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a b s t r a c t

The interaction of light with wavelength-sized photonic nanostructures is highly promising for light
management applied to thin-film photovoltaics. Several light trapping effects come into play in the wave
optics regime of such structures that crucially depend on the parameters of the photonic and absorbing
elements. Thus, multi-parameter optimizations employing exact numerical models, as performed in this
work, are essential to determine the maximum photocurrent enhancement that can be produced in solar
cells.

Generalized spheroidal geometries and high-index dielectric materials are considered here to model
the design of the optical elements providing broadband absorption enhancement in planar silicon solar
cells. The physical mechanisms responsible for such enhancement are schematized in a spectral diagram,
providing a deeper understanding of the advantageous characteristics of the optimized geometries. The
best structures, composed of TiO2 half-spheroids patterned on the cells' top surface, yield two times
higher photocurrent (up to 32.5 mA/cm2 in 1.5 mm thick silicon layer) than the same devices without
photonic schemes.

These results set the state-of-the-art closer to the theoretical Lambertian limit. In addition, the
considered light trapping designs are not affected by the traditional compromise between absorption
enhancement versus current degradation by recombination, which is a key technological advantage.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The large mismatch between the light absorption depth and
the carrier diffusion length, in deposited thin semiconductor films,
makes light management crucial for the realization of high-effi-
cient (425%) and inexpensive (o0.5$/W) non-wafer-based solar
cells [1]. Optimized light trapping (LT) strategies have the potential
to strongly boost the optical absorption in the thin solar cell ma-
terial, thereby enhancing the efficiency and allowing the thickness
reduction. Optically-thicker but physically-thinner devices imply
cheaper and faster fabrication, and also improved flexibility which
is important for roll-to-roll manufacturing [2] and their applica-
tion in bendable substrates (e.g. paper [3], polymers, tissues, etc.)
aimed for consumer-oriented products (sun-powered intelligent
packaging [4], wearable PV, portable electronics, etc). In addition,
for cells not limited by surface recombination, a reduction in their
thickness can lead to higher open-circuit voltages (and conse-
quently efficiencies) due to lower bulk recombination [5].
The conventional LT approach is the insertion of textured sur-
faces at the rear or front of the solar cells, to diffuse light and thus
increase its optical path length within the absorber layer [6–9]. In
the last decade, a variety of more advanced strategies have been
proposed employing: self-assembled plasmonic metal nano-
particles [10,11], diffraction gratings [12–14], photonic crystals
[15], optical resonators [16,17], among others. These make use of
the scattering and/or anti-reflection properties of nanophotonic
elements, with dimensions comparable or below the illuminating
wavelengths, incorporated in the cells. Nevertheless, both wafer-
based and thin film PV industries still prefer employing the stan-
dard LT mechanism based in surface texturing. The reason is that,
even though many LT methods are able to provide high optical
gains, they also present practical drawbacks, which hinder their
implementation. For instance, the resonant scattering effects of
plasmonic nanoparticles have attracted much attention to enhance
the optical path length of the near-infrared (NIR) light close to the
silicon bandgap [18,19]. However, such scatterers also exhibit
significant parasitic absorption, which hampers the efficiency
gains that they can provide. Alternatively, 2D grating wavelength-
sized corrugations, formed by nanostructuring the absorber layer
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or the substrate, have been shown to provide effective light scat-
tering combined with gradual refractive index matching for anti-
reflection when implemented on the cells' front surface (e.g. arrays
of domes [20], cylinders [21], dimples [22], quasi-random patterns
[23]), but without the associated parasitic absorption. However,
such approaches are affected by the same key issue of texturing:
an effective LT requires structuring the surface of the cell material,
thereby increasing the amount of defects and surface area of the
device which increases the charge carriers capture and re-
combination [24,25]. Consequently, the improvement of the cells'
optical performance comes at the expense of a reduction in their
electrical performance, which is a severely limiting trade-off.

This calls for further constraints that should be applied to the
theoretical design of the LT structures, focusing in solutions that
can be truly effective in practice. The present study is aimed at
circumventing the aforementioned drawbacks of LT approaches, by
following three key design principles:

) Planar absorber layer – the LT structures should not increase the
surface area of the photocurrent-generating layer, in order to
prevent the increase of recombination in the cell. As such, the
structures considered here are optimized for light absorption
enhancement in perfectly-flat PV layers, thereby not affecting
the cells' electrical performance.

) Lossless optical materials – since the LT structures are in-
corporated on the front cell surface, their material should have
negligible absorption in the spectral range of the cell photo-
current. Here we consider photonic elements made solely of
dielectric materials, i.e. TiO2 and transparent conductive oxides
(TCOs), with a low imaginary part of the refractive index in the
wavelengths of interest.

) Round geometries – the optical elements considered here are
based in spheroidal or semi-spheroidal geometries [26], as most
scattering features can be approximated by such shapes. Round
shapes are preferable to those with corners or edges (e.g. typical
texturing features, nano-cones, cylinders/wires, etc. [9]) be-
cause sharp terminations produce strongly-localized near-fields
whose energy is generally dissipated as heat and not used for
current generation. Furthermore, spheroidal geometries can
exhibit lower sensitivity to the angle of incidence of the
illumination, in comparison with anti-reflection coatings
[5,17,27,28], which is important to increase the acceptance
angle of non-tracking PV devices.
Table 1.
Maximum JSC values attained for the optimized light trapping (LT) structures placed on t
The optimal parameters of the structures are defined in Figs. 1 and 5: ARC thickness (t), p
plane of the cell layers, inter-particle distance (D).

