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Abstract

Optical solutions are promising for Perovskite solar cell (PSC) technology, not only to increase
efficiency, but also to allow thinner absorber layers (higher flexibility) and improve stability.
This work optimized the combined anti-reflection and scattering properties of two types of light
trapping (LT) structures, based on TiO» semi-spheroidal geometries with honeycomb periodicity,
for application in PSCs with substrate configuration and different perovskite layer thicknesses.
Their optically lossless material (TiO,) allows the structures to be patterned in the final processing
steps, integrated in the cells’ top n contact, therefore not increasing the surface area of the PV
layers and not degrading the electric performance via recombination. Therefore, this strategy
circumvents the typical compromise of state-of-the-art LT approaches between optical
improvements and electrical deterioration, which is particularly relevant for PSCs since their main
recombination is caused by surface defects.

When patterned on the cells’ front, the wave-optical micro-features composing the LT structures
yield up to 21% and 27% photocurrent enhancement in PSCs with conventional (500nm thick)
and ultra-thin (250nm) perovskite layers, respectively; which are improvements close to those
predicted by theoretical Lambertian limits. In addition, such features are shown to provide an

important encapsulation role, preventing the cells’ degradation from UV penetration.
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1. Introduction

Nowadays, photovoltaics (PV) industry is moving towards ultra-thin and low-cost solar cells for
consumer-oriented electronic products with high intrinsic mechanical flexibility [1-3]. To
achieve such challenging goal, nano/micro-structured photonic elements in the wave-optics
regime are a promising solution, capable of capturing and trapping light within the cells’ absorber,
thus allowing the reduction of its thickness while boosting efficiency.

On the other hand, the organic-inorganic hybrid halide Perovskite solar cells (PSCs) have received
enormous attention in recent years due to their highly promising physical properties for opto-
electronics (e.g. PV, LEDs) such as: high absorption coefficient and cross section [4,5], ambipolar
charge transport [6,7], and long electron—hole diffusion lengths (above 175 pm) in the single-
crystalline phase [8—11]. In the thin film solar cell field, Perovskite-based materials have proven
to be highly promising, given their fastest growing efficiency from ~3.8% in 2009 to > 22.1% in
2017 [12-21]. Despite impressively high efficiencies, PSCs face challenges, such as reduced
durability which prevents them from competing with established technologies; and there is still
room for tailoring charge carrier recombination, both in the perovskite and at the interfaces in the
device, to increase performance. For instance, the carrier diffusion lengths in state-of-the-art PSCs
based in methylammonium lead iodide (MAPbI3) are on the order of 100 nm, chiefly due to the
polycrystalline structure of the solution-processed perovskite films [22], therefore devices with
an ultra-thin perovskite active layer (below the typical 500 nm thickness used) could be beneficial
for reducing the recombination losses.

Optical solutions are promising to improve not only the PSCs efficiency, by allowing physically
thinner but optically thicker devices, but also their market applicability by enabling higher device
flexibility due to the reduced thickness. The conventional best-performing PSCs exhibit high
transparency in the near-infrared (NIR), thus are only able to exploit a reduced portion (about
half) of the solar spectrum [23]. The lower the Perovskite thickness used the more challenging it
becomes for optical strategies to compensate the losses in light absorption, mainly at the longer
visible-NIR wavelengths [24]. In addition, the application of such strategies in PV is conditioned
by other factors, such as maintaining the electrical performance and compatibility with low cost
and large area fabrication.

Recent findings in photonics report possibilities to manipulate light in ways that greatly exceed
traditional geometrical optical limits, enabling pronounced broadband light trapping (LT) within
thin film solar cells [25-27]. The LT approaches conventionally employed in wafer-based cells
are based on textured rear/front surfaces, which provide: 1) anti-reflection, via geometrical
refractive-index matching by the front facets, improving the short-wavelength (above absorber
bandgap) photocurrent; and 2) light scattering, which increases the longer-wavelength (near-

bandgap) absorption, via optical path-length amplification and coupling with waveguide modes



confined within the cells structure [28,29]. However, when applied in thin film cells, the size of
the textures for thin absorber layers has to be much reduced, which lowers the LT effects [30,31].
Nonetheless, the main disadvantage is that texturing increases roughness (hence surface area) and
defect density in the PV material, which deteriorate its electric transport via carrier recombination.
This can be a particularly crucial drawback for PV devices whose carrier lifetime is chiefly limited
by interfacial recombination/trapping, as has been shown to be the case for PSCs [32].

