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a b s t r a c t 

Photonic micro/nano-structures in the wave-optics regime have shown to be a promising strategy for 

effective broadband light capture in ultra-thin devices, opening a window of opportunity for cheap, ef- 

ficient, lightweight and flexible photovoltaics (PV). Here we design, from an optical standpoint, a novel 

industrially-attractive concept where light trapping is obtained by conformably depositing the solar cell 

materials onto previously-patterned photonic substrates. This solution is applied and optimized for per- 

ovskite solar cells (PSCs) with distinct thicknesses of the perovskite absorber - the conventional (500 

nm) and ultra-thin (300 nm) in view of enhanced flexibility - yielding photocurrent improvements up 

to 22.8% in superstrate cell configuration and 24.4% in substrate-type configuration; thereby coming rel- 

atively close to the fundamental Lambertian limits. Furthermore, these structures also show an omni- 

direction optical response for incidence angles up to 70 ° for all cases, therefore demonstrating the viabil- 

ity of this light trapping method for implementation in flexible PV devices operating under bending. The 

photonic-enhanced ultra-thin solar cells designed here ultimately support the reduction of material usage 

in PSC technology, which is especially beneficial to mitigate lead usage, without impacting the device’s 

performance. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Light trapping using periodic arrays of nanostructures has

roven to be an effective method to solve the well-known di-

hotomy where thicker solar cells are optically favorable and elec-

rically disadvantageous, and conversely for thinner devices, ulti-

ately opening a new window of research possibilities pointing

o cost-competitive photovoltaics (PV) [1–4] . This method relies on

mproved anti-reflection and light scattering effects, that can be

ptimized to significantly enhance broadband light absorption in

ltra-thin absorber layers, thereby increasing their efficiency [5 , 6] .

his reduction in solar cells thickness also enables several advan-

ages, be it in electronic properties such as open circuit voltage and

arrier collection, or even in other properties like cells’ stability

nd mitigation of hazardous/toxic compounds (e.g. Pb) for the case

f perovskite [5 , 7–12] . Furthermore, it also creates a conducive sce-

ario to improve the performance of ultra-thin and low-cost solar
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ells for portable electronic devices with higher intrinsic mechani-

al flexibility [5 , 6 , 8 , 13 , 14] . 

Equivalently, organic–inorganic halide perovskite semiconduc- 

ors have been extensively researched during the last decade due

o their impressive optoelectronic properties [5] . Perovskite solar

ells (PSCs) are a promising step in the recent evolution of PV due

o their high light absorption coefficient [15] , tunable band struc-

ure [16 , 17] , high charge carrier mobility [18 , 19] , and low fabrica-

ion cost [20] . Based on the aforementioned characteristics con-

oined with deeper understanding of materials and device proper-

ies, brought out by the vast research in the area of materials sci-

nce, PSCs efficiency saw a rapid improvement, having grown from

3.8% in 2009 to > 24.2% in 2019 [21–26] . However, the progress

n PSC technology hitherto has been mainly achieved by optimiz-

ng the process techniques of the perovskite layer and the quality

f the cells’ interfaces [20 , 27–29] . 

Nevertheless, keeping a balance between generating and col-

ecting carriers in PSCs still remains a major challenge to over-

ome. In conventional PSCs, a perovskite layer with typically ~500

m thickness is required to allow sufficient light absorption (hence,

hotocarrier generation) and maximize efficiency. In contrast, thin-

er absorber layers can reduce bulk recombination and facilitate

https://doi.org/10.1016/j.apmt.2020.100720
http://www.ScienceDirect.com
http://www.elsevier.com/locate/apmt
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carrier collection at the contacts [30] . Concomitantly, the use of

less amount of absorber material is also an important mean to mit-

igate the usage of toxic Pb in the perovskite [7] . However, reducing

the absorber thickness comes at the expense of increasing the opti-

cal losses in PSCs; particularly for the longer sunlight wavelengths

in the VIS-NIR range that require a large travel path inside the ab-

sorber to generate photocurrent. Therefore, effective light trapping

(LT) strategies are crucial to improve performance in ultra-thin so-

lar cells, ultimately enabling highly efficient and flexibility PSCs

[5 , 6] . 

While silicon-based solar cells have been extensively tested re-

garding the implementation of advanced LT schemes, their appli-

cation in PSCs is still in its infancy. This lethargy in LT adop-

tion 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 sin-

gle [40] and multijunction [41–43] PSCs, as well as the exploitation

of surface plasmon resonances, e.g.: plasmonic nanoparticles [44–

46] and light grating-coupled plasmons [46] . Nonetheless, most of

these approaches have yet to demonstrate pronounced absorption

improvements that justify the effort s in their integration, or have

even caused electrical deterioration of the devices. 

In earlier theoretical contributions [3 , 5 , 6] , novel LT designs

operating in the wave-optics regime were shown to allow pro-

nounced photocurrent gains in thin-film solar cells via the incor-

poration of wavelength-sized pyramidal-like features in the front

contact of PV devices with a substrate configuration. This enabled

the demonstration of LT levels approaching the ideal Lambertian

limits of geometric optics. However, the implementation of such LT

architecture may be difficult to realize in practice, since the pho-

tonic elements need to be patterned on top of the planar cell lay-

ers, during the final processing stages, which may cause the degra-

dation of the delicate materials of the devices during the micro-

patterning fabrication [31 , 47] . 