Light Trapping Structure Materials PV ab

Optim

ARC layer (Fig. 2) No layer –

AZO t¼71
Spheroid partially embedded in ARC layer
(Fig. 3)

Lossless dielectric (index NR) in
AZO

NR¼2
R¼30
RZ¼3
t¼28

TiO2 in AZO R¼32
RZ¼3
t¼30

Half-spheroid (Fig. 4) TiO2 R¼56
RZ¼9

Hexagonal array of half-spheroids (Fig. 5) TiO2 in AZO R¼34
RZ¼1
D¼98
t¼64

Lambertian limit (Fig. S1) – –
High-index dielectric features having dimensions comparable
to the illuminating wavelengths can exhibit significant anti-re-
flection and forward-scattering capabilities, which make them
highly promising for application in the front surface of thin film
cells [1,28,29] as those considered here composed of amorphous
(a-Si:H) or crystalline silicon (c-Si) absorber materials. Carefully-
engineered front structures, composed of non-absorbing elements
(e.g. dielectric particles), provide an effective pathway for the light
to flow into the absorber layer and get trapped there. Such
structures can be compatible with the three previously listed de-
sign principles when implemented on top of already completed
solar cells, which is an important practical advantage. Due to their
wavelength-scale dimensions, such elements interact with light in
an intermediate size regime between geometrical optics and
electrostatics, known as the wave optics regime, whose solutions
require the detailed calculation of the set of Maxwell's equations,
and no analytical approximations can be used such as in the other
regimes. Therefore, a numerical mesh-based FDTD formalism is
employed to model the electric-field distribution produced in the
structures considered here.

Recently, current enhancement in solar cells has been demon-
strated by coating their front TCO layer with a monolayer of di-
electric wavelength-sized particles such as arrays of close-packed
silica spheres [16,17], TiO2 pyramids [27], among others [1,28]. The
properties of such wave-optical structures crucially depend on
their geometry and material. For instance, particle shapes with
higher aspect ratio exhibit a stronger anti-reflection action which
leads to absorption enhancement mainly in the short wavelength
range (UV–vis); while lower aspect ratio enables a more effective
light scattering and coupling to waveguided modes of the cell,
which contributes to absorption mainly for the longer NIR wave-
lengths. Therefore, it is essential to perform complete optimiza-
tions of the full set of relevant parameters (refractive index, di-
mensions, particle-cell and inter-particle spacing, etc.), as per-
formed here, in order to realize truly pronounced broadband LT
and attain exceptional improvements in the cells performance.

In this work, the exploration of a broad set of physical para-
meters of the LT features allowed us to demonstrate remarkable
broadband gains in the cells absorption, relative to those reported
in the related literature of photonic-enhanced thin film PV where
complete optimization studies are scarcely performed. This en-
abled the determination of LT structures capable of producing
short-circuit current density (JSC) values (up to 32.5 mA/cm2 in
he two types of solar cells, with distinct Si absorber layers, considered in this work.
article refractive index (NR), particle semi-axis along (R) and orthogonal (RZ) to the

sorber layer: 300 nm a-Si PV absorber layer: 1.5 μm c-Si Row Label

al Parameters JSC (mA/cm2) Optimal Parameters JSC (mA/cm2)

17.5 – 16.4 A1
nm 25.4 t¼68 nm 21.7 A2
.48 30.4 NR¼2.99 30.5 B1
9.7 nm R¼404 nm
46.6 nm RZ¼290.1 nm
0.1 nm t¼209.7 nm
2.2 nm 30.2 R¼403.6 nm 29.8 B2
63.2 nm RZ¼274.9 nm
3 nm t¼127.1 nm
5.0 nm 31.9 R¼463.1 nm 32.5 C
90.0 nm RZ¼796.2 nm
4.1 nm 31.4 R¼368.0 nm 31.1 D
373 nm RZ¼826.5 nm
5.9 nm D¼997.2 nm
.5 nm t¼65.7 nm

33.7 – 38.0 E
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1.5 mm thick c-Si) which are �50% higher than those attained
(21.7 mA/cm2) with an optimized anti-reflection coating and
�100% higher than a cell with no LT (16.4 mA/cm2), as shown in
Table 1 below. Such optimal structure yields a current similar to
that (32.9 mA/cm2) of a state-of-the-art thin film (�4 mm) Si sin-
gle-junction [22], fabricated on a periodically honeycomb-textured
substrate, but using a much thinner Si layer. The absorption and JSC
generated in the cells with the optimized LT structures are also
compared here with the ideal geometrical optics reference case of
a Lambertian scattering surface [8,14].
2. Numerical methods

A 3D finite-difference time domain (FDTD) numerical method
[30] is employed to rigorously model the optical effects of wave-
length-sized dielectric particles on thin film solar cells. The
method solves Maxwell's equations in arbitrary geometries and
materials, being one of the preferential approaches to tackle
electromagnetic problems in the wave-optics regime, particularly
for PV light management, due to its conceptual simplicity, versa-
tility, and since it is a time-domain method the solutions can cover
a wide frequency range with a single simulation run
[1,17,21,25,31].

Dielectric objects with sizes close to or above the illuminating
wavelength scatter the light preferentially along the incident wave
propagation direction (forward scattering). For instance, resonant
spheroidal particles have been shown to produce remarkably in-
tense electric near fields close to their shadow-side surface [29]
and act as effective nanostructured anti-reflection coatings (ARCs)
on the front surface of thin film Si cells [17]. Therefore, one of the
first base structures analyzed in this work is that represented in
Fig. 1, showing the main parameters taken as variables for the
optimization studies. The represented square unit cell (see Fig. 1b)
simulates one period of a square array of close-packed particles
placed on the front TCO contact of a Si solar cell with arbitrarily
large area. The FDTD program places the unit cell in a square box
with specific boundary conditions (BCs) in each face. An artificial
absorbing perfect-matching layer is applied on the upper bound-
ary (zMAX) to absorb all outgoing waves. A perfect metal BC is used
on the front surface of the rear mirror (zMIN) to simulate a perfect
reflecting layer. On the side boundaries (x,y), periodic BCs are used
to model the infinite periodicity of the structures and the normally
incident plane wave source. Here, symmetric and anti-symmetric
Fig. 1. Sketch of the unit cell of a square array simulated in this work, representing th
refractive index NR are the photonic elements used to trap light in a thin silicon (either
impinges from the top along its axis of revolution (z). The dimensions of the spheroid ar
front and rear contacts of the cell structure are, respectively, an AZO layer with thickness
view of the simulated structure, with the coordinate axes, whose symmetry allows the
BCs are employed to reduce the required memory size and com-
putation time. This is possible due to the symmetry of the geo-
metry and the orientation of the illuminating field (incident along
the z axis), which allows to simulate only one quadrant (red region
of Fig. 1b) of the unit cell.

