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Thin film solar cells may exhibit high conversion efficiencies provided their active material exhibits a
high quality, like in the case of crystalline silicon, and if incident light coupling and absorption are
appropriately controlled. We propose to integrate an advanced light trapping process relying on photonic
crystals including a controlled pseudo-disorder. Thanks to Rigorous Coupled Wave Analysis, we deter-
mine the optimized nanophotonic structures that should be appropriately introduced in 1 pm thick
crystalline silicon layers standing on a metal layer like aluminum. Thanks to a carefully controlled
pseudo-disorder perturbation, absorption in these designed nanopatterns overcome that predicted in the
case of fully optimized square lattice photonic crystals. Fabricated structures are analyzed in light of this
numerical investigation to evidence the impact of such controlled perturbations, but also the influence of
the measurement method and the technological imperfections. Thanks to the optimized perturbated
photonic crystals, the integrated absorption in 1 um thick crystalline Silicon layer increases from 37.7%, in
the case of the unpatterned stack, to 70.7%. The sole effect of pseudo-disorder on the fully optimized
simply periodic photonic crystals leads to an absolute increase of the integrated absorption up to 2%, as

predicted by simulations, while both structures are fabricated using exactly the same process flow.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Thin film solar cells using deposited material like hydrogenated
amorphous silicon (a-Si:H) as an active material offer an alter-
native to photovoltaic (PV) devices made of bulk crystalline silicon
(c-Si); they allow for cost reduction and specific characteristics like
the integration on flexible modules, but generally at the expense of
the conversion efficiency. Another approach consists in using a c-Si
layer with a thickness in the 1-10 um range. This is expected to
lead to cost effective photovoltaic devices based on a high quality
material, with reduced carrier bulk recombination. In order to
achieve high conversion efficiency with such thin film c-Si solar
cells, it is essential to optimize the incident light in-coupling and
trapping in an otherwise relatively inefficient absorber, especially
for long wavelength photons. Light trapping for photovoltaics has
been a topic of strong interest in the past years, with the use of
diffraction gratings [1], surface plasmons [2,3] or photonic crystals
(PC) [4] in layers with thicknesses around 100 nm. Among all these
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possibilities, photonic crystal structure is a promising route.
Indeed, adding a periodic pattern in a thin film enables the con-
version of out-of-plane wave-vectors into in-plane-wave-vectors
results in an increase of the “effective” absorbing material thick-
ness. Moreover, thanks to the periodicity of the photonic crystal,
the dispersion law can be controlled to create slow Bloch modes
guided into the thin film. Moving to higher quality materials, the
theoretical absorption for a thin c-Si film over a broad wavelength
range can be increased up to 50% when compared to the unpat-
terned case [5]. A few research groups recently demonstrated the
operation of real solar cell devices, including such periodic nano-
photonic structures within a solar cell based on c-Si layers. Among
all the advances reported in this area, Chen et al. at MIT achieved a
15.7% efficiency with a 10 um thick c-Si solar cell including peri-
odic inverted pyramids [6]. Jeong at Stanford integrated nano-
cones structures on top of a 10 um thick c-Si solar cells, leading to
13.7% efficiency [7], and PC patterning of a 1 um thick c-Si layer on
an aluminum back mirror leading to a Jsc of 15.4 mA/cm?, which
corresponds to an increase of 20% compared to the unpatterned
reference case [8]. Recently more complex structures that combine
a front and a back photonic crystal structure [9-11] have been
proposed to overcome this value by adding new optical modes
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and/or tailoring the reflection at the bottom interface of the solar
cell. Still, this approach is technologically quite complex, and the
integration of an optimized and technologically feasible and cost
effective light trapping strategy on a realistic solar cell stack has
been barely addressed, in particular in the case of thin c-Si layers.