Several alternative approaches have been tested to increase the light harvesting of PSCs [35,36],
for instance by applying ultra-thin textures to the perovskite absorbers [33,34] or the substrate
[35,36], applying ray optics by prism arrays [37], microlens [38] or nanocone [39,40] arrays,
plasmonic nanoparticles [41-43], light grating-coupled surface plasmon resonances [44] and
embedding TiO, nanoparticles into the mesoporous TiO, layer [45]. However, most of these
approaches also require nano/micro-structuring the Perovskite layers, thereby imposing a severe
compromise between optical benefits and electrical deterioration; and none has yet led to
efficiency enhancements superior to the state-of-the-art of optimized periodic texturing in thin
film silicon-based cells [46].

This work investigates front-located wavelength-sized LT structures patterned on top of PSCs,
operating in the wave-optics regime, which have been demonstrated to provide pronounced anti-
reflection and scattering effects in thin film silicon PV [2,47]. Since they do not require structuring
the PV layers, this is a much more promising option to increase the optical performance of thin
film cells without increasing their roughness [25,26,46,48]. For that, an inverted (substrate-type)
PSC architecture is considered here, where the light enters through the cell side and not from the
transparent substrate (as in conventional PSCs). Besides enabling the application of the PSCs in
a much broader range of substrates (e.g. with flexible opaque materials), this inverted
configuration can also be directly integrated onto multi-junction stacks to realize higher efficient
tandem devices (e.g. Perovskite on Si or on GIGS) [49-51].

The wave-optical structures developed in this work for inverted PSCs are based on high-index
dielectric (Ti0O,) micro-scale features, with semi-spheroidal geometries, which are shown to assist
in three fundamental points of PSC technology:

1) Efficiency enhancement — the broadband absorption gain caused by optimized LT features can
pronouncedly improve the photocurrent. Besides, their optically lossless material (TiO,) allows
them to be patterned in the final processing steps, on top of the already-completed cell, therefore
not increasing the roughness or surface area of the PV layers and not degrading the electric
performance via recombination. This is particularly relevant for PSCs, since their main
recombination mechanism is caused by surface defects [32], and due to the fact that they are
usually deposited by spin-coating techniques, so the uniformity and electronic properties of the

patterned layers are substantially improved when coated on flat surfaces.



2) Broader applicability due to higher device flexibility - the absorption enhancement caused by
the LT features allows reducing the Perovskite absorber thickness, which enables improved
bendability and cost reduction [1,52,53].

3) Higher stability against UV light degradation — one of the main issues of PSCs is degradation
upon UV exposure [54,55]. The use of UV blocking layers has been attempted to circumvent this
issue, with the drawback of decreasing the light absorption in the Perovskite and, thus, lowering
the efficiency [54,56]. Here, the front-coated LT structures are shown to act as highly effective
UV-blocking layers, able to protect the underneath sensitive device layers from UV exposure,

while improving light absorption at longer wavelengths and, thus, increasing efficiency.

2. Ray optics analysis

The analytical Lambertian light trapping (LT) formalism has been used to determine the limit of
maximum absorption in a slab of arbitrary thickness, in the geometric optics regime [57]. This is
attained with an ideally rough surface where the incident light is randomly scattered, which can
increase the average absorption in the slab by a factor of 41> compared to flat surfaces in the limit
of weak absorption [29], where 7 is the real part of the refractive index of the slab. For a Perovskite

with n~2.5, the 4n* limit means that the path length can be increased by a factor of ~25.
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Figure 1: Lambertian theoretical analysis of LT in Perovskite solar cells, in the geometrical optics regime.
The maximum photocurrent (Jpy — solid lines) and Jpy enhancement (dashed line) are shown as a function
of the Perovskite film thickness, for the case with a Lambertian scattering surface (with LT) relative to a
flat surface without LT. The thinner the Perovskite film the lower is the maximum Jpg but the higher is the

attainable enhancement with LT. The wavelength range considered for the calculations was 300-1000 nm.



Such ray optics formalism was further developed to consider the full absorption by a slab with an
arbitrary complex refractive index spectrum, allowing to estimate the photocurrent density (Jp)
enhancement that can be produced on the absorber with the implementation of Lambertian LT
[58,59]. Figure 1 shows the results of such calculation for the case of Perovskite absorbers with
distinct thickness, considering that their back surface is coated with a perfect reflector and the
front surface has an ideal Lambertian LT texture that disperses light rays at random angles towards
the Perovskite [48]. For the two Perovskite thicknesses (250 and 500 nm) analyzed in this work,
the limiting Jpy enhancements in the ray optics approximation are 31% and 25%, respectively.
Such LT limits are only valid in the regime of geometric optics, and therefore are not applicable
to the wave-optics regime of the thin film structures analyzed in this work where light interference
effects play a major role. Nevertheless, the Lambertian results of Figure 1 can still provide a
reasonable first-order prediction of the attainable Jpy values in PSCs improved with optimized
LT, as the interference effects are mainly important for single wavelength calculations while the

Jpu results from an integration over the solar spectrum that manipulates interference peaks.