To simulate solar illumination, a broadband plane wave source
is placed in the air medium above the structure. The source
bandwidth is 400–1100 nm, since the AM1.5 solar photon flux
outside this wavelength range is small, and it corresponds to the
most significant portion of the photocurrent spectrum of Si-based
PV devices.

The optical properties of the materials composing the structures
are determined by their standard complex refractive index func-
tions, retrieved from usual references [30,32,33]. The power ab-
sorbed per unit volume (PABS) in each element of the structures is
given by the resulting electric field distribution established in their
material:

ω= ϵ′′| | ( )EP
1
2 1ABS

2

where |E|2 is the electric field intensity, ω is the angular frequency of
the light and ε′′ is the imaginary part of the dielectric permittivity.
PABS is normalized by the source power to obtain the absorption per
unit volume, pABS (units of m�3). The total light absorption in a
region, at a certain wavelength (λ), is computed by integrating pABS
over its volume: ( )∫(λ)= λAbs p dVABS . The only absorption that
generates current is that occurring in the Si layer, while that oc-
curring in the other layers is parasitic as it corresponds to optical
losses. Since we are mainly concerned with the optical rather than
the electrical transport properties of the cells, an internal quantum
efficiency equal to one is assumed (i.e. every photon absorbed in Si
generates carriers collected by the contacts). As such, the short-
circuit current density (JSC) is determined by integrating the ab-
sorption in the Si layer, convoluted with the incident AM1.5 solar
power spectrum (IAM1.5, units of Wm�2 m�1), over the computed
wavelength range (400–1100 nm):

∫ ( )= λ λ (λ) λ ( )J e
hc

Abs I d 2SC AM1.5

where e is the electronic charge, h is the Planck constant and c is the
free space light speed. This spectrally-integrated JSC can be regarded
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.
e parameters (NR, R, RZ, t, d) considered for optimization. a) Spheroids with a real
a-Si or c-S) film located at a distance d from the bottom of the spheroid. The light
e given by its semi-axes along (RZ) and orthogonal (R) to the illumination axis. The
t and a back-reflector composed by a 60 nm AZO layer and a perfect mirror. b) Top
computed region to be reduced to the volume in red.



M.J. Mendes et al. / Nano Energy 26 (2016) 286–296 289
A particle swarm optimization algorithm was used in the FDTD
programs to search for the optimal parameters of the LT elements
(sketched in Fig. 1) that yield the highest JSC. This is a population-
based stochastic optimization technique widely used for various
PV and photonic design problems [34]. The algorithm iteratively
adjusts the geometry and material of the LT structures to max-
imize the light absorption in the Si region, while minimizing the
optical losses (i.e. total reflection and absorption occurring in the
TCO layers and dielectric spheroids).
3. Optimized photonic structures

Recent trends in PV indicate that, in the coming decade, the
solar electricity market should have a major component of in-
expensive and flexible thin film devices, fabricated using large-
scale roll-to-roll processes [2,3,28]. However, it is only possible for
thin film solar cells to reach the stage of efficiencies (20–25%) of
typical crystalline wafer-based Si cells by implementing advanced
light management procedures compatible with the industrial
scalability requirements. Previous contributions have shown that
dielectric features with nano/micron-scale sizes on the order of λ
are the preferential photonic structures for PV LT [1,28,29]. Among
the various techniques that allow engineering such structures, it is
desirable to focus in those that are truly low-cost and scalable, as
these are key requirements in PV. As such, ordered arrays of col-
loidal dielectric particles are interesting to consider, as they can be
formed by fast and inexpensive wet-coating methods, straight-
forwardly adaptable to roll-to-roll manufacturing, while allowing a
precise control and monodispersion in the particles' sizes [16,17].
Reactive ion-etching post-treatments performed on the deposited
spherical colloids can shape their geometry and form mono-
dispersed spheroidal particles with good control on the aspect
ratio [20,28]. Tailoring the aspect ratio, together with the particles'
material and size, enables a wide range of possibilities for tuning
the particles' optical behavior [26,29] in order to strengthen the
electric field intensity in nearby absorbing layers.

In view of the above, we start by considering spheroidal di-
electric particles as the LT elements (see Fig. 1) and analyze the
absorption enhancement occurring in the underneath cell layers,
comparing it with that attained with an optimized single-layer
anti-reflection coating. We analyze separately the results of the
structures patterned on thin film cells with either a 300 nm thick
a-Si:H or a 1.5 mm thick c-Si absorber layer (Fig. 1a). The former
type of Si layer is the one more commonly employed in single-
junction thin film devices; while the latter is motivated by the
recently-demonstrated production of ultra-thin (1–20 mm) mono-
crystalline Si wafers, regarded as the preferential material for the
development of high-efficient thin cells coupled with LT ap-
proaches [24,25]. Such thin c-Si absorbers can potentially combine
the advantages of wafer-based (e.g. high open-circuit voltage and
fill factor) and thin film (e.g. low cost, flexibility) technologies. In
addition, the thicknesses of both types of absorber layers are ex-
pected to enable considerable absorption enhancement upon the
application of LT, as predicted analytically with a geometrical op-
tics approximation analyzed in Section S1 of the Supplementary
Material.

