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A B S T R A C T

Hydrogenated amorphous silicon (a-Si:H) solar cells have some performance limitations related to the mobility
and lifetime of their carriers. For this reason, it is interesting to explore thin-film solutions, achieving a tradeoff
between photons optical absorption and the electrical path of the carriers to get the optimum thickness. In this
work, we propose the insertion of a metasurface based on a cross-patterned ITO contact film, where the crosses
are filled with nanospheres. We numerically demonstrate that this configuration improves the photogenerated
current up to a 40% by means of the resonant effects produced by the metasurface, being independent on the
impinging light polarization. Light handling mechanisms guide light into the active and auxiliary layers, in-
creasing the effective absorption and mitigating the Staebler-Wronski effect. The selection of optimum materials
and parameters results in nanospheres of ZnO with a 220 nm radius.

1. Introduction

Metasurfaces based on nano-elements that can tune their optical
response by changing their materials and geometries have been a
matter of interest in the last years, for increasing both the emission and
absorption of light at certain wavelengths (Vaskin et al., 2019; Zou
et al., 2019). While traditionally focused on metallic nanoplasmonics
using different shapes and geometries (Atwater and Polman, 2010;
Khan et al., 2019), the study has recently been oriented to dielectric
nanostructures supporting Mie resonances (Spinelli et al., 2012). The
reasons are their low absorption losses and their easy integration in
diverse solar cells and semiconductor-based emitters (Brongersma
et al., 2014; Vismara et al., 2019; Therekov et al., 2019; Barreda et al.,
2019b; Algorri et al., 2019; Elshorbagy et al., 2019). Spin-coated silica
nanospheres producing an antireflection coating and increasing PCE a
6.8% (Luo et al., 2018), or cross-shaped dielectric nanoresonators for
color displays (Vashistha et al., 2017) are some examples. The re-
sonances are tuned by an adequate selection of materials and geome-
tries (Enrichi et al., 2018).

We base our proposal on theoretical and numerical studies where
promising previous results were found. Barreda et al. (2019) numeri-
cally deduce that parallelepiped nanoparticles obtain the best light di-
rectionality, but all the analysis is made on air, and the conditions vary

when the substrate changes. On the contrary, Li et al. (2019) success-
fully simulate a 200 nm thin film solar cell including 500 nm-spherical
TiO2 nanoparticles which are embedded 90 nm into the top silicon
layer. The authors claimed that their proposal absorbs 3.15 times more
light than a planar structure after optimizing the materials to have a
remarkably low-losses and forward scattering condition.

Cross-shaped resonant elements have been widely explored in the
bibliography about metasurfaces, even for enhancing light emission
(Vaskin et al., 2019). They have been used as perfect absorbers, spec-
trally tunable by the dimensions of crosses (Cao et al., 2019), or as
plasmonic UV and IR filters to avoid solar cell degradation. In this latter
case, Khoshdel et al. (2019) showed that their effect is polarization-
independent.

In terms of the ability of placing the nanoparticles, examples can be
found by spin coating on a nanometer-scale pattern made by inter-
ferometric lithography (Xia and Brueck, 2004) or by nanoparticles-on-
grooves (Son et al., 2009). Furthermore, examples of nanospheres
layers improving solar cells performance can also be found in the work
of Grandidier et al. (2012), by a 700 nm-radius hexagonal periodic
arrangement of lossless dielectric resonant nanospheres, improving
11% the PCE of a 100-nm GaAs solar cell, or in the one of Wang et al.
(2016), by resonant nanospheres placed on the ITO layer of an ultrathin
silicon solar cell, to improve the absorption in a 26.5% by propagating
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light down into the active layer.
On the other hand, Lee and Ha (2011) nanostructured the ITO layer

film, used in this case in a liquid crystal device. It was made by a na-
noimprint method with a PDMS mold over spin-coated all-solution ITO
nanoparticles. The resulted ITO film had 200 Ω/sq and 80% transmit-
tance. In addition, the work by Jang et al. (2016) provides a 3-D flower-
nanopatterning technique combining ion-assisted aerosol and soft li-
thography, and replication through a polymeric mold, on a TiO2 layer
acting as electron transport layer for perovskite solar cells. They
achieved an increase in the light harvesting efficiency from 400 to
800 nm and took advantage of the improvement in charge collection
due to the nanostructure. Ha et al. (2016) extended the application of
this method to silicon solar cells.