Due to the periodicity of the photonic crystal this approach is
highly efficient only for specific wavelengths and angles as tra-
duced by the high quality factor peaks obtained on a typical
absorption spectrum. An alternative approach to this strictly per-
iodic structuration that could decrease the coherence of the
absorption processes is to use random structuration [12-14]. Such
structures exhibit then rich Fourier spectra like the well-known
quasi-crystal [15,16] that can also increase the absorption in a
thin-film thanks to guided modes introduced by a rotational order
that leads to an equivalent increase of 9% compared to a square
lattice of holes for a 0.3 pm thick c-Si layer. As such structures are
not deterministic, one may prefer to introduce a certain degree of
disorder in the periodic pattern [17-20], to combine random
fluctuations with a periodic pattern [21] or to use a binary grating
approach [22]. In our approach, a supercell is made of randomly
located holes periodically repeated in a square lattice in order to
define a pseudo-disordered photonic crystal. Such an approach
allows to quantify the magnitude of disorder introduced in an
optimized nanopattern and to “engineer” the optical resonances
related to the periodic pattern. Our approach was conducted on a
technologically realistic thin photovoltaic stack. The thickness of
the absorbing layer is chosen in order to eventually achieve a high
absorption; of course, the absorption increase related to the pho-
tonic structure is then reduced compared to the case of an ultra-
thin ( <500 nm) absorbing layer [16]. Lastly, our method relies on
carefully positioned holes, in a way that can be achieved with a
conventional lithography technique with a reduced effort com-
pared to complex and very small patterns that have been proposed
elsewhere [22]. Finally, to avoid additional surface passivation
issues in the future development, keeping a lattice of cylindrical
holes prevents any extra sidewall or nanopatterned shape differ-
ences, and enables to use the same conformal depositions condi-
tions for the subsequent passivation of the nanopattern.

In this paper, we investigate numerically and experimentally
the absorption in a thin c-Si structure patterned with a pseudo-
disordered photonic crystal. More precisely, the stack under con-
sideration is a 1 pm thick c-Si film bonded onto a 1 um thick Al
layer on a glass substrate as depicted in Fig. 1a. The Al layer acts as
a back mirror, especially at the wavelengths above 0.5 um where
the single pass absorption in c-Si is low. It also acts as a back
contact in a solar cell. A PC structure is then partially etched in the
c-Si film, with a depth in the 100-200 nm range; it was shown
elsewhere that such a design enables efficient in-coupling of the
incident light into the pseudo-guided Bloch modes of the structure
[5], leading to an efficient light trapping.

To establish a fair comparison, the integrated absorption of the
sun light in the pseudo-disordered patterns is compared to the
one of the perfect-square lattice of holes that maximizes the
absorption in the same stack. It will be shown that the use of an
optimized PC structure in front of our stack almost doubles the
integrated absorption compared to the flat reference (a relative
increase of 87.8% is obtained). Then, a pseudo-disordered PC, that
can be realized in the same way as the optimized PC, can exhibit
experimentally as well as theoretically a larger integrated
absorption as the case of a square lattice of holes, at almost no
extra technological cost.

Section 2 is dedicated to a numerical investigation on the effect
of a controlled pseudo-disorder introduced in a periodic photonic
crystal structure. The total absorption of the thin c-Si films on
metal is numerically optimized using the Rigorous Coupled Wave
Analysis (RCWA) method [23]. Let us underline that this
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Fig. 1. (a) A patterned thin (c-Si) film lies on a metallic layer bonded on a glass
substrate. (b) A square lattice (period a) of partially etched (etching depth h) hole
(radius r) is used to increase the absorption of the stack. (c) Comparison between
the absorption of the unpatterned thin film (black curve) and the absorption of the
optimized photonic crystal structure (red dashed line). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

enhancement of the total absorption is chosen such as to be
compared to the experimental values of the reflectance. Section 3
presents the experimental methods. The structures are realized
thanks to Electron-Beam Lithography (EBL) and then optically
characterized. Then in order to remove the influence of the back
mirror, a preliminary experimental validation of our approach is
obtained using a thin Silicon-On-Insulator (SOI) structure, this is
discussed in Section 4. In addition even if not realistic at a larger
scale, this stack exhibits an almost perfect flatness that can partly
prevent from experimental deviations of the geometry. In Section
5, pseudo-disordered structures are realized in a thin c-Si film [24]
and bonded on metal. The optical measurements performed on
these structures are then analyzed in light of the numerical
simulations.