For both absorber layers, the parameters of the LT structures
(sketched in Fig. 1a) were taken as variables to maximize the JSC
(Eq. (2)), using the optimization algorithm mentioned in Section 2.
Appropriate domains were imposed on each variable, to restrict
the search to reasonable regions in the parameter space: R and
RZo2 mm, to0.5 mm, 1oNRo4, 2RoDo4R. The algorithm per-
forms a sequence of optimization steps, with distinct sets of initial
values taken within the domains, until the global JSC maximum is
found. The final results are listed in Table 1 and are discussed
along this section. Such results are compared with the well-known
Lambertian light scattering limit of ray optics (in row E) [1,14,24],
further detailed in Section S1 of the Supplementary Material,
which is a common comparative limit for PV LT but not the fun-
damental limit in the wave optics regime [12,35].

3.1. Single-layer anti-reflection coating

The top layer of thin film Si cells is usually a transparent con-
ductive oxide (TCO) with a double role in the device: electrically, it
constitutes the front contact; while optically it reduces the re-
flection due to its adequate refractive index. Therefore, an opti-
mized top TCO layer acts as an effective anti-reflection coating
(ARC) and will be taken here as the reference LT mechanism to
compare the absorption enhancements with those attained by the
incorporation of the particle structures. Such layer will be hence-
forth designated as ARC, for simplicity. Usually it is made of ITO,
since this material can exhibit a good tradeoff between a high
broadband transparency and low electrical resistance. However,
due to the scarcity of indium, ZnO-based oxides (mainly AZO) are
regarded as more favorable alternatives for PV.

Section S2 of the Supplementary Material presents the results
of the front ARC optimization studies, for the two types of cell
structures considered in this work. The best JSC values are obtained
for AZO ARCs with the thicknesses (t) indicated in row A2 of Ta-
ble 1. Since AZO has lower parasitic light absorption than ITO, the
JSC values are higher than those with ITO because the simulations
are purely optical and do not take into account the conductivity of
the materials. As such, AZO will be henceforth the material of the
front ARC of our structures, as depicted in Fig. 1a.

Fig. 2a and c shows, respectively, the light absorption occurring
inside and outside the 300 nm a-Si and 1.5 mm c-Si layers of the
cells, with the optimized AZO ARCs on top (t¼71 and 68 nm, re-
spectively). The peak anti-reflection produced with an ARC occurs
approximately when its thickness is a quarter of the wavelength in
its dielectric material (t¼λMAX/4NAZO). This is consistent with the
absorption maxima of Fig. 2a and c, occurring respectively at
λ¼559 nm and λ¼511 nm, given the refractive index of AZO
(NAZO�1.8 to 2). These absorption spectra are compared with
those of structures without any ARC (t¼0), which suffer from high
reflection from the top Si surface for λo750 nm and therefore
generate much lower currents (see row A1 of Table 1).

The optical losses occurring in the front and rear AZO layers
(dashed curves in the plots) are practically negligible in the in-
vestigated spectral range. This can also be visualized in Fig. 2b and
d which show the pABS profiles at the two wavelengths marked by
the grey arrows in Fig. 2a and c, respectively. For shorter wave-
lengths (see profiles on the left), most absorption occurs up to a
depth of 100 nm in the Si layer, while for longer wavelengths
(right profiles) the absorption is distributed more uniformly along
the layer depth.

In the considered spectral range, the absorption coefficient of
a-Si is much higher than c-Si for wavelengths below �700 nm,
which explains the higher JSC values achieved in the 300 nm a-Si
cells (see Table 1). In real devices, the resulting JSC would be dif-
ferent due to electrical effects, such as the layers resistivity and
carrier recombination [5,7,21,25], not taken into account in this
study since it is focused on the optimization of the optical re-
sponse of the LT front structures.

3.2. Spheroids partially embedded in ARC

As seen in the previous sub-section, ARCs can suppress reflec-
tion but only in a narrow range around λMAX, for which the back-
reflected light wave is minimized due to destructive interference.
An array of dielectric nanostructures incorporated in the ARC is an



Fig. 2. a) Spectra of the light absorption occurring in the 300 nm a-Si layer (solid
lines) and in the AZO layers (dashed lines) of the structure depicted in the inset. The
spectrum attained with the optimized ARC (in red) is compared with that of no ARC
(black). b) Log scale distribution of the absorption per unit volume (pABS) along the
xz cross-sectional plane of the structure, at the wavelengths (λ) of the absorption
peaks marked by the grey arrows in a). The origin of the z axis is at the Si top
surface. Figures c,d) are identical to a,b) but for the case of a 1.5 mm thick c-Si
absorber layer.
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effective strategy to broaden and enhance (both spectrally and
angularly) the LT effects [1]. Such structures serve as an effective
medium on the surface whose refractive index can be gradually
varied to minimize reflection, while their geometry can resonantly
interact with the impinging light to produce strong scattered fields
that are preferentially directed into the higher-index absorber
layer with high mode density. Therefore, the photonic structures
should be integrated in the cells' front TCO, to form a composed
nanostructured ARC that simultaneously provides broadband anti-
reflection and scattering functionalities [27].

This section presents the optimizations for a square array, with
the unit cell structure depicted in Fig. 1, composed of spheroidal
particles partially embedded in the front AZO layer with thickness
t. We start by investigating the following parameters of the
spheroids: real refractive index NR (wavelength-independent) and
semi-axes R and RZ. Initially, a certain separation was considered
between the bottom point of the particle and the Si top surface, by
a distance d40. However, the optimizations performed on such
structure always converged to a design with d¼0, meaning that
the absorption in the Si layer is maximized when the spheroid is in
contact with the Si surface and has the AZO material on the sides.
As such, the value of d is not presented among the best parameters
of these structures, indicated in row B1 of Table 1, since it is the
same (d¼0) for all cases.