In this work, an unprecedented wave-optical solution was ex-

plored for PSC application, via the optimization of photonic-

structured substrates supporting the cells. By micro-patterning the

substrates with wavelength-sized semi-spheroidal features, it is

possible to achieve high-performing LT-enhanced PSCs due to the

conformal deposition of the cells’ materials onto the photonic sub-

strates. Such innovative industrially-attractive LT design is studied

and optimized here for two different solar cell configurations: su-

perstrate and substrate; considering distinct perovskite absorber

thicknesses (300 and 500 nm), as sketched in Fig. 1 . This ap-

proach has significant practical benefits regarding its applicabil-

ity, when compared with post-patterned photonic structures im-

plemented on the ETLs, since here the PSC layers are wet-coated

by usual methods over a substrate already patterned with LT struc-

tures, 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 lay-

ers but also less robust polymeric substrates used in flexible de-

vices [13 , 48] . 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

[49] , CZTS [50] , organic [13] , tandems [51] etc.), after straightfor-

ward 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
urface allow pronounced broadband absorption enhancement in

he PV absorber of thin-film solar cells [5 , 6 , 31 , 47] . Here, such type

f features is produced in the cells’ front due to the conformal

eposition of the PSC layers over the patterned substrates (see

ig. 1 ). Apart from allowing higher optical density with thinner ab-

orber thickness, the LT geometries investigated here provide three

ther practical advantages: 1) the “round” spheroidal-type shapes

an avoid losses associated with nanostructures having high spatial

urvatures or sharp edges [2 , 55] ; 2) arrays of such semi-spheroidal

eatures can be easily fabricated by industrially-attractive pat-

erning methods such as colloidal lithography - a low cost soft-

ithography process capable of engineering with nano/micrometer

esolution with high uniformity throughout large areas [31 , 47] ; 3)

he inherent wide angular acceptance of this type of structures is

articularly important for flexible solar cells [6 , 55] , since their op-

ration under bending implies the simultaneous conversion of light

oming from a broad angular range. 

. Modelling method 

We employed a 3D finite difference time domain (FDTD) nu-

erical method to rigorously model optical effects in the photonic-

tructured PSCs [3 , 5 , 6 , 56] . This method is regarded as a pref-

rential approach for solving electromagnetic problems in the

ave-optics regime, especially for light management in solar cells,

ainly owing to its conceptual simplicity and versatility [3] . Fur-

hermore, its capability for single-run broadband simulations is

f particular interest for application in photovoltaics [2 , 5 , 6] . The

wo different PSC architectures of Fig. 1 were modelled, in which

he solar cells are composed of 5 layers conformally coated onto

icro-structured substrates. The optical response of the materials

s determined by their complex refractive index ( N = n + ik ) spectra,

hich were taken from published experimental data and are plot-

ed in section S1 of Supplementary Material (SM). The perovskite

bsorber material considered in this work is methylammonium

ead iodide, MAPbI 3 , taking a widely-used refractive index function

tted from measured values provided by Phillips et al. [57] , avail-

ble in a common database [58] . However, it should be pointed

ut that, contrarily to other more matured PV technologies, PSCs

re still highly dependent on the specific fabrication conditions

nd process materials used. Therefore, there is presently no ( n, k )

ataset that can be taken as technological standard. In view of that,

or comparison the main computations presented here were recal-

ulated considering a different measured refractive index provided

y Eerden et al. [59] , whose results are presented in section S6 of

M. For the superstrate configuration ( Fig. 1 a), the refractive in-

ex of the transparent substrate was accounted for by a fixed real

alue, attributed to the background index of the simulation vol-

me, equal to n = 1.5 (e.g. similar to the index of PET) [58] . For

he substrate configuration ( Fig. 1 b), a background index n = 1.6 was

aken in order to account for a typical transparent adhesive mate-

ial used for encapsulation over the PSC layers [58] . 

The photonic features on the substrates are arranged in a

exagonal array, thus mimicking the structures patterned by col-

oidal soft-lithography [31 , 47] . Further details regarding the simu-

ation setup in the FDTD programs can be found in section S2 of

M. We are interested in analyzing the light absorption along the

SC structures of Fig. 1 , i.e. the power absorbed per unit volume

 P ABS ) in each element of the structures which is given by the re-

ulting electric field distribution established in its material: 

 ABS = 

1 

2 

ωε ′′ | E | 2 (1)

here | E | 2 is the electric field intensity, ω is the angular frequency

f the light and ε" is the imaginary part of the dielectric permittiv-

ty. P is normalized by the source power to obtain the absorp-
ABS 
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Fig. 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) [48 , 52 ]; and the so-called “inverted” substrate configuration (b) enabling a larger variety of substrates 

(e.g. flexible opaque materials as metal sheets) [52–54] . 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 R Z , 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 SnO 2 )/perovskite absorber (methylammonium lead iodide, CH 3 NH 3 PbI 3 )/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 (CH 3 NH 3 PbI 3 )/HTL (made of NiO x )/rear contact (Au). 

