhanced PSC. b, ¢) angle-resolved unpolarized photocurrent
density, JrH, given by the average between the current values attained with the TM and TE polarizations, for the two solar
cells configurations: superstrate (b) and substrate (c). d) Color plots of the absorption spectra occurring in the 300 and 500
nm PSCs, as a function of the incidence angle, for both TM (top) and TE (bottom) polarization. The dashed brown curve
plotted in the graphs corresponds to the angle-resolved photocurrent density obtained for each case (values in the right
axes). See Section S4 in SM for further details regarding the angular simulations.

5. Conclusions

This work demonstrates the optical advantages of using photonic-structured substrates to fabricate electrically
thin but optically thick solar cells, applied to perovskite PV. In the investigated light-trapping design, the active
cell materials are taken to be conformally deposited over the photonic substrates. This avoids the otherwise
necessary costs associated with front-textured photonics applied to the device, as well as the deterioration of
the cell layers during the implementation of such LT structures. Furthermore, the present LT solution can be an
extremely cost effective approach due to the low material usage, compared to those reported in the literature
[5,65], as well as being compatible with industrially-attractive processes as soft-lithography and roll-to-roll [48].

By maximizing the broadband anti-reflection and light scattering properties of the devices, optimized PSC
architectures were presented with unprecedented optical gains across the 300-1000 nm wavelength range of
interest. To accommodate state-of-the-art fabrication procedures for these solar cells, different ETL and HTL
materials were considered in the superstrate and substrate configurations [49]. Here, it is notable the resulting
small thickness of the optimized ETL, HTL and TCO layers, since the optical (film-based) index-matching
provides a smaller optical impact than the geometrical index-matching, thence creating a situation where smaller

parasitic absorption is preferred.
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The bar graph in Fig. 5 summarizes the predicted enhancements for the two distinct perovskite thicknesses of
300 and 500 nm with superstrate and substrate cells’ configurations, calculated relative to the corresponding
optimized planar PSC reference cases. The gains are compared with those analytically obtained in the
Lambertian cases of geometrical optics (see Table 1). It should be noted that the Lambertian improvements
were not calculated with respect to the same reference values of the planar PSCs, but instead relative to the
same theoretical structure but without light scattering [3,5,6].

The superstrate configuration led to a higher absolute photocurrent for both perovskite thicknesses, mainly due
to the thinner ETL thickness used in such architecture which yields lower parasitic absorption. Nevertheless,
the substrate configuration ultimately showed ~3-4% higher gains when compared with the corresponding
planar counterpart. As expected, the highest absolute photocurrents, Jen, are achieved with the 500 nm thick
perovskite (32.5 and 30.2 mA/cm?, respectively in superstrate and substrate configuration). However, the LT
structures on the 300 nm perovskite yield the highest photocurrent improvements (~3-4% higher gains
compared to those with 500 nm perovskite), as shown in Fig. 5. This matches the trend predicted from
Lambertian ray optics analysis [5] - the thinner the absorber the higher the absorption enhancement that can
be achieved with LT. As indicated by the dashed lines in Fig. 5a, the photocurrent gains attained with our
optimized LT structures are close to those predicted by the Lambertian limits. Nevertheless, the slight
differences indicate that there is still some room for further improvement of the LT scheme, for instance by
tuning the refractive indices of the front (e.g. less absorbing TCO) and rear (e.g. more reflective electrode as
Ag) contact layers [2,5,56].
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Figure 5: a) Improvement in photocurrent density, Jen, achieved with the optimized photonic-structured PSCs (rows of 3

and 5 of Table 1) analyzed in section 3, relative to the planar references (rows 2 and 4 of Table 1 and Section S2 of SM).

The Lambertian limits of LT in PSCs, in the geometrical optics regime, are also indicated by the dashed lines for the 300
and 500 nm perovskite absorbers. b) Angular dependence of the Jpn for the 4 cases in a) studied in this work.