This kind of structures is as more efficient as closer to the active
layer. Thus, thin film solar cells are promising devices to use them. We
can focus our attention on hydrogenated a-Si (a-Si:H) thin-film solar
cell, due to this material abundance and nontoxicity. However, the low
mobility and short lifetime of charge carriers in this kind of solar cell
are still a drawback. Thus, the thickness of the devices of the state of art
marks an upper limit around 350 nm. Reducing the thickness increases
the probability of carrier collection (Könenkamp et al., 1990). Another
challenge is the Staebler–Wronski effect (SWE), which is a degradation
induced by light exposure (Staebler and Wronski, 1977). Fortunately,
this effect can be recovered by an annealing process (Agarwal and
Omar, 2018). The efficiency of an a-Si:H solar cell can be returned to its
initial state if the cell is annealed at 150 °C for four hours (Staebler and
Wronski, 1977), or annealing at lower temperatures (e.g. at 80 °C) over
extended times (Pola et al., 2008). Even light induced annealing could
partially compensate the SWE defects (Fujikake et al., 1994), as solar
cell temperature under operation could reach values of 50 °C to 60 °C
(Dhouib and Filali, 1990). Therefore, if a strategy improves also the
absorption in the auxiliary layers that form the cell, it can increase even
more the temperature inside the cell, and compensate the defects pro-
duced by SWE.

In this paper, we explore a combination of two approaches to en-
hance the performance of a hydrogenated amorphous silicon (a-Si:H)
solar cell: a pattern based on cross-shaped grooves, and their filling
with dielectric nanospheres. Each one of these elements separately can
increase light absorption in the active layer, and thus enhance the si-
licon solar cell performance. Both show promising previous results in
literature. Our goal is to numerically show that their combination can
boost their effects and produces a remarkable increase in the perfor-
mance of a thin-film solar cell.

2. Design parameterizations and methods

As pointed out above, our proposal combines a cross 2D pattern in
the ITO top contact and its filling with dielectric nanoparticles. The
crossed pattern guarantees polarization insensitive effects, close to the
real illumination. We will explore the dimensions of the cross and the
composition of the nanoparticles to achieve the optimum performance,
using active layers with a thickness ranging from 50 nm to the 350 nm,
which is the limit of planar cells as stated above.

2.1. Design parameterizations

The conventional design for planar thin film aSi-H solar cell has the
following form: a back mirror [200 nm]/ an AZO (Aluminum-doped
Zinc Oxide) contact layer [100 nm]/n-doped a-Si-H [22 nm]/intrinsic
a-Si-H [350 nm]/p-doped a-Si-H [17 nm]/an ITO (Indium Tin Oxide)
contact layer [70 nm] (based on: Shiri et al., 2019; Amalatas and
Alkaisi, 2019; Morawiec et al., 2019). The schematic diagram of this
device is depicted in Fig. 1a. However, our first step is reducing the
drawbacks of having a thick layer. In this sense, hereinafter we select a
value under the 350 nm upper limit mentioned in the Introduction
(150 nm). To compensate the decrease in absorption by this reduction,

we propose the addition of a metasurface, which unit cell is shown in
Fig. 1.b, and deconstructed and dimensioned in Fig. 1.c. A pattern based
on a cross shape is etched in the ITO layer, with a pitch period P, a
length CL and a width CW. Additionally, we insert five nanospheres in
the cross as shown in Fig. 1b. This configuration provides broadband
dipolar effects, coming from the cross pattern and the nanospheres.

For the sake of simplicity in the optimization of the geometrical
parameters, we link the cross dimensions with the sphere radius, R. This
is because the spheres would fill the grooves only if their diameter is
slightly smaller than the groove width (2R < CW). For this reason, we
have considered a tolerance value, so that CW = 2R + 10 nm. For the
groove length, we insert only 3 spheres, because it is the minimum
value to fit the nanospheres in a cross-shape. At the same time, it re-
duces not only the cell size to a minimum, but also the complexity of the
system, as well as the related computational cost to optimize it. The
pattern in ITO has a period P, where P= CL+ S, being S the separation
between the crosses.