t  

t  

a  

a  

t  

H  

h  

i  

s  

s  

|  

i  

t  

b  

G

 

n  

p  

c  

t  

e  

c  

i  

t  

m  

W  

1

J

w  

t  

a  

c  

r  

t  

s  

i

 

p  

r  

s  

P  

s  

b  

o  

o  

m  

t

3

 

t  

s  

i  

c  

f  

b  

a  

P  

S  

c  

o  

m  

s  

p  

t  

a

 

o  

°  

s  

e  

E  

t  

t  

b  

t  

h  

c  

r  

fl  

d  

d  
ion density ( p ABS , units of m 

−3 ). The absorption of light for a par-

icular wavelength ( λ) is determined by integrating p ABS along the

bsorber volume: Abs (λ) = ∫ p ABS (λ) dV . The number of photons

bsorbed per unit volume and per unit time is the photon absorp-

ion rate: g( ω) = P ABS /E PH ; where E PH = h̄ ω is the photon energy.

ere we consider that each absorbed photon excites one electron-

ole pair, so g is equivalent to the optical generation rate. Since the

llumination is provided by a broadband source, characterized by a

pectral irradiance (instead of a power density), the E-field is sub-

tituted by an electric-field spectral density such that its intensity,

 E | 2 , becomes with units of V 

2 m 

−2 Hz −1 . In this way, g is normal-

zed to a spectral generation rate (in units of m 

−3 s −1 Hz −1 ) such

hat the total generation rate ( G , units of m 

−3 s −1 ) is determined

y integrating over the frequency range of the source bandwidth:

 = ∫ g(ω ) dω [60] . 

The wavelength range of the illumination source was 30 0-10 0 0

m in all calculations, since it corresponds to the most significant

ortion of the photocurrent spectrum of PSCs [5] . In this study, we

onsidered an ideal internal quantum efficiency of the PSCs equal

o 100% (i.e. every photon absorbed in the perovskite material gen-

rates carriers collected by the contacts), since we are mainly con-

erned with the optical rather than the electrical transport behav-

or of the cells [3 , 5 , 6] . Thus, the photocurrent density ( J PH ) is de-

ermined by integrating the absorption in the perovskite material,

ultiplied with the solar power spectrum AM1.5G ( I AM 1.5 , units of

m 

−2 m 

−1 ), along the chosen computation wavelength range (300-

0 0 0 nm): 

 PH = e ∫ λ
hc 

Abs ( λ) I AM1 . 5 ( λ) dλ (2) 

here e is the electron’s charge, h is Planck’s constant and c is

he light velocity in vacuum. This spectrally-integrated J PH creates

n upper-limit to the attainable short-circuit current density of the

ell, since it neglects any electrical losses. Furthermore, this pa-

ameter will also be used in the simulations as the figure-of-merit

o optimize the geometry of the substrate features - modelled as

emi-spheroidal shapes with an axis of revolution aligned with the

llumination direction. 

A particle swarm optimization algorithm (PSO) [6 , 60] was em-

loyed in the FDTD programs to find the optimized set of pa-

ameters for the semi-spheroidal structures of the photonic sub-

trates. Population-based stochastic optimization methods, such as

SO, are the most favorable approach to perform the complete
creening of complex physical systems with a strong correlation

etween a high numbers of parameters, as in the present wave-

ptics regime, in order to determine precisely the global maximum

f any given figure-of-merit. Further details concerning the PSO

ethodology are given in section S2 of SM and in previous con-

ributions [3 , 6 , 61] . 

. Optimized photonic-structured perovskite solar cells 

In this section we present the results of the optimized LT struc-

ures considering both configurations depicted in Fig. 1 . The super-

trate configuration ( Fig. 1 a) is the current record efficiency holder

n PSCs [26] . Nevertheless, the requirement for superstrate solar

ells to be supported on transparent substrates is a major limiting

actor if one is to achieve ultra-thin and flexible devices. This can

e mostly attributed to the proclivity for low degradation temper-

tures, usually seen in bendable transparent materials (e.g. PEN,

ET), that severely restricts the PSCs fabrication conditions [52] .

ubsequently, there has been a shifting interest to the substrate

onfiguration ( Fig. 1 b), since it allows for a more versatile gamut

f materials to be used, such as the case of opaque and much

ore robust bendable materials (e.g. metal foils, PI) [52–54] . Be-

ides, the substrate-type PSC structure is compatible with its ap-

lication as sub-cell in monolithic tandem devices (e.g. perovskite

op cells coupled with Si [51] or CIGS [52] bottom cells), which is

nother research line attracting much interest lately. 

The materials considered for the PSCs’ layer structure are based

n state-of-the-art devices produced with low-temperature ( < 200

C) fabrication, to allow compatibility with polymeric flexible sub-

trates. Different materials are considered for the ETL and HTL in

ach configuration: SnO 2 and ZnO are the materials taken for the

TLs, and Spiro-OMeTAD and NiO are those of the HTLs, respec-

ively in the superstrate and substrate configuration. Apart from

heir low-temperature processing, both ETL materials have recently

een revealing better stability and performance than the conven-

ional TiO 2 [26 , 62 , 63] . As for the HTLs, Spiro is the material that

as allowed the highest efficiencies so far. However, due to its high

ost, other HTLs have been investigated, being NiO-based mate-

ials those that appear to be the best alternative, especially for

exible applications that can particularly benefit from low-cost

evices [64] . The conventional MAPI (methylammonium lead io-

ide) perovskite was taken for the absorber material, with two
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Table 1 

Highest J PH values obtained for the optimized LT structures for two distinct PSCs, with 300 or 500 nm perovskite layer thick- 

nesses, in two different solar cells configurations, superstrate and substrate-type, considered in this work. The geometrical 

optimization parameters ( R, R Z , p, t ITO , t SnO2 , t Spiro ) and ( R, R Z , p, t ITO , t ZnO , t NiO ), for the LT structures in superstrate and sub- 

strate 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. 