The substantial broadband absorption enhancement provided by the LT structures, relative to planar cells, was
also demonstrated for a large range of incidence angles (0-70 degrees), as summarized in Fig. 5b. The gains
in the substrate configuration are clearly higher than those attained in superstrate configuration for the most
part of the angular range, due to the spectral differences in which the absorption enhancements occur, as
explained in section 4. It is noteworthy that the angular trends appear to be almost independent of the absorber
thickness, since there is a roughly constant shift between the solid and dashed curves of Fig. 5b for the 300
and 500 nm perovskites. For both absorber thicknesses and cell configurations the angular dependences of the
photocurrent improvements are significantly higher compared to those obtained in silicon solar cells with the
best-performing LT front structures [6]. This is mainly due to two reasons: first, the optimized curvature of the
PSC layers in the architectures analyzed in this work in which the cell is conformally coated onto structured
substrates; and second, the lower real part of the refractive index (see Fig. S1 in SM) of the perovskite absorber
(n~2.3-2.5) and its better index matching with the contact layers (n~1.6-2.0) relatively to silicon-based absorbers
(n~4), which reduces parasitic absorption and reflected light escaping the cell [3,6,66]. Therefore, the optimized
conformal design demonstrated in this work is preferable for flexible PSCs, as it assists their operating under
higher bending angles which implies illumination coming from a broader angular range.

In addition to the superior photocurrent (thus efficiency) improvements, the LT solutions presented here reveal
that the perovskite thickness can be substantially reduced while maintaining high performance, as the Jpn values
attained with the 300 nm LT-enhanced cells are considerably higher than those of the conventional 500 nm
planar references (see Table 1). Such reduction in perovskite thickness from 500 to 300 nm can bring important
competitive advantages: 1) an almost 2-fold reduction in the amount of the environmentally-toxic lead (Pb)
compound, as well as in the material costs associated to the perovskite material (with no additional material
costs for the LT structures since they are incorporated in the substrates); 2) a potential 3-fold increase in the
device flexibility due to the reduced absorber thickness.
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7. Supplementary Material (SM)

7.1 Materials refractive indices

The complex refractive indices (N=n+ik) of the materials considered in the finite-difference time domain (FDTD)
simulations performed in this work were taken from literature databases [1] and are plotted in Fig S1.
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Figure S1: Spectra of the real, n (a), and imaginary, k (b), parts of the complex refractive indices of the materials used in
this work.

7.20ptimized Planar PSCs with superstrate configuration

In this section, we analyze the optical optimization of the flat layers at the front and rear contacts of the planar
superstrate PSCs used as references (see Fig. 1a), i.e. the front transparent conductive oxide (TCO, made of
ITO) and electron transport layer (ETL, made of SnO2), as well as the rear hole transport layer (HTL, made of
Spiro-OMeTAD). At the cell front surface, the combined TCO and ETL can act as a planar nti-reflection coating
(ARC), while at the rear the HTL and Au mirror can reflect the light of longer wavelengths back into the absorber.
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Figure S2: Contour plots of the calculated Jex in PSCs with a planar superstrate configuration, having either a 300 nm (a)
or 500 nm (b) perovskite absorber layer, as a function of the thicknesses of the front-located layers (tro+tsno2) and HTL
(tspiro). The device layer structure is: flat transparent substrate/TCO (ITO)/ETL (SnOz)/perovskite absorber/HTL (Spiro-

OMeTAD)/metal electrode (200 nm Au), and light enters from the substrate side. The vertical and horizontal dashed lines

mark the minimum thicknesses of the layers required to establish a good-performing selective contact, which were taken