The optimization algorithm converged to structures that pro-
duce JSC enhancements of 20% and 41%, relative to the optimal ARC
cases of row A2, respectively in 300 nm a-Si and 1.5 mm c-Si. The
optimal NR¼2.48 is close to that of TiO2 which is, in fact, regarded
as one of the preferential materials for front LT structures [27,28].
This is due to the TiO2 low optical absorption coupled to a high
real refractive index, relative to other dielectric materials. There-
fore, this is the material that will be henceforth considered for the
particles. Row B2 of Table 1 presents the results of the optimiza-
tions repeated with particles made of TiO2, yielding almost as high
JSC values as those with the optimum lossless NR¼2.48 material.

Fig. 3a and c shows the light absorption of the two optimized
structures with NR¼2.48 and TiO2 spheroids, respectively on the
a-Si and c-Si cells. In all cases the particles considerably broaden
the absorption in the Si layers, particularly in the near-bandgap
NIR spectral range, relative to the structures of Fig. 2 with an op-
timized ARC. The absorption curves attained with both particle
materials are similar, but the non-zero imaginary component of
the TiO2 refractive index causes a higher parasitic absorption in
such material mainly for wavelengths o550 nm. That is why the
resulting JSC in row B2 of Table 1 are slightly lower than those of
row B1. The parasitic absorption is practically negligible in the
550–750 nm range, but increases for longer wavelengths. These
long wavelength losses take place mainly in the AZO layers [5], not
inside the particles, due to the characteristic free carrier absorp-
tion of TCO materials in the NIR, as visualized in the pABS dis-
tributions on the right of Fig. 3b and d. A significant absorption in
the AZO layers is also shown in the distributions on the right of
Fig. 2b, and d. However, the LT effects of the particles in Fig. 3 can
boost such NIR absorption, not only due to the highly intense near-
fields occurring in the particles' vicinity but also due to their
coupling with the rear mirror which has a stronger effect in the
bottom AZO layer.

The presence of both top and bottom AZO layers is required for
electrical purposes, for passivation and contact; but the top AZO
also plays an important optical role since it assists in the coupling
of the near-field light between the spheroid and the Si film.
Without the top AZO (t¼0) there would exist an empty region
between the bottom curved surface of the spheroid and the Si,
which would increase the reflected light and the parasitic ab-
sorption inside the particle. In fact, the optimization algorithm
converges to values of t that maximize such near-field coupling



Fig. 3. a) Absorption in the 300 nm a-Si layer (solid lines) and in the other materials
(dashed lines) of the structure depicted in the inset. We consider spheroids with the
optimal refractive index NR¼2.48 and made of TiO2. The spectra are compared with
that (black line) of the optimized AZO ARC in Fig. 2. b) Log scale distributions of pABS
along the xz plane (at y¼0) of the structure with the TiO2 particle, at the wave-
lengths of the absorption peaks marked by the grey arrows in a). The dotted ellipses
indicate the perimeter of the TiO2 spheroid. Figures c,d) are identical to a,b) but
considering a 1.5 mm thick c-Si layer.
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(rows B of Table 1), by keeping the AZO top surface below but not
far from the equator of the spheroids. That is why the optimal t
values are higher for the higher RZ particles, but always below RZ.

Regarding the particle geometries, a prolate (RZ4R) shape is
preferential for the 300 nm a-Si cells while an oblate shape
(RZoR) is advantageous for the thicker 1.5 mm c-Si cells. Wave-
length-sized dielectric objects can act as near-field lenses con-
centrating the forward scattered light in a jet-like region located
along the incidence axis [36]. The laws of such focusing are quite
distinct from those of macroscopic lenses, since it is formed by the
regions of constructive interference occurring in the transmitted
electromagnetic waves below the particle [29]. The higher is NR

the more localized can be the focal region, and the higher is its
field magnitude. However, this shifts the focus closer to the par-
ticle center. The position and extension of the focus can be also
controlled by the particle shape. A higher oblateness (flatness)
takes the near-field focal region further away from the bottom
surface of the particle and broadens its spatial coverage. Therefore,
oblate spheroids are advantageous to increase absorption in a cell
with a thick absorbing layer, such as the case of Fig. 3c and d. With
a thinner Si layer it is better to have a more localized and intense
focal region beneath the particle, which justifies the convergence
to a prolate in the case of Fig. 3a and b. Such effects are clearly
visualized in the pABS distributions on the left of Fig. 3b and d. The
prolate on the 300 nm a-Si film of b) produces a highly intense hot
spot in the Si top surface which reaches a maximum
pABS¼249.4 mm�3, whereas the oblate on the 1.5 mm c-Si film of d)
generates a much broader plume-like focal region with a lower
maximum (pABS¼33.6 mm�3) but extending throughout the entire
depth of the film.

As discussed later in Section 4, such plume-like near-field focal
region occurs mainly for wavelengths in the visible range (left of
Fig. 3b and d). In the NIR, due to the lower particle sizes relative to
λ, far-field scattering effects become more prominent. The low
absorption coefficient of Si in this spectral range allows the scat-
tered light to travel a long distance along the Si layer, thereby
interfering with the scattered waves coming from other particles.
Therefore, the Fabry Perot interference patterns in the right plots of
Fig. 3b and d are more complex that those of Fig. 2b and d, since
they result from interference occurring both in the in-plane and
normal directions which creates the observed regularly distributed
hot spots characteristic of the long-wavelength range.