Light Trapping 

Structures 

Absorber: 

300 nm Perovskite layer 

Absorber: 

500 nm Perovskite layer Row index 

Optimal 

Parameters 

J PH , mA/cm 

2 

(LT enhancement) 

Optimal 

Parameters 

J PH , mA/cm 

2 

(LT enhancement) 

Lambertian surface − 33.8 (28.0%) - 35.3 (25.0%) 1 

Optimized Planar PSCs 

in Superstrate 

Configuration (Fig. S3) 

t ITO = 50 nm 25.0 t ITO = 50 nm 27.1 

t SnO2 = 25 nm t SnO2 = 25 nm 

t Spiro = 50 nm t Spiro = 50 nm 2 

Optimized Photonic 

PSCs in Superstrate 

Configuration ( Fig. 2 ) 

t ITO = 50 nm 30.7 (22.8%) t ITO = 50 nm 32.5 (20.0%) 

t SnO2 = 25 nm t SnO2 = 25 nm 

t Spiro = 50 nm t Spiro = 50 nm 3 

R = 219.2 nm R = 206.2 nm 

Rz = 167.6 nm Rz = 259.8 nm 

p = 558.6 nm p = 508.1 nm 

Optimized Planar PSCs 

in Substrate 

Configuration (Fig. S5) 

t ITO = 50 nm 22.5 t ITO = 50 nm 25.1 

t ZnO = 100 nm t ZnO = 100 nm 

t NiO = 10 nm t NiO = 10 nm 4 

Optmized Photonic 

PSCs in Substrate 

Configuation ( Fig. 3 ) 

t ITO = 50 nm 28.0 (24.4%) t ITO = 50 nm 30.2 (20.3%) 

t ZnO = 100 nm t ZnO = 100 nm 

t NiO = 10.1 nm t NiO = 11.1 nm 

R = 239.0 nm R = 200.2 nm 5 

Rz = 309.2 nm Rz = 519.3 nm 

p = 480.1 nm p = 484.4 nm 
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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 opti-

mized for the aforementioned cell designs, where R, R z and p de-

fine the geometry of the LT features patterned on the substrates

(see Fig. 1 ) and the values t layer 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 param-

eters that maximizes the photocurrent ( J PH , Eq. 2 ) produced in the

perovskite material. Row 1 of Table 1 shows the Lambertian lim-

its of geometrical optics for the analyzed perovskite absorber lay-

ers, as described in an earlier contribution of the authors [5] . In

this case, the values of the LT enhancement were calculated rel-

ative to a cell without LT in the same regime of geometrical op-

tics. 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 refer-

ence results for comparison with the ones obtained with the pho-

tonic semi-spheroidal structures shown in rows 3 and 5, respec-

tively. The results and discussion for the two optimized types of

planar PSCs are presented in sections S3 and S4 of SM. 

The PSO “smart search” was constrained to certain parame-

ters’ boundaries that were set based on reasonable values for their

domains. Several optimization runs were performed with differ-

ent initial parameter sets spanning the domain space, and it was

found that the algorithm consistently converged to thicknesses of

the selective contact layers ( t ITO , t SnO2 , t Spiro , t ZnO , t NiO ) at the min-

imum 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 extrac-

tion [65 , 66] . The variation of photocurrent with the thickness of

such contact layers is analyzed in sections S3 and S4 of SM. As the

main goal here is the investigation of an optical scheme yielding

the maximum degree of light trapping in PSCs, the present study
onsidered optically-favorable values for such layer thicknesses in-

icated in Table 1 , corresponding to the minimum values within

he defined “electrical limits” marked in Figs. S2 and S4 in SM.

s can be observed these figures, different thicknesses would lead

o slight deviations in the optimized parameters and resulting J PH 

axima, but would not imply significant differences in the overall

rends and discussion given here [3 , 5 , 6] . 

.1. Photonic-enhanced PSCs in superstrate configuration 

We begin by analyzing the results obtained with the optimized

et of geometrical parameters of PSCs in superstrate configuration

depicted in Fig. 1 a), which are presented in Fig. 2 . The absorption

pectra of the optimized LT structures (corresponding to row 3 of

able 1 ) are compared to those of the planar reference cells (row

 of Table 1 ) in Fig. 2 a,b, for the perovskite absorber thicknesses

30 0 and 50 0 nm) considered in this study. Figs. 2 c,d show the

 ABS profiles of PSCs with LT structures, along the xz plane pass-

ng by the center of a semi-spheroidal feature, for four different

avelengths along the illumination spectrum. 

Looking at the reference planar cells (blue curves in Fig. 2 a,b),

oth 300 and 500 nm cells show a similar broadband behavior,

ith the 300 nm cell presenting an overall lower absorption, from

he shorter light travel path in the absorber. The considerably high

bsorption in the perovskite active region (mainly corresponding

o the 450-750 nm wavelength range in Fig. 2 ) evidences well the

utstanding perovskite optical properties, preceded by a small ab-

orption drop in the UV-blue range (300-450 nm) due to reflection

nd parasitic absorption in the front contact (ITO and SnO 2 layers).

his drop is slightly lower (~5%) for the 300 nm thick cell. In the

ear-infrared (NIR) there is a more abrupt absorption drop above

50 nm (nearing 86% and 89% for the 500 and 300 nm thickness,

espectively) that coincides with the ~1.5 eV bandgap of the per-

vskite absorber. Regarding the photonic LT structures (red curves

n Fig. 2 a,b), there is a pronouncedly higher broadband absorp-

ion occurring in the perovskite, brought out by the superior light
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Fig. 2. (a,b) Absorption spectra obtained with the optimized LT structures sketched in Fig. 1 a, 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, p ABS , 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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management scenario created by the photonic features, as ex-

plained below. 