2.2. Methods

COMSOL Multiphysics simulation package, based on the Finite
Element Method (FEM), is used to compute the distribution of the op-
tical fields into each layer of the cell by solving Maxwell equations. The
model setup is following described. An illumination source is used to
generate a plane wave which spectral power resembles the AM1.5
standard of the solar irradiance (NREL, 2019). The domain in which the
computation is performed is the unit cell described in Fig. 1. Periodic
boundary conditions are implemented in both sides of the unit cell to
account for the full device. A measuring port is placed below the whole
structure, with the proper orientation according to the incident wave
conditions. Both input and output ports serve to calculate the total re-
flection and total transmission of the system. A built-in function based
on the distribution of the optical fields and the complex optical con-
stants of each material is used to calculate the spectral absorbed power
for each layer (Boroumand et al., 2016):

=P ω ωε ω E ω( ) 1
2

( )| ( )| ,'' 2
(1)

where ω is the angular frequency of the incoming radiation, ε″ is the
imaginary part of the dielectric permittivity of the material, and |E(ω)|2
is the intensity of the electric field inside that material. The volume
integration of this spectral absorption power along the active layers
provides the total absorbed power. Dividing it by the input power, we

Fig. 1. (a) Schematic diagram of the planar cell having a flat top contact from
ITO. (b) 3D diagram of the device with the nanostructure integrated on the top
composed of ITO pattern filled with dielectric nanospheres. (c) Top and side
cross-sections of the device with nanostructure, the cross-section on the left
contains the geometrical parameters of the ITO pattern, the middle and right
ones show how it is filled with spheres.
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get the absorption rate of the device, A(λ). By assuming that each ab-
sorbed photon creates an electron-hole pair; we can obtain the upper
limit of the photo-generated short-circuit current density, JSC, through:

∫=J q λ
hc
A λ ϕ λ dλ( ) ( ) ,SC AM1.5 (2)

where q is the charge of the electron, c is the speed of light in vacuum, h
is the Planck’s constant, ϕAM1.5 (λ) is the standard solar spectral irra-
diance, and the integration is done over the whole solar spectrum.

3. Results and discussion

According to the previous section, we evaluate the performance of
our device in terms of the short-circuit current density (JSC). In addi-
tion, and in order to obtain a reference, we firstly simulate the planar
structure of Fig. 1a, according to the method described in the previous
section. As we have explained above, we will use an active layer of
150 nm, and the simulation of the planar structure with this active layer
and its optical constants (Vora et al., 2014) produces a JSC of 9.14 mA/
cm2. Hereinafter, we are going to compare every result to this one.

Notwithstanding other possibilities, in this work we focus our at-
tention in two parameters of the proposed device (Fig. 1b): the sphere
radius, R, and the refractive index, n, of the material for the nano-
spheres. While the first one also determines the geometrical properties
of the crosses, as was previously explained, the second one is relevant to
excite convenient resonant effects. It is important to remark that we
firstly consider only the real part of n in order to find the values pro-
ducing the best performance of our device. Later, we consider the
complex refractive index of realistic materials matching these values to
obtain the optimum design and numerical performance of our device.

We scan for the optimized metasurfaces geometrical parameters (R
and n), fixing the separation between crosses to S = 100 nm to simplify
the optimization process. After that, we will check S effect too. Fig. 2a
shows a map of the simulated short-circuit current density in the active
layer as a function of both the sphere radius (R) and the real part of the
refractive index (n). A constant index with wavelength is assumed to
perform this sweep, because the indices of the usual dielectric materials
for the nanospheres are almost constant in the considered part of the
spectrum. There are several highlighted regions depending on their
performance. We can infer from region 3, for instance, that any com-
bination with low refractive index or small spheres will not increase the
value of JSC, because this material and geometry dimensions combi-
nation cannot produce Mie resonances in the visible region.

In contrast, regions 2 and 4 show moderate improvements, because
of the efficient excitation of Mie resonant effects in a broadband re-
sponse, mainly associated to the nanoparticles (García-Cámara et al.,
2013). However, we have obtained even better values in the region
marked as 1, where JSC overcomes the 12 mA/cm2 value. This area

comprises sphere radii over 180 nm, and refractive indices from 1.75 to
2.5. In this case, multipolar and diffraction effects coming from the
nanoparticles arrangement (Algorri et al., 2017) and the engraved
crosses overlap the previous Mie resonances, boosting light absorption
in the active layer. To be more accurate, we provide the maximum
value for the short-circuit current density as 12.87 mA/cm2. This sup-
poses a remarkable enhancement compared with the planar structure.
In particular, it is a 40.8% larger than that of the planar device. This
value is obtained considering the following parameters of the proposed
metasurface: R = 210 nm, which leads to the following crosses di-
mensions: P = 1390 nm, CW = 430 nm, CL = 1290 nm; and n = 2.
This refractive index is the one of a material such as SiNx, which could
be a good candidate for manufacturing the spheres.