3. Numerical Method and Simulated Structures

The simulations of the electromagnetic field distribution in the thin film solar cell structures were
carried out using a 3D Finite Difference Time Domain (FDTD) solver [60]. This is one of the
preferential techniques to determine electromagnetic solutions in the wave-optics regime,
specifically for PV light management [48,61], since it is conceptually simple, versatile, and can
accurately determine all the optical effects at play. Besides, since the computations are performed
in the time-domain, the solutions can cover a broad frequency range over a single simulation run.
The complex refractive index spectra of the materials composing the structures were taken from
experimental data and are plotted in Section S1 of Supplementary Material (SM). The Perovskite
solar cell (PSC) structure is composed of 5 layers coated on a substrate in the following order (see
Figure 2): rear contact/mirror layer (silver, Ag), hole transport material (HTM made of Spiro-
OMeTAD), Perovskite absorber (methylammonium lead iodide, CH3NH3Pbl3), electron transport
material (ETM made of TiO2) and front transparent contact (TCO made of ITO). The spectra of
the refractive indices considered for all materials are given in section S1 of SM.

The FDTD computations are performed in a 3D unit cell corresponding to one period of the
hexagonal array of the photonic features placed on the PSCs. The incident plane wave source is
placed in the air medium and propagates downwards along the z-direction, perpendicularly to the
solar cell. Perfect Matching Layers (PML) are applied at the finite z boundaries of the unit cell,
to avoid reflections of outgoing waves. Along the x and y direction, periodic boundary conditions

(BCs) are used to model the infinite periodicity of the structures. Here, due to the symmetries of



the system at normal incidence, symmetric and anti-symmetric BCs are employed which allow
simulating only one quadrant of the unit cell. Sets of convergence tests were performed to
determine the correct mesh size and number of PMLs [2,48].

The illuminating source bandwidth is 300-1000 nm, since the AM1.5 solar photon flux outside
this wavelength range is small and corresponds to the most significant portion of the photocurrent
spectrum of PSCs. The power absorbed per unit volume (P.ss) in each element of the structures

is given by the resulting electric field distribution established in its material:
1 12 2
Paps =5 WE |E| (1

where |E is the electric field strength, o is the angular frequency of the light and £" is the
imaginary part of the dielectric permittivity. P4ss is normalized by the energy source to obtain the
absorption density (p.ss, units of m?). The absorption of light with a certain wavelength (1) is
calculated by integrating p.ss 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)=P4ps/Epr; where Epy=hw is the photon energy. Here we assume that each absorbed photon
excites one electron-hole pair, so g is equivalent to the optical generation rate. As the illumination
is given by a broadband source, characterized by a spectral irradiance (instead of a power density),
the E-field is replaced by an electric field spectral density such that its intensity, |E[>, becomes
with units of V’Zm2Hz!. In this way, g is generalized to a spectral generation rate (in units of m-
3sTHz™") such that the total generation rate (G, units of m>s™) is calculated by integrating over the
frequency range of the source bandwidth: G= [ g(w)dw [60].

Since we are primarily concerned with the optical rather than the electrical transport properties of
the solar cells, an internal quantum efficiency equal to one is also assumed (i.e. every photon
absorbed in the Perovskite generates carriers collected by the contacts). As such, Jpy is determined
by integrating the absorption in the Perovskite layer, convoluted with the solar power spectrum

AM1.5 (Luy 1.5, units of Wm™m™!), along the computation wavelength range (300-1000 nm):

A
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Where e is the electron charge, # is the Planck constant and c is the free space light velocity. This
spectrally-integrated Jpy can be considered as an upper limit corresponding to the ideal case of no
electrical losses, and is taken here as the figure of merit to optimize the performance of the
photonic structures.

Using a particle swarm optimization algorithm (PSO) [60] in the FDTD programs, a complete
screening of the geometrical parameters of the LT elements (indicated in Figure 2) was performed,
searching for the set of parameters that produces the highest Jpy. The algorithm iteratively adjusts
the geometry of the TiO, LT structures, and thickness of the TCO and ETM layers, to maximize

absorption in the Perovskite region, minimizing optical losses (ie total reflection and absorption



occurring in the TCO and TiO; materials). Population-based stochastic optimization techniques,
such as the PSO, are preferred when operating with complex physical systems, as in the current
wave-optical regime, where there is a strong correlation between all the parameters of the
structures, making it practically unfeasible to precisely determine the global maximum of any

figure of merit by simple sequential scanning of the parameters.

a) TiO, Domes array b) TiO, Voids array

Figure 2: Sketch of both types of LT structures analyzed in this work, composed of TiO, features integrated
on the ETM of the PSCs. The PSCs have a substrate-type layer configuration, in which light comes into the
devices from the film side. The LT structures consist in 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 parameters (R, Rz p, trco, term) for the structure (a) and the parameters (R, Rz p, trco, tir term) for the
structure (b) considered for optimization are indicated by the arrows. At normal incidence, light impinges
from the top along the spheroids’ axis of revolution (z). The rear side of the perovskite is coated with a 150-

nm-thick Spiro-OMeTAD layer (HTM) and a 80 nm silver layer (metal contact).