as the minimum reasonable values for these parameters: tiro (50 nm), tsnoz (25 nm) and tspiro (50 NM).
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To enhance such optical properties, we carried out optimization sweeps to find the best parameters of tiro, tsnoz,
and tspiro that provide maximum photocurrent density (Jpn) for the planar PSCs in superstrate configuration, in
the absence of photonic structures. The high similarity between the refractive indices of ITO and SnO: (see Fig.
S1) allows simplifying the optimization procedure by optically considering these two layers as a single layer with
thickness tirottsnoz. Therefore the maximum Jen can be found by sweeping only 2 parameters, as plotted in Fig.
S2. The figure shows that the highest photocurrent occurs with a combined thickness of ITO and SnO: in the
range of 20-80 nm, along with a Spiro-OmeTAD thickness below ~75 nm, for both 300 and 500 nm thick
perovskite. Nonetheless, one must also consider the electrical properties in order to select the minimum
thicknesses of these layers to allow efficient selective collection of electron and hole carriers. From the electrical
standpoint, it is necessary to have a minimum thickness of 50 nm for ITO, 25 nm for SnO2 and 50 nm for Spiro-
OmeTAD [2-4]. As such, these were the minimum values allowed for the thicknesses of the layers (see row 2
of Table 1), and therefore the most reasonable choices when considering both optical and electrical points of
view. Nevertheless, it can be seen in Fig. S2 that there is a large tolerance in the Spiro-OmeTAD thickness if
the combined thicknesses of ITO and SnO: lie within the vertical stripe of ~30-80 nm, particularly in the case of
the 500 nm absorber.
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Figure S3: a,b) Spectra of the light absorption, obtained with the optimized thicknesses of the TCO, ETL and HTL layers
indicated in Table 1 (row 2), occurring in the perovskite absorber (solid lines) and the parasitic absorption in the other
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materials (dashed lines), considering perovskite films with distinct thickness: a) 300 nm and b) 500 nm, in superstrate
configuration. The inset profiles show the log-scale distribution of the corresponding total generation rate, G, along the xz
cross-sectional plane of the structures. The top surface of the perovskite layer is located at z=0. c,d) Log scale
distributions of the absorption per unit volume (pass) along the same xz cross-sectional plane of the structures, at the
wavelengths (1) of the absorption peaks marked by the black triangles in a) and b).

The light absorption spectra and the absorption density profiles of the planar PSCs in superstrate configuration,
with the selected thicknesses of Table 1 (row 2), are shown in Fig. S3a,b and Fig. S3c,d, respectively. Since
the structures are fully flat they do not provide any scattering effects, so the horizontal patterns seen in Fig. S3
are mainly caused by 1D Fabry-Perot interference of the light waves traveling back and forth along the
illumination axis. The absorption occurring in both 300 and 500 nm perovskite is relatively high in the visible
range, namely between 420 and 750 nm wavelengths, due to the efficient suppression of outgoing light waves
caused by the optimized ARC (front layers), as well as to the high absorption coefficient of the perovskite
material in this range, which is visualized by the pags profiles of Figure S3c,d. However, the overall absorption
is slightly lower (about ~8%) in such wavelength range for the 300 nm perovskite, mainly due to a reduced anti-
reflection performance.

The significant absorption drop in the shorter wavelengths range of 300-400 nm is mainly caused by the parasitic
absorption in the front layers, as seen in the absorption spectra of Fig. S3a,b. Moreover, above 755 nm
wavelength there is a sharp drop in absorption corresponding to the bandgap of the perovskite (at ~800 nm).
Therefore, it is in this NIR range, particularly for thinner perovskite layer, where the use of effective light trapping
schemes can lead to the highest absorption enhancement, as investigated in this work.

7.30ptimized Planar PSCs with substrate confiquration

Similarly to the previous section, optical optimizations of the front (TCO, made of ITO) and rear (HTL, made of
NiOx) contact layers were performed for the planar PSCs with a substrate configuration (see Fig. 1b). In this
case, we used a fixed minimum value for thickness of the ETL (100 nm), made of ZnO, so the maximum Jpy
was found by performing the double parameter sweeps represented in Fig. S4.
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Figure S4: Contour plots of the calculated JpH in PSCs with a planar substrate configuration, having either a 300 nm (a) or
500 nm (b) perovskite layer, as a function of the thicknesses of the front-located TCO (tito) and HTL (tnio). The device
layer structure is: flat substrate/metal electrode (200 nm Au)/HTL (NiO)/perovskite absorber/ETL (100 nm ZnQ)/TCO
(ITO), and light impinges from the cell side. The vertical and horizontal dashed lines mark the minimum tiro and tnio
required to establish good-performing selective electron/hole contacts.