In a realistic case, this specific radius could be difficult to obtain,
and the refractive index should be one of a realistic material.
Fortunately, we have a wide region where the enhancement respect to
the planar case is remarkable. In this sense and in order to have the
widest tolerance, hereinafter we consider using R = 220 nm, and
n = 1.95 corresponding to the real part of the refractive index of ZnO
(Bodurov et al., 2016). This material could be feasibly synthesized by
different methods and are commonly used for different applications
(Agarwal et al., 2017; Zaidi et al., 2019). In this case, the cross para-
meters are P = 1450 nm, CW = 450 nm and CL = 1350 nm. Under
these conditions and taking into account the complex refractive index
of ZnO, JSC achieves a value of 12.8 mA/cm2, providing an enhance-
ment of a 40% respect to the planar case. This small difference validates
our optimization procedure and its assumptions.

While we described previously that the separation between the
crosses is fixed, we want to show that this assumption is not important
in the operation of the device. In this sense, we show in Fig. 2b a plot
for our optimized case, in which only the parameter S is varied from 50
to 500 nm. As it can be seen, JSC is hardly dependent on S for values
between S = 50 to S = 200 nm, and that it decays for longer separa-
tions. This shows that for distances larger than 200 nm the coupling
between the neighboring crosses decreases. It proves that coupling
phenomena are important to generate the previous multipolar and
diffraction effects. At the same time, the effect can be maintained in a
convenient range of S, which fortunately ease the fabrication. Not-
withstanding, the effect due to the nanoparticles by themselves is still
relevant, as the value of the current density in the studied S range is far
better than the one in the planar case. Specific, it is remarkable that
when S gets a high value, around 500 nm, the enhancement is still
relevant. Indeed, JSC holds on a 11.85 mA/cm2, which is still a 29.6% of
improvement respect to the planar case. This shows that the filled na-
nocrosses can produce the main enhancement by themselves, and that a
larger density of the pattern produces an additional coupling effect
increasing the improvement in a wide S range.

Up to now, we have shown that both S and R can have wide

Fig. 2. (a) Sweep in the radius of the nanosphere and refractive index parameters: colors correspond to the generated photocurrent. Separation between crosses is set
at S = 100 nm. (b) Plot of JSC for the optimized case in (a) respect to the separation between crosses.
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tolerances in fabrication and despite it we can get a much better result
than the planar one. Following, we explore the main effects of the
proposed metasurface to produce this enhancement.

Fig. 3 provides a closer look to the reason of the enhancement
produced by our proposed nanostructure. As Fig. 3a reveals, the pro-
posed nanostructure provides an enhancement of the absorption in the
i-aSi:H layer in the whole spectrum respect to the planar case, being the
most relevant improvement in the device. This absorption increase is
more remarkable at long wavelengths. In this sense, the average ab-
sorption in the 300–540 nm interval changes from a 39.8% in the
planar case to 49.2% in the proposed one; while the increase in the
540–800 nm goes from a 34.3% to a 55.2%, with a maximum increase
at 670 nm. A percent increase of 37.3% in absorption has been reached
for the whole 300–800 nm range, which implies the 40% JSC en-
hancement. The difference between these two values comes from the
wavelength dependence of solar spectrum (Eq. (2)), in such a way that
the incident number of photons is larger in the second considered range
(540–800 nm) (Bai et al., 2010). Thus, the more photons absorbed in
that range, the more electron-hole pairs produced.

But the absorption enhancement in the active layer is not the only
effect that the proposed metasurface produces in the device perfor-
mance. Fig. 3b shows the total spectral reflectance for both the planar
case and the proposed metasurface in the 300 nm to 800 nm range. As it
can be seen, this latter structure provides a decrease in the reflectance
for the whole range, with the exception of 540 nm. The reduction of the
reflection losses is remarkably higher for the wavelengths above this
one. At 700 nm, as the most relevant case, the planar device has a 90%
of reflection and the nanocross-nanosphere combination reduces it to a
30%. The improvement of the device performance and its spectral
shape is directly related to the light management effects produced by
the structure. As we will show, these effects lead the light through it
towards the active layer.