4. Optimized photonic-enhanced Perovskite solar cells

As demonstrated theoretically [2,48], the absorption enhancements attained with wave-optical
elements on the cells’ front are maximized when the complex refractive index (N=n-+ik) of their
dielectric material has lowest imaginary part (k) at the sunlight wavelengths (to minimize parasitic
optical losses), and has a real part (7) as close as possible to that of the underlying absorber (e.g.
n~2.5 in Perovskite and n~4 in Si) to improve anti-reflection via geometric index matching. High
values of 7 also boost the light scattering performance of the photonic features, since their
scattering cross section increases with n. TiO; was shown to be one of the preferential materials
to fulfill such requirements in thin film silicon solar cells [47,48], but it can perform even better
in PSCs since its n~2.4-2.7 is much closer to that of Perovskite (see plots of refractive indices in

Fig. S1 of SM). Therefore, TiO> was the material considered for the photonic structures optimized



in this work for PSCs (sketched in Figure 2). In fact, conventional PSCs already use compact
(~20-30 nm thick) and/or mesoporous (~200-400 nm thick) TiO, layers as electron transporters,
so the TiO; LT structures should be incorporated on such layers as a continuation of the cells’
ETM. Due to the low electric conductivity of TiO,, it must be coated with a transparent conductive
oxide (TCO) acting as the front (n-type) electrode. Here we consider the most commonly used
TCO composed of indium tin oxide (ITO) deposited conformally over the TiO, features.
The optimization method described in section 3 was applied to find the set of geometrical
parameters of the two types of geometries depicted in Figure 2 that maximize the generated
photocurrent in the underlying PSC. Here we consider a substrate-type PSC layer structure due
to two main aspects:
1) To maintain the electrical performance (prevent increase of roughness and consequent
recombination) of the PSCs after implementing the LT structures at the last processing steps.
2) To allow the integration of the devices on a wider range of substrates, including opaque ones,
such as rigid (e.g. roof and wall tiles for BIPV, metallic coverage of vehicles, etc.) or flexible
(e.g. P1, metal foils, fabrics [62], plastics [63,64], paper-based [65]) materials.
LT can play a crucial role in the development of flexible solar cells, since it allows decreasing the
cells’ thickness without photocurrent loss, or even enhancing it as shown here. To explore that,
the photonic structures of Figure 2 were optimized for both the conventional Perovskite layer
thickness (500 nm) used in state-of-art devices, and for half that thickness (250 nm) to be applied
in flexible devices. Note that a reduction of the absorber layer to half can enable a decrease up to
about four times in the device flexural rigidity [63].
The geometry of the photonic structures is an hexagonal array of semi-spheroidal dome (Figure
2a) or void (Figure 2b) elements, as these are similar structures to those that can be fabricated by
industrially-attractive patterning techniques such as colloidal lithography [2,47,66], which is an
inexpensive soft-lithography method that can engineer any structure with nano/micrometer
resolution and high uniformity throughout large areas [47]. The geometrical parameters
considered for optimization are indicated in Figure 2. These are taken as variables by the PSO
algorithm that iteratively searches for the best set of parameters that maximizes the photocurrent
(Jra, €q. 2) produced in the PSC, considering reasonable boundaries for their domains.
Table 1 presents the main outcomes of the optimization studies performed in this work, indicating
the best parameters and the corresponding maximum Jpy values attained. The first line presents
the theoretical Lambertian limits of geometrical optics, as described in section 2 (see Figure 1).
The second line presents the optimized values for the thicknesses of the two flat layers of TiO»
and TCO (composed of ITO) coated over the Perovskite, acting as a planar double-layer anti-
reflection coating (ARC), which is the reference LT case considered here for comparison with the

results attained with the two types of TiO, micro-structures presented in the two last lines of Table



1 and sketched in Figure 2. The results and discussion of the optimization studies for the planar

reference LT structures (ARC cases) are presented in section S2 of SM.