3.3. TiO2 semi-spheroids

A major drawback of the LT design of the previous Section 3.2 is
the refractive index mismatch existing in the AZO-filled region
between the spheroid and the Si layer, which worsens the light in-
coupling towards the Si and increases the reflection. Therefore,
even though the use of spheroidal particles can be advantageous
to simplify the fabrication processes (as referred in the beginning
of this section), this geometry is not the ideal since the curvature
of the spheroids' bottom surface keeps an undesired separation
between the particle and the absorber material. A better light
coupling can be obtained with truncated spheroids having the
truncation plane on the top Si surface.

The optimization algorithm was repeated with spheroids
truncated at an arbitrary height (semi-spheroids). For that, the
algorithm allowed the particles to “sink” a variable distance do0
in the Si layer, but eliminating the overlapping volume of the
particle below the Si surface. TiO2 is the particle material con-
sidered henceforth, in order to take a realistic absorbing dielectric
medium with a refractive index close to the optimal one obtained
in the previous sub-section. All optimizations led to designs with
dE-RZ, meaning that the preferential particle geometry is a half-
spheroid with the equator on the plane of the Si surface, as



Fig. 4. a) Absorption in the 300 nm a-Si layer (solid lines) and in the other materials
(dashed lines) of the structure depicted in the inset. We consider the case of TiO2

half-spheroids with the base on the top surface of the Si layer. The spectrum (red
line) is compared with that (black line) of the optimized AZO ARC in Fig. 2 and with
the absorption, calculated in the geometrical optics regime, produced with an ideal
Lambertian surface instead of the particles (blue line). b) Log scale distribution of
pABS along the xz plane (at y¼0) of the structure, at the wavelengths of the peaks
marked by the arrows in a). Figures c,d) are identical to a,b) but considering a
1.5 mm thick c-Si layer.
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sketched in the inset of Fig. 4a. The simulations also converged to
designs without front AZO layer (t¼0). This is expected because in
this case there is no empty region between the bottom of the
particle and the Si layer (as in Section 3.2) that could beneficiate
from a dielectric medium with refractive index higher than air. So,
with the present geometry, the top AZO can no longer assist in the
light coupling since this is better achieved by the TiO2 shape alone.

As such, the LT structures analyzed henceforth are TiO2 half-
spheroids with height RZ and base radius R. Since they are de-
termined by only two parameters, the optimum was obtained by
performing 2D sweeps of these variables within their allowed
domain. The sweep contour plots, presented in Section S3 of the
Supplementary Material, yield maxima for the parameters in row
C of Table 1. The corresponding absorption spectra and spatial
profiles of the optimal structures are shown in Fig. 4.

The pABS profiles in Fig. 4b and d resemble those of Fig. 3b and
d but have higher values along the Si depth. The pABS maxima at
the top of the Si layer, in the left of Fig. 4b and d, are 431.1 and
42.8 mm�3, respectively; considerably above those reported pre-
viously. Therefore, the absorption curves of Fig. 4a and c attained
with the half-spheroids are closer to 1 than with the previous
designs. These curves are compared with those obtained in the
geometrical optics regime considering an ideal Lambertian front
surface as the LT mechanism. Even though the geometrical regime
is not applicable to the present structures involving wavelength-
sized features, it is usual to take it as a LT reference to understand
the physical differences arising from the wave optics regime. A
clear difference observed in Fig. 4a and c is that the absorption
enhancement produced by wavelength-sized particles extends to
longer wavelengths in the NIR, mainly due to the scattered light
trapped within the thin Si layers. However, the Si absorption in
most part of the spectrum and the JSC values achieved with the
optimized TiO2 half-spheroids remain below the Lambertian limits
(row E of Table 1). This suggests that there is still room for further
investigation of advanced LT designs able to reach or even surpass
the conventional limits [1].

3.4. Hexagonal array of TiO2 half-spheroids

The unit structures considered in the previous sub-sections
correspond to the period of square arrays of adjacent particles, as
described in Section 2 (see Fig. 1), with inter-particle distance
D¼2R. We are now interested in analyzing an hexagonal array of
TiO2 half-spheroids incorporated in the AZO ARC layer, as sketched
in Fig. 5a, with the inter-particle distance D as an additional op-
timization parameter.

The hexagonal array was chosen in order to consider a struc-
ture that can be potentially fabricated by large-scale and in-
expensive processes such as colloidal lithography [20,28]. This
technique uses long-range ordered monolayer arrays of spheres as
a mask for further pattern transfer. Such spheres are self-as-
sembled in hexagonal arrays whose inter-particle distance can be
tuned by dry-etching post-processes, so the final patterns main-
tain such periodicity [1,17,22,28].

The periodicity of the hexagonal lattice allows reducing the
simulation to the rectangular unit cell represented in the top view
of Fig. 5a. The symmetry of the unit cell allows the computational
region to be further reduced to the volume in the first quadrant
marked in red, by applying appropriate symmetric and anti-sym-
metric boundary conditions in the y and x boundaries (see Section
2).

The results of the optimization algorithm applied to this
structure are shown in row D of Table 1, which are now compared
with the simulations of the previous sub-Section 3.3 (row C). The
optimization converged to distances D above the particles dia-
meter (42R), thereby avoiding the overlap between the regions of