From Fig. S4 it is clear that the best ti1o is close to zero, indicating that in this case the presence of the TCO is
optically undesirable. This contracts with Fig. S2 simply because such TCO has a thicker underneath ETL (100
nm ZnO) used in this substrate configuration (compared to the 25 nm SnO: used as ETL in the superstrate
configuration). Besides, the HTL is also optically unfavorable, since in both planar cases of Fig. S4 the best Jpn
values generally occur for the lowest tnio. However, for their electrical purposes, minimum thicknesses (tiro=50
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nm and tnio=10 nm) need to be guaranteed for these layers, so these were the values considered in the
subsequent studies (marked by the dashed lines of Fig. S4 and indicated in row 4 of Table 1). However, it can
be seen in the plots of Fig. S4 that other reasonable choices could also be made, for instance along the 50 nm-
wide vertical stripe within about 90 nm<tir0<140 nm, for both 300 and 500 nm perovskite.
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Figure S5: a,b) Spectra of the light absorption, attained with the selected TCO and HTL thicknesses and the fixed
thickness of the ETL indicated in row 4 of Table 1, occurring in the perovskite absorber (solid lines) and the parasitic
absorption in the other materials (dashed lines), considering perovskite films with distinct thickness: a) 300 nm and b) 500
nm in substrate configuration. The inset profiles show the log-scale distribution of the corresponding total generation rate,
G, along the xz cross-sectional plane of the structures. c,d) Log-scale distributions of the absorption per unit volume (pass)
along the same xz cross-sectional plane of the structures, at the wavelengths (1) of the absorption peaks marked by the
black triangles in a) and b). The top surface of the perovskite layer is located at z=0.

Fig. S5a,b and Fig. S5c,d show the light absorption spectra and the absorption density profiles, respectively,
attained with the planar PSCs in substrate configuration with the selected thicknesses of Table 1 (row 4). The
absorption profiles of Fig. S5 and S2 present a similar overall behavior. However, the absolute Jey is lower in
substrate configuration, for both 300 and 500 nm perovskite (10% and 7%, respectively), compared to the
superstrate configuration. This is mainly due to the thicker ETL (tzno=100 nm) used in this case, which
parasitically absorbs more light in the 300-500 nm wavelengths, as seen in the spectra and inset G profiles of
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Fig. S5a,b, as well as in the absorption density of Fig. S5c,d. Furthermore, ZnO has a lower refractive index
value (n) compared to SnO2 and to ITO, thus providing worse index matching (reduced ARC effect) at the cell
front when placed between the ITO and the perovskite.

7.4Anqgle-resolved optical response of planar PSCs

The dependence of the photocurrent density of the planar PSCs with illumination direction is plotted in Fig. 4a,b
for both cell configurations and absorber thicknesses. Fig. S6 presented here complements such information,
showing how the absorption spectrum changes across the 0-70° angular range. Fig. 4a,b revealed a quite omni-
directional response of the planar PSCs, since these structures do not benefit from absorption gains in the
longer wavelengths due to scattering effects which are more angular-sensitive. Fig. S6 shows that the
absorption in the perovskite for the TM polarization even increases at certain large angles (>40°) for all cases.
This is mainly attributed to Brewster-type effects which cause a drop in the reflection of the TM component and
an increase in the reflection of the TE component, which also explains the reduction in the absorption of the TE
component for large angles. However, the overall unpolarized Jpy (an average of TM and TE components)
remains roughly constant along 0-60 degrees.
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Figure S6: Contour plots of the absorption spectra occurring in the 300 and 500 nm perovskite absorber with planar PSCs
in superstrate and substrate configurations, as a function of the incidence angle, for both TM (top) and TE (bottom)
polarization. The dashed brown curve plotted in the contours corresponds to the angle-resolved photocurrent density
obtained for each case (values in the right axes).
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