The results of Fig. 2 demonstrate a key optical advantage of us-

ing photonic-structured PSCs via conformal deposition over pat-

terned substrates: the fact that it is the higher-index perovskite

material that plays the main role in anti-reflection and light scat-

tering, 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. 2 a,b show

the cross section of the solar-spectrum-weighted generation rate

( G ) along the PSCs with the optimized LT structures, computed

over the 30 0-10 0 0 nm wavelength range. It is notable from these

inset profiles that the spectral-integrated absorption occurs pri-

marily 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. 

The absorption gains in the UV-VIS are attributed to a bet-

ter light coupling towards the perovskite material by the semi-

spheroidal LT features, as a consequence of two optical mecha-

nisms: 1) superior anti-reflection owing to the geometrical index

matching [5 , 6] caused by the curvature of the front layers (ITO,

SnO 2 and perovskite) coupled with the propinquity amongst the

real part ( n ) of the refractive indices of ITO, SnO 2 and perovskite

(plotted in section S1 of SM). 2) Near-field forward-scattering [5 , 6]

due to the micro-lens effect of the curvature of these three lay-

ers, which causes the focal regions of intense electric-field in the

top portion of the perovskite observed in the G profiles of Fig. 2 a,b

and in the p ABS profiles of Fig. 2 c,d (mainly for the indicated wave-

lengths 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 p ABS profiles for wavelengths

> 700 nm, which result from constructive interference between the

light waves traveling along the incidence direction and the scat-

tered light that travels along the plane of the cell layers suffer-

ing multiple reflections from the top and bottom surfaces of the

cell. In this longer wavelength region, the sharp absorption peaks

observed in Fig. 2 a,b are mainly attributed to guided-mode reso-

nances, as supported by related studies of LT-enhanced thin-film

PV [2 , 3 , 5 , 6 , 67] . Such resonances were observed to be mostly sen-

sitive to the variation of the in-plane dimension (radius R ) and

center-to-center distance (pitch, p ) of the photonic elements. This

is due to the fact that R is the chief parameter determining their

scattering cross sections; while p establishes the periodicity and,

thus, determines the trapping of waveguided modes in this spec-

tral range [3 , 5 , 6] . Results on the LT sensitivity to variations in the

geometrical parameters of the photonic structures are presented in

Section 5 ( Fig. 6 ). 

Concerning the parasitic absorption, below 500 nm wavelengths

it mainly occurs within the front ITO and SnO 2 , as evidenced by

the p ABS plots of Fig. 2 c,d. For longer wavelengths it is mostly rele-

gated to the cell’s rear contact (Spiro-OMeTAD/Au), with also some

contribution from SnO 2 as evidenced by its increasing imaginary

part ( k ) of the refractive index in the NIR (see Fig. S1b in SM).

The p ABS plots for > 500 nm wavelengths illustrate well this ef-

fect. It should also be noted that, throughout the UV-VIS range,
he photonic-structured devices show significantly lower absorp-

ion losses when compared with the reference ones. This is mostly

ue to the geometrical index matching caused by the front cur-

ature of the perovskite absorber, which provides a better cou-

ling of light towards such material with high n , preventing its

ack-reflection towards the ITO/SnO 2 top layers. Nevertheless, in

he NIR range (750-10 0 0 nm wavelengths) the parasitic absorp-

ion is notably higher with LT structures due to the plasmonic ef-

ect caused by the corrugated Au metal layer [2] , as seen in the G

nd p ABS profiles of Fig. 2 , which does not occur in the flat metal

resent in the reference cells (see Figs. S3 and S5 and related dis-

ussion in SM). The periodic corrugations of the metallic layer lead

o surface plasmon-polariton modes [2] that are confined in a near-

eld vicinity of the metal-HTL interface, so they mainly lead to en-

anced parasitic light absorption within such rear contact. This is

upported by the fact that, in the wavelength range (above ~700

m) where the HTL and rear metal play a pronounced optical role,

imilar parasitic absorption is observed with the two different per-

vskite absorber properties considered by the aforementioned dis-

inct refractive index functions of Phillips et al. [57] (used in main

tudy, Fig. 2 , 3 ) and Eerden et al. [59] (compared in SM, Fig. S8). 

Comparing this LT design to that of additional thick photonic

tructures coated on top of the solar cell, as analyzed in a previous

tudy [5] , the present implementation bypasses the parasitic ab-

orption within such thick structures, especially for shorter wave-

engths. This is because of two reasons: first, the optimized thick-

esses of the structured front layers of ITO (50 nm) and SnO 2 (25

m) are relatively small and the same as the reference cells, thence

he parasitic absorption in these materials is quite low; and sec-

nd, the perovskite is the main scattering material benefiting from

n extremely high absorption coefficient ( k values) in this range,

hich also helps mitigate parasitic absorption. 