Fig. 3c and 3d show the parasitic absorption in the rest of the layers
to allow a comparison between the planar and the nanostructured
cases, respectively. As stated in the introduction, an absorption in the

auxiliary layers could be advantageous for the performance of the cell,
as it could increase the internal temperature, providing a solution for
the light induced effects that jeopardize the performance of this kind of
cells. Interestingly, comparing the planar and nanostructured cases we
can see an increase in the absorption in every layer. Remarkably, the
cross pattern in the ITO produces a high increase in the absorption of
this layer at the 700–800 nm interval, and a slight decrease in the
600–700 nm interval. The increase is a significant jump, from a 38% to
a 77% at their maximum values. The case of AZO is proportionally even
more relevant, rising from a 5% to a 20% between the planar and na-
nostructured case. Among the rest of the aSi transport layers, we get a
remarkable increase in the absorption of the p-type one, particularly in
the 300–400 nm range, where it jumps from a 35% to a 63%. Finally,
Ag back contact, a metal that can provide more heating by absorption
due to their inherent properties, gets also an increase in its absorption
in the 700 nm region, where we have found the most relevant increase
for the majority of the materials.

It is interesting to compare the information coming from Fig. 3b and
3d. We can deduce that the reflectance of the upper layers pre-
dominates in the total reflectance below 540 nm, being the wavelength
region where the antireflection effects of the structure dominate. But
Fig. 3d shows that the parasitic absorption in the p layer is high, so the
possible optical improvement is lost. Nevertheless, the absorption in the
non-active layers produces an increment in energy dissipation that
could induce a self-annealing, reducing the Staebler-Wronski effect. On
the other hand, reflection from back layers becomes important in the
wavelength region over 540 nm, for which our proposed design pro-
duces light-trapping effects that improve the optical absorption in every
layer of the device. This can be deduced from the increased absorption
both in the amorphous silicon layers and in the ITO and AZO, seen in
Fig. 3d.

Until now, it can be seen that the metasurface produces a better
operation of the aSi:H solar cell, in particular in the wavelength range
from 540 to 800 nm. For this reason, we are going to focus on this
spectral region to take an even closer look to what is happening inside
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Fig. 3. Analysis of the optimized structure performance: (a) absorption in the active layer and (b) total reflectance; parasitic absorptions in the different layers for the
planar (c) and nanostructured (d) cases.

M.H. Elshorbagy, et al. Solar Energy 202 (2020) 10–16

13



the device. Fig. 4a and 4b show the spatial distribution of the magnetic
field (TE polarization) at different layers of both the planar and the
proposed solar cell, respectively. Fig. 4c and 4d show the spatial dis-
tribution of the electric field (TM polarization) for the same config-
urations. Light is incoming from above along the z axis in the negative
direction in all the cases. For the remaining field distributions, we as-
sume that the symmetry of the system produces similar results. It can be
clearly seen in Fig. 4 that for certain wavelengths, those where we
found an enhancement in the active layer absorption in Fig. 3, con-
finement and guiding effects arise in the nanostructured case. This
enhances light intensity in the active layer. The field inside the spheres
reveals a resonance that is clearly dependent on the wavelength (see
Supplementary information). Moreover, the spheres distribution leads
the light to focus on the lower layers, mainly in the active one, which
must be the origin of the enhancement in their absorption. Here, there
are scattering effects due to the spheres shape and size, the refractive
index contrast between their dielectric material and the lower layers
ones (Algorri et al., 2017; García-Cámara et al., 2013), and their en-
semble, effects that have been optimized by the search shown in Fig. 2.
Moreover, the use of the dielectric spheres instead of metal ones ensures
that there are no further absorption effects that could reduce the light
guiding towards the active layer.

At this point, we want to guess an explanation about what part of
the produced effects are due to the cross-pattern of ITO and what are
due to have filled the crosses with the nanospheres. In an attempt to
solve this question, we present in Fig. 5 the photogenerated short-cir-
cuit current density in the active layer, JSC, for different cases. We have
used a point into the region 1 of the Fig. 2, providing a particle size and
refractive index that produces an optimized JSC value. Regarding
Fig. 5a, we plot the JSC as a function of the active layer thickness for the
planar case, the case in which the cross pattern in the ITO is empty, and
the case where the crosses are filled with the ZnO nanospheres. The
active layer thickness changes from 50 to 400 nm. This interval is the
recommended one to have a good performance, as it was stated in the
Introduction section. Indeed, we can see how the trend of the plot is to
get a stable value when increasing the thickness. The cross pattern
improves the current by itself in a quantity of 1 mA/cm2 on average for
the whole active layer thickness range. This demonstrates that the
patterning of the ITO not only does not reduce but also increases the
photogenerated JSC. We can assume also that the carriers extraction will
not be affected by it. This can be supported by other results in the lit-
erature, where ITO has been patterned and the tradeoff between its

resistance and carrier extraction is maintained. Nanohelix 3D patterns
improving a 10% the JSC (Kwon et al., 2014), or lithographically-fab-
ricated cross-micropattern in photodetectors and solar cells (Jeong
et al., 2011; Deinega et al., 2013; Sakamoto et al., 2018), are some
examples of good results achieved by only nanopatterning ITO.