Fig. 5. a) Sketch of the hexagonal array of TiO2 half-prolates showing the parameters considered for optimization, being R the semi-minor axis on the plane of the Si top
surface, RZ the semi-major axis (height), t the top AZO thickness and D the inter-particle distance. The rectangle represented in the top view, centered at the origin, is the unit
cell (period) of the structure whose symmetry allows the computed region to be reduced to the volume in red. b,c) Absorption in the Si layer (solid red line) and the parasitic
losses (dashed red line), respectively for a 300 nm a-Si and a 1.5 mm c-Si absorber. The curves are compared to those of the previous case of Fig. 4 (green line). d,e) Log scale
distributions of pABS for the wavelengths of the peaks marked by the arrows in b,c), respectively. For each wavelength the pABS xz profile is shown for two planes of the array,
located at y¼0 and at the y boundary of the unit cell.
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stronger near-fields around the spheroids that can cause dis-
sipative inter-particle effects. Such parasitic effects can become
more pronounced in an hexagonal array, relative to a square array,
due to its higher packing density. Due to the inter-particle spacing,
the optimal top AZO thicknesses t are no longer zero (as in the
previous case) and take values close, but slightly below, those of
the optimal ARCs (row A2). This ensures that there is an effective
anti-reflection in the flat regions between the particles. The par-
ticle geometries converged to more elongated prolate shapes, with
smaller R and bigger RZ. A lower R reduces the parasitic inter-
particle near-field effects and a higher elongation provides a
smoother variation of the effective index gradient towards the Si
layer, thereby improving the anti-reflection. This is evidenced in
the absorption curves of Fig. 5b and c, showing that the present
hexagonal array outperforms the array of Fig. 4 at shorter wave-
lengths (o600–700 nm, where anti-reflection effects are domi-
nant), but performs worse in the longer wavelengths (4700 nm).
The better performance of the array of Section 3.3 at long wave-
lengths, causing the slightly higher JSC values (see Table 1), is at-
tributed to its stronger forward scattering effects, as explained in
the next section.
Fig. 6. Illustrative diagram of the characteristic E-field enhancement profiles re-
sulting from the LT mechanisms generated by the dielectric front structures of
Section 3. The profiles produced by anti-reflection and scattering effects exhibit a
smooth transition (represented by the dashed line) within the considered wave-
length range. The transition regarding anti-reflection roughly occurs when the
absorption depth in the Si layer surpasses the layer thickness (at λ�720 nm for
300 nm a-Si and λ�570 nm for 1.5 mm c-Si); whereas with scattering the transition
is mainly determined by the characteristic particle size (�2R) relative to λ. The
main parameter influencing the absorption enhancement in each of the four pro-
files is indicated by the black arrows.
4. Discussion of results

The absorption enhancement produced by the front LT ele-
ments on the Si absorber layers is caused by two optical me-
chanisms: anti-reflection and scattering. These mechanisms op-
erate simultaneously and their effects on the electric field dis-
tribution within the absorber change across the spectral range of
interest, as sketched in the diagram of Fig. 6. Two main spectral
regions can be identified for each mechanism, at short and long
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wavelengths, thus leading to the four types of field enhancement
profiles (ARS, ARL, SS and SL) depicted in Fig. 6. It is important to
point out that such transitions are not abrupt, so the pABS profiles
observed in the previous section actually contain a mixture of
different contributions from each of the four types of profiles.
However, since the effects are intimately related, it is difficult to
quantify the weights of these contributions separately [13,35]. In
the following sub-sections each LT mechanism is described in
more detail.

4.1. Anti-reflection action

The suppression of outgoing waves and the in-coupling of light
towards the absorber occurs due to a better wave-impedance
matching at the cell front. For this mechanism, the preferential LT
structures are cone/pyramid-like elements (sketched on the top of
Fig. 6), with a real-valued refractive index as close as possible to that
of the absorber material and the highest possible height (RZ), in order
to have the most gradual variation of effective index from air towards
the absorber layer. This increases absorption mainly in the short
wavelength portion of the spectrum (ARS in Fig. 6), leading to the
peaks at the left-side arrows in the plots of Fig. 2a and c.

When the absorption depth is higher than the absorber thick-
ness (ARL), the light waves reflected between the top and bottom
Si surfaces establish a Fabry Perot interference pattern, along the
incidence direction, which enhances the absorption in the in-
plane regions of constructive interference [1]. The Fabry Perot re-
sonances of the thin film Si cavity result in the peak at 781 nm in
300 nm a-Si (Fig. 2a) and in the abrupt peaks observed in 1.5 mm
c-Si (Fig. 2c). Such peaks are originated by the absorber thin film
alone, so their spectral position and shape are chiefly determined
by the Si thickness (tSi) and not so much by the ARC or back
reflector.

Among the LT structures investigated in this work, the TiO2

half-prolates of Sections 3.3 and 3.4 are those with the best
broadband anti-reflective properties, as evidenced by their high
absorption around 0.9 for λo800 nm. The spheroids of Section 3.2
exhibit inferior anti-reflection action (lower absorption at short
wavelengths), due to their bottom curvature that does not allow a
monotonously increasing index gradient towards the Si, which is
the main reason for their lower JSC relative to the designs of Sec-
tions 3.3 and 3.4.

4.2. Scattering action

The high-index particles with sizes on the order of the wave-
lengths exhibit pronounced scattering cross sections [31] and,
consequently, strong forward scattered fields that can enhance the
absorption in the Si layer in distinct ways for wavelengths below
or above the particles' size. For the shorter wavelengths (SS in
Fig. 6), the particles produce a lens effect in their forward scattered
near-field forming an intense plume-like focal region along the
illumination direction [29,36]. The wider the particle diameter
(2R) the higher can be its scattering cross section and, conse-
quently, the stronger is the light focusing effect on the Si film.
However, as discussed in Section 3.2, the particles' aspect ratio
determines the extension and strength of such focus. So, flat
(oblate) shapes are preferable for the 1.5 mm c-Si absorber layers,
but more elongated (prolate) shapes are preferable for the thinner
300 nm a-Si layers, since the extension of the focal region should
match the depth of the Si layer.