.2. Photonic-enhanced PSCs in substrate configuration 

In this section, we analyze the results obtained with the opti-

ized set of geometrical parameters of PSCs in substrate config-

ration ( Fig. 1 b), which are presented in Fig. 3 (corresponding to

ows 4 and 5 of Table 1 ). The absorption profiles of Figs. 2 and

 show a similar overall optical behavior, despite the difference in

ell architecture. However, the light confinement (focusing) in the

ront curvatures of the perovskite is more intense for the substrate-

onfiguration PSCs, as seen by the higher values of the generation

rofiles ( Fig. 3 a,b, insets) and of the p ABS profiles ( Fig. 3 c,d) at the

rst two wavelengths, due to the more elongated shape (higher

 Z ) of these optimized features relative to those of the superstrate

SCs (see Table 1 ), for both 300 and 500 nm absorber thicknesses.

 bigger height ( R Z ) is needed in the substrate configuration to

rovide a higher effective geometrical index matching for stronger

roadband anti-reflection in the UV-VIS range, since this configura-

ion suffers from reduced absorption throughout the 30 0-70 0 nm

avelength range, relative to the superstrate configuration, as seen

n the absorption spectra of the planar reference cells. At the same

ime, the structures must maintain a large scattering cross-section

or path length amplification in the NIR, so the optimized lateral

adii ( R ) are similar in the superstrate and substrate configuration. 

Nonetheless, for the thinner 300 nm perovskite, stronger scat-

ering is required to compensate for the reduced absorber thick-

ess, which explains the larger R values of the thinner PSCs relative

o the 500 nm ones. The optimal designs of the semi-spheroidal ar-

ays converged to similar pitch ( p ) for both 300 and 500 nm per-

vskite, with optimal p values slightly above/below 500 nm for the

uperstrate/substrate configuration. 

It can be seen that the substrate configuration suffers from

igher parasitic absorption in most of the spectrum. At the shorter

avelengths < 500 nm it is mostly attributed to the thicker 100 nm
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Fig. 3. Similar to Fig. 2 but for the PSCs in substrate configuration sketched in Fig. 1 b. 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. c,d) Profiles of the absorption density, p ABS , along the same xz plane, at 

the wavelengths of the peaks marked by the arrows in a) and b). 
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Fig. 4. a) Sketch of sunlight illumination of a flexible LT-enhanced PSC. b, c) angle-resolved unpolarized photocurrent density, J PH , 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 S5 in SM for further details regarding the angular simulations of the 

reference planar PSCs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

t  

w

4

 

i  

c  

s  

s  

o  

c  

c  

s  

t  

b  

a

of ZnO that serves as ETL, in contrast to the 25 nm SnO 2 for the

superstrate configuration. At the longer wavelengths in the NIR the

high parasitic absorption occurs mainly at the rear contact, as re-

vealed by the particularly intense hot spots present in the HTL and

Au layers of these structures (see G and p ABS 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 (NiO x ) con-

sidered here has a considerably higher n (see Fig. S1a of SM), so

the optical optimizations converged to HTL thicknesses (t NiO ~10-11

nm) much lower than those (50 nm) taken for the Spiro-OMeTAD

used in the superstrate PSCs. 

Overall, the absolute J PH values attained with optimized LT are

higher in the superstrate configuration, for both 30 0 and 50 0 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 with op-
imized LT designs in substrate PSCs are superior to those achieved

ith superstrate architecture. 

. Angle-resolved optical response 

The dependence of the LT-enhanced PSCs performance with the

ncidence angle is of extreme relevance for their practical appli-

ation, not only in conventional non-tracking PV installations, but

pecially importantly for thin-film cells integrated on bendable

ubstrates [6 , 68] . In such case, the flexible solar cells will likely

perate with a certain curvature, so they will be illuminated by a

one of incidence angles along their active area. As such, it is cru-

ial to evaluate the LT performance for oblique illumination. De-

pite the fact that the LT designs described in the previous sec-

ion were optimized for normal incidence, they maintain broad-

and light absorption enhancement for a wide range of incidence

ngles, as analyzed next. 
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Fig. 5. Improvement in photocurrent density, J PH , achieved with the optimized 

photonic-structured PSCs (rows of 3 and 5 of Table 1 ) analyzed in Section 3 , rel- 

ative to the planar references (rows 2 and 4 of Table 1 and Sections S3 and S4), 

as a function of the incidence angle ( θ ). The Lambertian limits of LT in PSCs, in 

the geometrical optics regime, are also indicated for normal incidence ( θ= 0 o ), by 

the solid and dashed horizontal black lines, respectively for the 300 and 500 nm 

perovskite absorbers. 
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At normal incidence, due to the spheroidal shape of the LT fea-

ures, the optical response of the cells is independent of the polar-

zation of the incident light, since the illumination is along the axis

f revolution of the semi-spheroids. However, that is not the case

or oblique incidence. As such, the TM (transverse magnetic) and

E (transverse electric) polarization components were computed

eparately, and the resulting photocurrent densities (TM J PH and

E J PH ) are represented in Fig. 4 d. The output J PH for unpolarized

unlight illumination was calculated by averaging the photocurrent

alues obtained with the TM and TE components, and is shown in

ig. 4 b,c. 