Table 1: Maximum Jpy values attained for the optimized LT structures placed on the two distinct PSCs,
with 250 or 500 nm perovskite layer thickness, considered in this work. The geometrical optimization
parameters (R, Rz, p, trco, term) and (R, Rz, p, trco, tir, term), respectively for the Dome and Void structures,
are defined in Figure 2. The results are compared with the reference ARC-patterned cases, as well as with

the theoretical limits in the regime of geometrical optics attained with a Lambertian scattering surface.

Light Absorber: 250 nm Perovskite layer Absorber: 500 nm Perovskite layer
;‘:::lpc [t) ::_% Optimal Jpeu | JpH _vis-NIR Optimal Jpeu | JpH_vis-NIR
Parameters (mA/cm?) Parameters (mA/cm?)
L"s’zfgc’;“” - 33.3]32.0 - 35.3|34.1
Planar ARC trco=50 nm trco =76 nm
22.6 | 21.1 25.9 | 24.
(Figure S3) tery = 20 nm 6l tern =20 nm 591249
trco=50 nm trco =50 nm
Dome ter =159.1 nm term = 132.7 nm
structures R =785.2 nm 28.0 | 27.7 R =502.6 nm 30.6 |30.3
(Figure 3) Rz=1755nm Rz=1007 nm
p =1825.6 nm p=1347.1 nm
trco = 63.6 nm trco = 62.3 nm
Void termy = 20 nm term = 93.2 nm
structures R =401.2 nm R =388.0 nm
28.6 | 28. 1. .
igure z = nm = .8 nm
Figure 4 Rz=1792 8.6]28.3 Rz=820.8 3131308
tir = 656.2 nm tir=404.6 nm
p =882.7 nm p = 865.3 nm

4.1 Optimal dome front structures

Figure 3 presents the results attained with the optimized set of geometrical parameters of the
hexagonal array of TiO- half-spheroids, shaped like domes as shown in Figure 2a, and of the
thicknesses of the flat ETM layer (zz7u), placed between the domes and Perovskite, and front
contact (¢rco) coating the structure. These results (red curves) are compared to those of the planar
reference cells (blue curves) with the optimized double-layer ARC, for the two Perovskite
absorber thickness (250 and 500 nm) considered in this work.

The standard planar cell structure, with 500 nm Perovskite layer, exhibits high absorption in the
Perovskite along 375 to 750 nm wavelengths. Above 750 nm there is an abrupt absorption drop
of about 92%, occurring at the bandgap of the Perovskite material. In the case of the thinner (250
nm) Perovskite, there is a first smaller absorption drop at 600 to 750 nm wavelengths, and then
above 750 nm there is a larger absorption drop at the bandgap of nearly 93%. The incorporation

of the dome-like LT structures improves the optical performance of the cells mainly by decreasing
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such drops in absorption observed for the planar PSCs, namely in the visible range (600 to 750
nm wavelengths) for the thinner (250 nm) Perovskite and in the NIR (>750 nm wavelengths) for
both the 250 and 500 nm Perovskite absorbers.
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Figure 3: a,b) Absorption spectra attained with the optimized LT structures sketched in Figure 2a,
composed of half-spheroidal domes (green lines, row 4 of Table 1), and with the reference cases of a cell
with an optimized anti-reflection coating (blue lines, row 3), for Perovskite absorber layers with distinct
thickness: a) 250 nm and b) 500 nm. Each graph shows the absorption occurring in Perovskite (solid lines)

and the parasitic absorption in the other materials (colored regions above the lines). The inset profiles show
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the log-scale distribution of the corresponding total generation rate, G, along the xz cross-sectional plane
of the structures passing by the spheroid center. ¢,d) Log-scale distributions of the absorption density, p.ss,
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 half-spheroids array on the 250 nm (c) and 500 nm (d) thick Perovskite absorbers.

The enhancement in the visible range is due to a better light incoupling towards the Perovskite
layer provided by the front TiO, structures, via two main mechanisms: 1) Anti-reflection due to
the geometrical index matching caused by the cone-like shape of the TiO, features, which is
favored by the proximity between the values of the real part of the refractive indices of TiO, and
Perovskite (plotted in section S1 of SM). In fact, at a wavelength of approximately 600 nm, the
n~2.41 of TiO; is equal to that of the Perovskite material, which highly contributes to the
maximum of absorption (Abs= 0.96 and 0.98, respectively for Figure 3a,b) in the Perovskite
occurring near such wavelength. 2) Near-field forward-scattering, since the domes act as micro-
lenses creating an intense electric-field focus in the vicinity below their bottom surface, which is
vital to confine the light specially in the thinner Perovskite layer. This effect is mostly relevant
for wavelengths smaller than the dimensions of the scattering elements, in this case in the UV-
visible range, as observed by the highly intense regions of localized electric field in the generation
profiles of Figure 3a,b and in the pags profiles of Figure 3c,d for the 412 and 601 nm wavelengths.
The enhancements observed in the NIR range are mainly caused by the strong far-field scattering
effects of the TiO, domes, owing to their optimized shape and high real part of the refractive
index, which increase the absorption in the Perovskite layer via optical path length amplification,
by diverting the vertically incident light to more horizontal directions along the layers’ plane, and
coupling with waveguided modes trapped in the cell layers. This is evidenced by the distributed
regions of higher pass (hot-spots), observed in the profiles of Figure 3c,d for wavelengths >700
nm, which result from constructive and destructive 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 surface and back reflector. These can be seen as 3D
Fabry-Perot resonances, compared to the 1D Fabry-Perot resonances in planar layer structures,