2. Design and simulation results

Let us first consider a two-dimensional (2D) lattice of holes
partially etched in a c-Si layer bonded on Aluminum on glass, as
depicted in Fig. 1a. Thanks to an in-house developed analytical
Rigorous Coupled Wave Analysis (RCWA) code, we compute the
absorption in the whole stack. The number of orders used in the
simulation and the wavelength step are chosen in order to achieve
accurate numerical results. The incident light is an unpolarized
plane wave at normal incidence. The figure-of-merit consists of
the integrated absorption of the whole stack from 300 to 1100 nm
(which corresponds to the relevant range of interest for c-Si solar
cells), taking into account the solar spectrum [25].
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A 2D square lattice of holes, as the one depicted in Fig. 1b, is
characterized by its period (a), air filling factor in area (ff=nr?/a?)
and the etching depth of the holes (h). The parameters resulting
from the optimization of these 3 parameters are a period of
657 nm, a filling factor of 0.42 and an etching depth of 213.5 nm.
These values are in good agreement with results obtained on a
quite similar stack [22]. The resulting absorption spectrum is then
plotted in Fig. 1c and compared to the absorption spectrum for the
unpatterned case. Thanks to the PC structure, the integrated
absorption is enhanced from 37.7%, in the unpatterned case, to
70.7%, this corresponds to a relative enhancement of 87.8%. As
discussed in Section 1, this absorption is partly in the c-Si (inte-
grated absorption of 39%) and in the metal (31.7%).

In order to further increase the absorption of this square lattice
of holes, we introduce a controlled disorder in a 3 x 3 supercell.
According to the well-known grating law, the resulting supercell
period of 1.97 um enables the diffraction of the impinging light all
over the sunlight spectrum into at least the first order of all the
guided modes in the c-Si film. It can be noted that this period of
1.97 um is close to the period used for the quasi-random nanos-
tructure in [22]. Such a mechanism, thanks to the rich Fourier
spectrum of the dielectric function, has already shown its interest
for light trapping. In our 3 x 3 supercell, all the holes are moved
randomly from their position in the simply periodic structure. As
depicted in Fig. 2a one hole is shifted by a distance d under an
angle 0. The shift value d is determined thanks to a random
Gaussian distribution defined by its mean value and its width
value; while the angle value O is determined randomly from 0° to
360° (uniform distribution). An example of a resulting pseudo-
disordered structure for our selected 3 x 3 supercell is depicted in
Fig. 2b. In order to prevent numerical and technological difficulties
we restrict this study to situations where holes do not overlap.

As the simulations are based on a non-deterministic design
(random values are used to move the hole) we use the protocol
defined below. We choose different mean value for the shift
parameter d. It can be noted that the higher this value, the higher
the perturbation of the periodic pattern is. For each selected value
of mean shift, we simulated 10 different structures. As we selected
5 different values for the mean shift from 25 nm to 75 nm we
computed the integrated absorption for 50 different structures,
which correspond to different realizations of the disorder. The
integrated absorptions calculated for all these structures are
plotted in Fig. 2c.

These results clearly show that a pseudo-disordered structure
can absorb more light than the optimized square lattice of holes.
Let us first focus on the evolution of the averaged integrated
absorption (black dashed line in Fig. 2(c)). When the value of d
increases from 25 to 38 nm, the averaged integrated absorption
increases from 71.8% to 72.0%. Then, this figure-of-merit remains
quite constant for mean shift values from 38 to 63 nm. If the mean
shift value is larger than 63 nm, the mean integrated absorption
decreases down to 71.5%. This evolution of the mean integrated
absorption is related to the range of integrated absorption that can
be obtained as depicted by the black dots. When the value of d
increases from 25 to 75 nm, the range of available integrated
absorption extends from 71.0% to 72.5%. It can be noted that the
available range of integrated absorption increases with the value
of d. This range grows up from 0.4% (for d=25 nm) to more than
1% (for d > 63 nm). Such a behavior is directly linked to the dis-
tance between holes that can strongly change in the case of high d
value. It appears that pseudo-disordered structures that exhibit
low integrated absorption for high d values show cluster of holes
that cannot be obtained with low d values.

As the reference structure in this study is an optimized square
lattice of holes, the amount of disorder introduced in the lattice
should be carefully chosen. Designs including highly perturbed
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Fig. 2. (a) One hole is shifted of a distance d from its original position with an angle
0. (b) For a 3 x 3 supercell 9 holes are moved randomly leading to pseudo-dis-
ordered structure. (c) Evolution of the theoretical integrated absorption for several
pseudo-disordered structure (dark dot). The mean value of integrated absorption
(black dashed line) remains higher than the reference value (red horizontal line).
(d) Comparison between the theoretical absorption of optimized photonic crystal
structure (black curve) and the theoretical absorption of the best pseudo-dis-
ordered structure (red dashed line). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

patterns could lead to a decrease of the integrated absorption
compared to a slightly pseudo-disordered structure. Indeed, the
gain at large wavelengths can be lost by a poor absorption at low
wavelengths, due to a far lower diffraction efficiency than using
the square lattice of holes.