For the longer wavelengths (SL), it is the scattered far-fields that
can produce the most significant absorption enhancement, as the
light waves are scattered with an angular distribution that directly
results in a path length enhancement for the light inside the cell.
In addition, at these wavelengths the absorption depth in the Si
layer becomes comparable or higher than the inter-particle spa-
cing, so the collective scattering of the periodic particle array
functions as a 2D grating providing the in-plane momentum
needed for the light to couple to confined waveguided modes
traveling within the Si slab [5,21,31]. This effect mainly depends
on the array pitch (D) and leads to particularly intense absorption
enhancement in a discrete set of wavelengths where the mode
matching occurs, resulting in the sharp peaks in the NIR region of
the absorption spectra of the cells with particles. The interference
between the waves traveling along the layer plane, and bouncing
with the top and bottom surface of the cell, establishes a Fabry
Perot pattern composed of hot spots distributed along the layer at
the locations of constructive interference [1,27], as depicted in
Fig. 6. Such signature of the SL profile can be clearly observed in
the pABS distributions in 1.5 mm c-Si on the right of Figs. 3d and 5d,
in which 2Roλ and the absorption depth in Si (410 mm) is much
higher than D. This is also evidenced by the abrupt peaks of the
corresponding absorption curves of Figs. 3c and 5c for λ4800 nm.
In the pABS distribution of Fig. 4d at λ¼965 nm, the absorption
depth in Si is also much higher than D (¼2R in this array), but the
particle size is close to the wavelength (2R�λ). Therefore, in this
case of Section 3.3 there is still a significant contribution from the
light focusing effect (SS) in the absorption enhancement even at
the longer wavelengths. That is why the absorption curves of this
structure are relatively smoother in the NIR range, as seen in the
plots compared in Fig. 5c, which results in its higher JSC en-
hancement (see Table 1).

Apart from the aforementioned differences, all the optimized
particle structures of Section 3 provide comparably strong scat-
tering, as shown by the extension of the NIR absorption to long
wavelengths, which allowed enhancements superior to the Lam-
bertian scattering surface within a narrow near-bandgap spectral
range (see Fig. 4a and c), and by the disappearance of the dips in
absorption (e.g. at 723 nm for the a-Si film) present in the struc-
tures without particles (black curves in Figs. 3 and 4). Such dips
originated from light interference established within the Si layer in
the incidence direction (ARL effect), and are quenched in the
structures with particles due to the scattering of light to more
horizontal angles.

Both anti-reflection and scattering mechanisms beneficiate
from a high real part of the refractive index (NR) of the photonic
elements and a low imaginary part. A high NR favors the anti-re-
flection of cone/dome-like structures because it allows a better
matching with the high-index absorber layer (Si, with NR�4). It
also leads to increased interaction cross sections of the particles
and thereby allows stronger far and near field scattering. There-
fore, the optimizations pointed to high-index lossless materials
such as TiO2.

Concerning the particles geometry, the more vertically-elon-
gated structures favor anti-reflection, while flat ones can exhibit
stronger scattering cross sections and thereby favor effects SS and
SL of Fig. 6 [1]. Tuning the shape and size of the photonic elements
allows their LT contribution to be stronger in different portions of
the spectrum, which is important to adapt them to different types
of solar cells. For instance, cells with thin a-Si layers exhibit less
NIR response relative to c-Si, so they beneficiate from higher
particle elongations that strengthen their anti-reflection action at
the UV–vis range. Devices with a broader response in the NIR, as
thick c-Si or quantum dot solar cells [12,16,37], would benefit
more from scattering mechanisms tuned to the long wavelengths.
5. Conclusions

Most light trapping (LT) schemes integrated so far in solar cells
imply increasing the absorber layer roughness and the density of



Fig. 7. Estimated efficiency enhancements, relative to the optimized single-layer
ARC case (Fig. 2, row A2 of Table 1), attained with the distinct light trapping
structures analyzed in Section 3. The labels in brackets indicate the corresponding
row in Table 1. The vertical dashed lines represent the values of enhancement
attained for the Lambertian case in the regime of geometrical optics, considering
the 300 nm a-Si (red line) and 1.5 mm c-Si (blue) absorber layers. Such Lambertian
enhancement values are indicated in Fig. S1 of the Supplementary Material and are
determined relative to the corresponding structures without light trapping.
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bulk and surface defects, since they are mainly based in nanos-
tructuring the absorber and/or the substrate via etching processes
which create surface textures or photonic patterns composed by
distinct types of corrugations [5,10,15,21,22,25,31]. Such schemes
strongly rely on surface doping and passivation solutions to pre-
vent performance degradation due to carrier recombination,
which usually limits the designs from reaching their full optical
potential. Therefore, here a promising strategy was investigated
that consists in optimizing photonic elements on top of un-
structured planar absorber layers, implemented in the cells' front.
This way, the voltage supplied by the devices is expected to be
maintained (possibly even increased) while substantially enhan-
cing the output current. Hence, the efficiency gains resulting from
the incorporation of the LT structures are expected to be similar to
the JSC enhancements attained here. Such enhancement values
were calculated relative to the optimized ARC layers of Section 3.1
and are indicated by the bars in Fig. 7.

The higher enhancements are predicted for the 1.5 mm c-Si
cells, reaching almost 50% for the TiO2 half-prolates design of
Section 3.3. The enhancements are lower for the a-Si cells because
it is a direct bandgap semiconductor whose absorption coefficient
rises rapidly above the bandgap, which limits the spectral range
where the long-wavelength LT effects can provide substantial
improvements. Nevertheless, both half-prolate structures (Sec-
tions 3.3 and 3.4), operating on the thin a-Si cells in the wave
optics regime, allow enhancements superior to those (dashed lines
in Fig. 7) predicted by the theoretical limit of Lambertian surfaces
in the regime of geometrical optics (see Section S1 of the Sup-
plementary Material), and also higher than previous dielectric
wavelength-sized structures patterned on top of a-Si:H cells such
as close-packed sphere arrays (�10% enhancement [17]).

Although we focused here in a-Si and c-Si absorber materials,
the insights gained in this study on the effects of dielectric pho-
tonic structures are generic and can be applied to virtually any
type of thin film solar cell, by careful adaptation of the geometrical
parameters.
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