which lead to the sharp NIR peaks of absorption enhancement present in Figures 3a.b.

The light absorption in the Perovskite is the only one that can generate photocurrent, so the
absorption in the other materials is referred as parasitic absorption, since it corresponds to optical
losses not translated into electrical output by the cell. The main parasitic absorption in the planar
references occurs chiefly in two spectral regions: 1) in the UV (300-400 nm wavelengths) since
the imaginary part of the refractive index (k) of ITO and TiO; increases abruptly for wavelengths
below 400 nm (see Figure S1 in SM); 2) in the NIR (>800 nm wavelengths) due to the free carrier

light absorption in the ITO, which leads to an increase of its & for the longer wavelengths, and
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absorption at the cell rear in the HTM (Spiro-OMeTAD). These parasitic losses can be observed
in the generation rate (Figure S3a,b) and pags profiles (Figure S3c,d) presented in SM for the
planar reference cells. In the structures with the TiO, domes the parasitic absorption occurs for
the same reasons, but for shorter wavelengths it is more pronounced along a broader range (300-
500 nm) extending to the visible spectrum, due to absorption by the LT features at the cells’ front
as seen in the generation profiles of Figure 3a,b and pass profiles of Figure 3c,d at 412 nm
wavelength. In the NIR, it can be seen from the plots of Figure 3¢,d that the parasitic absorption
happens mainly in the top ITO and in the bottom HTM, as occurred in the planar cells.

The severe parasitic absorption caused by the front TCO explains why the optimization algorithm
converged to the minimum allowed thickness (17co=50 nm) for the domes LT structures (see Table
1). Contrary to the planar cases, the anti-reflection LT effects caused by the domes structures are
chiefly given by the geometrical index matching that they provide on the cell front. So, the TCO
layer does not provide any beneficial optical contribution in these structures, and the thinner it is
the better. However, a TCO layer with at least 50 nm thickness must be considered for electrical
purposes, as it acts as the front n-electrode. On the other hand, the thickness of the underlying flat
ETM layer (term~133-159 nm) converged to much higher values that those (zz.7=20 nm) of the
planar references, thus revealing that it is optically favorable to establish a separation between the
bottom surface of the semi-spheroidal domes and the top surface of the Perovskite layer, in order

to provide better light incoupling and confinement in the absorber.

4.2 Optimal void front structures

The results of the optimized LT structures based on spheroidal voids (sketched in Figure 2b) are
presented in Figure 4. Despite the considerable differences in geometry, the absorption spectra
and generation profiles of Figure 4a,b produced with the voids array are similar to those of Figure
3a,b attained with the domes. However, the voids provide a slightly higher absorption mainly at
short visible wavelengths (400-500 nm) due to better anti-reflection, and in the NIR region due
to improved scattering, both in the 250 and 500 nm Perovskite absorbers, thus leading to higher
values of Jpy (last row of Table 1). The p4zs profiles shown in Figure 4c,d reveal that the voids
structure generally creates a more uniform spatial distribution of the absorption enhancement
throughout the volume of the Perovskite layer, while the domes array generates more localized
(confined) regions of highest electric field intensity due to the focal effect of their micro-lens
shape. This explains the better performance of the voids structure for light scattering, i.e. bending

of light waves, which justifies the higher values of absorption at the longer NIR wavelengths.
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Figure 4: Same as Figure 3 but for the LT structures sketched in Figure 2b, composed of semi-spheroidal
voids in the TiO; film. a,b) Absorption spectra attained with the optimized LT structures (green lines, row
5 of Table 1), and with the planar reference ARC cases (blue lines, row 3), for Perovskite layers with a)
250 nm and b) 500 nm thickness. Each graph shows the absorption occurring in Perovskite (solid lines) and
the parasitic absorption in the other materials (colored regions above the lines). The inset profiles show the
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nm (c) and 500 nm (d) thick Perovskite.
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In the voids case, the optimal TCO thicknesses (#rco) indicated in Table 1 are higher than those
of the domes, since such front contact now improves the anti-reflection in the flat regions between
voids on the top surface. On the other hand, the thicknesses of the flat ETM (zzry) are smaller,
since this layer plays a lesser role for geometric index matching in this structure.