When filling the crosses with the nanospheres we obtain a re-
markable increase in the JSC at the whole range, between 3 and 4 mA/
cm2 larger than the planar case. This is equivalent to the 40% en-
hancement that we stated above. Two effects can be deduced from it:
first, we can set a certain thickness for the active layer (see vertical
black dashed line at Fig. 5a), and obtain a clear enhancement in the
generated photocurrent by using the proposed metasurface; second,
with this metasurface we can achieve the same JSC value of a planar
configuration, but with a much smaller thickness of the active layer (see
horizontal dashed line at Fig. 5a). This is a collateral effect that is ad-
vantageous in several ways:

• we get a thinner film solar cell,

• we reduce the needed material for the active layer,

• we ensure that the extraction of charges is enhanced, as being the
active layer thinner, it could be shorter than the diffusion length of
the photogenerated carriers,

• we reduce all the disturbing effects produced by a thicker active
layer, as they were shown in the Introduction section.

On the other hand, we have shown in Fig. 5b that our case is not
dependent on the solar incidence. As it was also predicted by the dis-
cussion of the Introduction, a cross pattern is able to reduce the effects
that could arise by the polarization of incoming light. In our case, the
simulations for incoming light with TM in orthogonal directions pro-
duce the same results. This is the reason of the Fig. 5b trend, where the
patterned structures do not affect the angular dependence more than
what the planar case does. As it can be seen, the cross-nanostructure
filled with spheres maintains the angular dependence of the JSC up to a
60° angle of incoming light. Even more, we can see that it is even better
than the planar and cross-pattern ITO cases, as they two begin de-
creasing at an incident angle of 50°. In this graph we have used an
active layer thickness of 150 nm.

4. Conclusions

This work shows a novel nanostructured solar cell based on aSi:H,

Fig. 4. Top: Spatial distribution of the magnetic field (Hy) considering a TE polarization for a planar (a) and metasurface based (b) solar cell. Same scale. Bottom:
Spatial distribution of the electric field (Ey) considering a TM polarization for a planar (c) and metasurface based (d) solar cell. Same scale. Wavelengths of larger
enhancements in absorption have been selected.
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where a cross pattern in the upper ITO contact and its filling with di-
electric nanospheres produces a remarkable enhancement up to a 40%
in the photogenerated short-circuit current density. The effects pro-
duced by the nanopattern of crosses and, mainly, the nanospheres lo-
cation generates a remarkable increase of the light absorption in the
active layer and the reduction of the reflection losses of the device. In
particular, the nanoparticles produce guiding effects in the incoming
light, which focuses on the active layer. The close distance between the
spheres and the active layer is crucial to have these effects reinforced.

We have swept different geometrical conditions and materials for
the sphere to get a reasonable set of parameters providing an optimum
performance. This study has revealed that it is the combination of the
cross-shaped pattern and the nanospheres what produces joint diffrac-
tion and resonant effects to get that optimum performance. In this
sense, small spheres do not produce resonant effects in the wavelengths
of interest, while larger spheres combine their resonant effect with the
diffraction one due to the nanocross pattern. The pattern itself is pro-
ducing a reinforcement, as when the crosses move away from each
other, the enhancement decays.

The obtained geometrical values and materials are feasible to be
manufactured by research groups with nanostructured solar cell fabri-
cation facilities. Indeed, we have a cross pattern in the order of microns,
and nanospheres with a 210 nm radius, which are quite practicable to
obtain. The selection of ZnO material for the spheres allows the re-
inforcement of the effects due to its dielectric nature, as well as the
refractive index contrast achieved between it and the ones of the layers
below.

Using such structure has allowed several effects that are advanta-
geous both for fabrication and for the performance. Among them, the
reduction of the thickness of the active layer to get the same photo-
generated short-circuit current density than a certain planar case. This
particularly produces by itself an enhancement in the charge extraction,
due to the increase in the ratio between the diffusion length of the
carriers and the length of their path to be extracted from the active
layer. Moreover, the reduction of the thickness ensures the reduction of
some harmful effects that can be found in the aSi:H literature. Those
effects can be removed also with the help of the increase in the ab-
sorption at the auxiliary layers, which could increase also the tem-
perature inside the cell and get a long-term annealing to reduce defects.
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