In general, the planar PSCs exhibit a quite omni-directional re-

ponse, particularly in the substrate configuration, since the unpo-

arized J PH (in Fig. 4 b,c) is roughly constant up to ~60 ° and then

tarts decreasing only for higher angles, as these structures do

ot provide scattering effects. While the unpolarized J PH of the LT-

nhanced PSCs generally tends to decrease with increasing angle,

ut the maximum reduction is only of 3-4% for the substrate con-

guration and of 6-7% for the superstrate configuration, for 0-60 °
ncidence angles. Such small reduction mainly occurs due to the

elatively lower absorption in the perovskite in the NIR range, as

een in Fig. 4 d, as a consequence of slightly weaker scattering and

aveguide mode coupling for larger angles. Nevertheless, such re-

uction with oblique incidence is significantly lower compared to

hat observed in thin-film silicon solar cells coated with optimized

ront LT structures [6] . This is attributed to the fact the present

SCs are conformally patterned on the photonic-structured sub-

trates, so the corrugation of the PSC layers benefits a wider angu-

ar response with respect to LT-enhanced cells having a planar ab-

orber. The more angle-independent J PH of the substrate-type PSCs,

elative to the superstrate configuration, is due to the fact that in

ubstrate configuration the LT structures yield a higher fraction of

bsorption enhancement in the visible range (40 0-80 0 nm wave-

engths) relative to NIR enhancement at longer wavelengths, and

he gains in the visible (chiefly via anti-reflection) are less affected
y the increase of the incidence angle as compared with those in

he NIR (via scattering). 

. Discussion 

By maximizing the broadband anti-reflection and light scatter-

ng properties of PSCs conformally deposited onto micro-structured

ubstrates, optimized device architectures were presented with un-

recedented photocurrent gains across the 30 0-10 0 0 nm wave-

ength range of interest. Fig. 5 summarizes the predicted enhance-

ents, along the analyzed angular range, for the two distinct per-

vskite thicknesses of 300 and 500 nm with superstrate and sub-

trate cells’ configurations, calculated relative to the corresponding

ptimized planar PSC reference cases. The gains are compared with

hose analytically obtained in the Lambertian cases of geometri-

al optics (see Table 1 ) at normal incidence. It should be noted

hat the Lambertian improvements were not calculated with re-

pect to the same reference values of the planar PSCs, but instead

elative to the same theoretical structure but without light scatter-

ng [3 , 5 , 6] . In section S6 of SM the results are compared for a dis-

inct perovskite refractive index dispersion [59] , yielding slightly

ower photocurrent enhancements than those of Table 1 , but a

uch closer propinquity to the Lambertian limits for all cases. The

uperstrate configuration led to higher absolute photocurrent for

oth perovskite thicknesses, mainly due to the thinner ETL thick-

ess used in such architecture which yields lower parasitic absorp-

ion. Nevertheless, the substrate configuration ultimately showed

3-4% higher gains when compared with the corresponding pla-

ar counterpart. As expected, the highest absolute photocurrents,

 PH , are achieved with the 500 nm thick perovskite (32.5 and 30.2

A/cm 

2 , respectively in superstrate and substrate configuration at

ormal incidence). However, the LT structures on the 300 nm per-

vskite yield the highest photocurrent improvements (~3-4% higher

ains compared to those with 500 nm perovskite at normal inci-

ence), as shown in Fig. 5 . This matches the trend predicted from

ambertian ray optics analysis [5] - the thinner the absorber the

igher the absorption enhancement that can be achieved with LT.

he photocurrent gains attained with our optimized LT structures

re close to those predicted by the Lambertian limits. Neverthe-

ess, the slight differences indicate that there is still some room

or further improvement of the LT scheme, for instance by tuning

he refractive indices of the front (e.g. less absorbing TCO) and rear

e.g. more reflective electrode as Ag) contact layers [2 , 5 , 55] . 

The substantial broadband absorption enhancement provided

y the LT structures, relative to planar cells, was also demonstrated

or a large range of incidence angles (0-70 degrees), as seen in

ig. 5 . The gains in the substrate configuration are clearly higher

han those in superstrate configuration for most of the angular

ange, due to the spectral differences in which the absorption en-

ancements occur, as explained in Section 4 . It is noteworthy that

he angular trends appear to be almost independent of the ab-

orber thickness, since there is a roughly constant shift between

he solid and dashed curves of Fig. 5 for the 300 and 500 nm per-

vskites. For all cases, the angular dependences of the photocur-

ent improvements are significantly higher compared to those ob-

ained in silicon solar cells with the best-performing LT front struc-

ures [6] . This is mainly due to two reasons: first, the optimized

urvature of the PSC layers in the architectures developed in this

ork in which the cell is conformally coated onto structured sub-

trates; and second, the lower real part of the refractive index (see

ig. S1 in SM) of the perovskite absorber ( n~2.3-2.5) and its bet-

er index matching with the contact layers ( n~1.6-2.0) relatively to

ilicon-based absorbers ( n ~4), which reduces parasitic absorption

nd reflected light escaping the cell [3 , 6 , 69] . Therefore, the opti-

ized conformal design demonstrated in this work is preferable
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Fig. 6. Spectra of the absorption in the perovskite (top plots) and photocurrent density ( J PH , bottom plots) attained with a 20% variation ( ±10% deviation) in each geometrical 

parameter [ R Z , R and p , respectively in a), b) and c)], relative to the optimal parameter values (marked by the black dot in the bottom plots) for the superstrate photonic- 

enhanced PSC with 300 nm thick Perovskite (row 3 of Table 1 , Fig. 2 a). 
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for flexible PSCs, as it assists their operation under bending which

implies illumination from a broad angular range. 