For the voids and domes structures, the optimized lateral (R) and vertical (Rz, #;r) dimensions of
the TiO, features are larger for the thinner 250 nm Perovskite, as the thinner the absorber the higher
are the requirements for scattering: it needs to provide stronger path length enhancement for a
broader wavelength range (i.e. extending to shorter wavelengths than those of thicker absorbers).
This is achieved chiefly by enlarging the lateral sizes of the scattering elements, thus yielding
higher scattering cross sections. Nevertheless, the optimal vertical size must also increase with the
lateral size to maintain effective geometrical index matching provided by the front features, and
consequent broadband anti-reflection. Since the thicker 500 nm Perovskite has a lower need for
scattering, the optimized design of the TiO, features converged to smaller dimensions and to larger

array pitch (p) to also minimize the parasitic absorption of the LT structures.

5. Discussion

The main distinguishing advantage of the LT schemes designed here, over the conventional
texturing/structuring-based LT approaches mentioned in the Introduction, is that they can
remarkably enhance light harvesting without creating roughness in the thin PV layers. This is
because the photonic elements are placed on top of the unstructured planar solar cells. Thus, they
do not increase the amount of defect states, that can strongly contribute to electrical deterioration
particularly in PSCs [67,68], allowing the geometry of the photonic structures to be fully
optimized for maximum LT without constraints concerning the degradation of the electrical
performance of the devices. Consequently, the voltage and fill factor of the cells is expected to be
maintained (even possibly increased), while substantially boosting the photocurrent. Therefore,
the efficiency gains resulting from the incorporation of the optimized LT structures are expected
to be similar to their corresponding Jpx enhancements.

An important aspect of the absorption curves of Figures 3 and 4 resulting from the incorporation
of LT structures, is that the strongest parasitic absorption occurs in the UV range (300-400 nm)
mainly due to the relatively large volume of the photonic structures and the significant & of their
Ti0O, material below 400 nm wavelengths (see Figure S1 in SM). Nevertheless, such optical losses
in the UV can actually be quite advantageous for the stability of PSCs, as one of the main factors
for the poor lifetime of this type of PV devices is their severe degradation upon UV illumination.
The mechanism responsible for UV light degradation in PSCs is attributed to the photocatalytic
activity of TiO» occurring in the interface between the ETM and the Perovskite layer. Upon

prolonged UV light exposure, the photo-generated holes react with the oxygen radicals adsorbed
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at surface oxygen vacancies, which become deep traps within the Perovskite increasing charge
recombination [69]. Therefore, blocking UV photons from entering the PSCs has proven to be
beneficial, yielding longer time of stabilized high efficiency [70,71]. As such, here the TiO»
structures advantageously act as a UV-protective layer that, at the same time, enhances the
absorption of visible and NIR photons in the Perovskite absorber, thus leading to overall Jp gains
while contributing to the device robustness in standard sunlight exposure conditions.

Figure 5 represents such gains, relative to the optimized planar reference cells (see Section S2 in
SM), determined from the Jpy values of Table 1 for the two types of LT geometries explored in
this work (domes and voids) and both Perovskite thicknesses (250 and 500 nm). Besides, to
analyze the aspect described in the previous paragraph, we also represent the enhancements
considering the photocurrent density values (Jpy_yis.vik) shown in Table 1 determined from
photon absorption in the Perovskite outside the UV range (i.e. restricting the integral of eq. 2 to
the 400-1000 nm wavelength range, instead of the total 300-1000 nm range of Figures 3 and 4).
Such Jpy yis-nir gains can be regarded as the improvements that would be achieved considering

PSCs with a UV-blocking filter for better stability.
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Figure 5: Photocurrent enhancements attained with the optimized photonic structures (last 2 rows of Table
1) analyzed in section 4, relative to the planar double-layer ARC references (row 2 of Table 1 and Section
S2). The absolute Jpy values were calculated by integrating the spectral absorption (eq. 2) in the UV-VIS-
NIR wavelength range (300-1000 nm — with UV) and only in the VIS-NIR (400-1000 nm — without UV),
for both Perovskite thicknesses (250 and 500 nm) analyzed in this work.
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Figure 5 shows that the voids array outperforms the domes, as the present PSCs take more profit
from the higher degree of light spreading provided by the voids, instead of the higher light
focusing effect of the micro-lens shape of the domes. This can be advantageous for practical
implementation, since void-like structures can be more straightforwardly fabricated than domes
when employing scalable colloidal-lithography (CL) techniques. To form the desired void arrays,
the CL processes use hexagonal arrays of colloidal microspheres as mask for the subsequent
deposition of any material (in this case TiO») in the inter-spaces between the dry-etched spheres
[47,72], which results in nano/micro-patterned layers after the spheres lift-off. However, the better
performance of LT structures composed of voids relative to domes may not apply to even thinner
Perovskite layers that can take more advantage from the higher localization of the electric field
enhancement in the ultra-thin Perovskite. This was seen in a previous work of the authors applied
to thin film Si cells, in which for 100 nm thin a-Si cells the optimized domes provide higher
enhancement than the voids [2].

Although the highest absolute photocurrent values are attained with 500 nm thick Perovskite (30.6
and 31.3 mA/cm?, respectively with domes and voids), the optimized LT structures on the 250
nm absorber yield the highest enhancements (see Figure 5). The lower the absorber thickness the
higher can be the absorption gain provided by optimized LT, as expected from the Lambertian
ray optics analysis of Figure 1. The maximum values of the absolute Jpx (33.3 and 35.3 mA/cm?,
respectively for 250 and 500 nm thick Perovskites) and LT enhancement (30.6% and 25.2%,
respectively) determined with idealized Lambertian surfaces are close but above those attained in
this work (see Table 1 and Figure 5), which indicates that there is still room for further
improvement of the optical schemes. The main reason for the lower photocurrents attained with
the wave-optical structures, relative to the Lambertian limits, is the parasitic losses in the front
TCO and TiO; materials. Therefore, the Jpy values of the optimized geometries would be closer
to the Lambertian ones if no TCO was considered on top of the structures, or if distinct materials
were investigated with lower extinction coefficient.

The most impactful result shown in Figure 5 is the Jpy enhancement (27% with UV and 34.3%
within only VIS-NIR) attained with the optimized voids array on the 250 nm thick Perovskite,
since it demonstrates an improved device architecture that can allow: 1) higher photocurrent
(hence efficiency) relative to conventional planar PSCs with thicker (500 nm) Perovskite layers;
2) a potential 3-fold improvement in the device flexibility due to the thinner absorber, since the
flexural rigidity of the cell scales with the third power of its total thickness; 3) a 2-fold reduction
in the costs associated to the Perovskite material; and 4) potentially better PSC stability due to the
role of the LT structure as a UV-blocking filter. In addition, such enhancement is considerably
higher than the state-of-the-art enhancement (14.4% with 300 nm thick Perovskite absorber)

achieved thus far using conventional texturing on the FTO/glass substrate [35,53].
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6. Conclusions

The high absorption coefficient and direct bandgap at appropriate energy of Perovskite-based
materials allow them to act as effective sunlight absorbers in thin film solar cells, thus having less
need for absorption enhancement via LT solutions relative to Si-based thin film PV. This explains
why there have been little advances so far on photonic strategies applied to PSCs. Nevertheless,
the novel optimized photonic designs presented here, based on wave-optical TiO; front structures
incorporated in the usual TiO, ETM of PSCs, are shown to improve substantially the absorption
in the Perovskite absorber for wavelengths above 600 nm, due to the strong anti-reflection (mainly
in VIS) and light scattering (in NIR) effects. This allows remarkable photocurrent gains, indicated
in Figure 5, which should translate into similar efficiency enhancements since the LT structures
are patterned over the cells, therefore they are not expected to degrade the electric performance.
These enhancements become increasingly pronounced with decreasing Perovskite thickness,
thereby allowing thinning the cell absorber while increasing its photocurrent. For instance, the
optimized void structures, which were shown to be more optically favorable than the domes,
enable a PSC with a thin (250 nm) Perovskite thickness to supply a 28.62 mA/cm? photocurrent
density, which is 10.3% higher than that (25.95 mA/cm?) attained with the conventional
Perovskite thickness (500 nm) coated with an optimized planar double-layer ARC.

It was also observed that there is a reasonable tolerance of the optimized results with respect to
deviations in the geometrical parameters of the LT structures, since 5% variations in the values
of each parameter result in <5% relative reduction in Jpy. The photocurrent close to the optimum
point was seen to be mainly sensitive to the variations in the radius R and pitch p of the LT
structures, which are the parameters that chiefly govern the scattering properties.

Lastly, in addition to their strong optical role, the developed front-located LT structures can allow
important improvements in the operational stability of Perovskite solar cells. On one hand, their
TiO, material blocks almost all the UV light from entering the cell, thus protecting the device
against degradation from such harmful radiation. On the other hand, the high aspect ratio of the
photonic microstructures renders the top surface super-hydrophobic (i.e. water-repellent),
allowing water droplets to easily roll-off, carrying away dust or other particles. This can therefore
contribute to the outdoor robustness of the device, by improving the cell encapsulation against

water ingress and allowing a self-cleaning functionality [73].
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