It is also important to analyze the dependency of the solar cells’

response with variations in the geometrical parameters of the LT

structures around the optimal values. For that, we considered the

PSC design with 300 nm perovskite in the superstrate configu-

ration ( Fig. 2 a), and show in Fig. 6 the variation of its absorp-

tion spectrum and resulting photocurrent with a ±10% deviation

in the geometrical parameters ( R Z , R, p ). As observed in a previ-

ous work of the authors with photonic-enhanced PSCs supported

of flat rear-metal contacts [5] , Fig. 6 a shows that the absorption

in the perovskite in the shorter wavelength range (300-~450 nm)

is mostly affected by variation of R Z , since the absorption in this

part of the spectrum is mostly enhanced by anti-reflection effects,

due to the geometrical index matching caused by the high aspect-

ratio of the front structures. The influence of R Z in the absorption

enhancement at the longer wavelengths is much less pronounced.

Conversely, the in-plane radius, R , and array pitch, p , have a mi-

nor effect on the absorption gains in the shorter wavelengths, but

have strong effect for the longer wavelengths (NIR region), as seen

in Fig. 6 b,c. It is observed that these two parameters have almost

the same effect on the perovskite absorption gains for wavelengths

above ~700 nm, as they both set the grating properties of the pho-

tonic structure which determine the guided-mode trapping in such

NIR wavelengths. For this reason, it is observed in Fig. 6 b1,c1 a

higher sensitivity of the photocurrent with variation of these two

parameters (determining the waveguided modes) than with varia-

tion of Rz (determining the anti-reflection). These conclusions are
n line with those of a recent study demonstrating similar optical

bsorption enhancement effects in ultra-thin CIGS solar cells [67] . 

Lastly, although outside the scope of this investigation, the

ough PSC interfaces in the present LT-enhanced cell structure

ould raise the concern of possible electrical deterioration in prac-

ical devices fabricated with wet-coating processes. Nevertheless,

he fast evolution in PSC technology has shown improved PSC de-

osition methods enabling conformal coating of the cell layers on

icro-rough substrates and resulting in high efficiencies [70] . For

nstance, F. Wang et al. [71] developed a recrystallization treatment

hat allowed 18.6% PSC efficiency with a ~300 nm thick perovskite

bsorber conformally coated on textured glass having surface fea-

ures on the order of the micrometer (as those in this study). These

ndings indicate that it is possible to develop non-planar PSCs

ithout being considerably affected by the rough interfaces. 

. Conclusions 

This work demonstrates the optical advantages of using

hotonic-structured substrates to fabricate electrically thin but op-

ically thick solar cells, applied to perovskite PV. In the investigated

ight-trapping (LT) design, the active cell materials are taken to be

onformally deposited over the photonic substrates. This avoids the

therwise necessary costs associated with front-textured photonics

pplied to the device, as well as the deterioration of the cell layers

uring the implementation of such LT structures in post-processes.

or instance, front-patterned TiO 2 LT coatings were proposed in

 previous work and demonstrated high potential for efficiency
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nd even UV stability improvement when integrated in the ETL of

ubstrate-type PSCs [5] . This approach, however, requires an ad-

itional manufacturing step that can degrade the highly-sensitive

SC materials located underneath, thus posing challenges for its

ractical realization. 

Furthermore, the present solution can be an extremely cost ef-

ective approach due to the low material usage (no extra mate-

ial is used in the photonic structuring), compared to those re-

orted in the literature [5 , 72] , as well as being compatible with

ndustrially-attractive processes as soft-lithography and roll-to-roll

47] , since the PSCs are deposited with the established fabrica-

ion methods onto previously patterned substrates. To accommo-

ate state-of-the-art fabrication procedures for the cells, different

TL and HTL materials were considered in the superstrate and sub-

trate configurations [48] . Here, it is notable the resulting small

hickness of the optimized ETL, HTL and TCO layers, since the opti-

al (film-based) index-matching provides a smaller optical impact

han the geometrical index-matching, thence creating a situation

here smaller parasitic absorption is preferred. 

We show that by carefully tuning the geometrical features on

he substrates one can achieve levels of LT enhancement (up to

4.4% with 300 nm and 20.3% with 500 nm perovskite) compara-

le to those of the previous method [5] , with the added benefit of

 more omni-directional angular response (up to 70 o ) which is of

aramount importance for flexible devices. In addition to the supe-

ior photocurrent (thus efficiency) improvements, the LT solutions

esigned here reveal that the perovskite thickness can be substan-

ially reduced while maintaining high performance, as the J PH val-

es attained with the 300 nm LT-enhanced cells are considerably

igher than those of the conventional 500 nm planar references

see Table 1 ). Such reduction in perovskite thickness from 500 to

00 nm can bring important competitive advantages: 1) an almost

-fold reduction in the amount of the environmentally-toxic lead

Pb) compound, as well as in the material costs associated to the

erovskite material (with no additional material costs for the LT

tructures since they are incorporated in the substrates); 2) a po-

ential 3-fold increase in the device flexibility due to the reduced

bsorber thickness. 

Lastly, photonic substrates as those investigated here can also

e straightforwardly adapted to different types of thin-film solar

ells (e.g. Si-based, CIGS, CZTS, Organic, etc.) via a fine-tuning of

he geometrical parameters using a similar methodology. 
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