Let us now focus on the best pseudo-disordered structure
which corresponds to an optimized design. For this selected
structure, the expected integrated absorption reached is as high as
72.5%, which corresponds to an absolute increase of 1.8% (and a
relative enhancement of 2.6%) compared to the previously opti-
mized square lattice of holes structure. The absorption spectra
corresponding to these 2 structures are plotted in Fig. 2c. Even if
the pseudo-disordered structure appears to have less absorption
peaks than the optimized square lattice of hole, this structure
exhibits more modes thanks to the introduced perturbation, as
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expected from previous theoretical work [17,18]. As the amplitude
of these peaks is small, the result is a broadening of the peaks and
then the number of visible peaks decreases.

Based on this theoretical investigation and considering the
need to accurately control the position of the holes, the next
section of the manuscript is dedicated to the nanofabrication
process and optical characterization of the realized structures.

3. Fabrication process and measurement methodology

In this section we focus on the realization and characterization
of pseudo-disordered structures. As the pseudo-disordered PC are
defined at the nanometric scale (in size as well as in position of the
holes), the lithography technique requires a high resolution and a
large flexibility. So we resort to Electron Beam Lithography (EBL).

The process-flow required to realize these model structures as
depicted in Fig. 3a—-d. The first step is the nanophotonic structures
patterning in a thin PMMA resist deposited on top of the con-
sidered stack. In order to reduce the lithography time, the size of
the patterned area is limited to 100 x 100 um?2. The PMMA is then
transferred into the SiO, layer by Reaction Ion etching using CHF3,
and then to c¢-Si, using a SFg:Ar mixture. In order to ensure vertical
sidewalls these 2 etching steps are performed at a low pressure.
The remaining part of the SiO, layer is kept on top of the Si pat-
terns, so as to mimic the anti-reflective coating which will be
present on top of a final device. An example of a realized structure
is shown on Fig. 3e.

Due to the limited size of the patterned area, the well-
established integrating sphere measurement method cannot be
used to determine the absorption of our thin patterned film. Thus
we will resort to a micro-reflectivity set-up. In order to be as close
as possible to the numerical incident light (plane wave at normal

resist deposition +
EBL + development

a ‘ b .
resist

Sio, sio,

incidence) the area of the pattern should then be as large as
possible.

A schematic view of the micro-reflectivity set-up used to
optically characterize the structures is depicted on Fig. 4. A nearly
collimated white light is focused onto the nanopatterned structure
through a long-focal microscope objective. The back reflection of
the structure is collected through the objective lens and then
analyzed using a spectrometer.

4. Silicon-On-Insulator-based pseudo-disordered absorbers

We first consider a simple model structure based on a Silicon-
On-Insulator (SOI) wafer (Fig. 5a). With this simple structure, we
focus on the c-Si absorbing layer, without considering the back
metal and its parasitic absorption [8]. In addition, in such a wafer,
the layers exhibits low roughness (less than 1 nm in rms) and
allows the realization of nanopatterned which topography is quite
close the designed PC structure. As we will use this kind of
structures as model structures, we selected to perform the reali-
zation of two optimized structures: the pseudo-disordered struc-
ture that exhibits the highest absorption and the square lattice of
holes that will be used as a reference. Lastly, we choose to limit the
size of the patterned area to 300 x 300 um?, which is a trade-off
between the time needed to realize the structure and the mis-
match between optical simulation and characterization.

In the case of the square lattice of holes, let us then compare
the theoretical reflection spectrum (obtained with a plane wave
under normal incidence) plotted in Fig. 5b and the experimental
one plotted in Fig. 5d. In the short wavelength range (below
800 nm) the experimental reflection is lower than the theoretical
one. The lower experimental reflection is mainly due to the col-
lection angle of the objective which does not collect efficiently the
diffracted light in the first order at wavelengths smaller than the
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Fig. 3. Process flow to obtain the desired structure. On a SOI stack (a) EBL is used to imprint the design of the structure (b). Then 2 steps of RIE at low pressure (c-d) are used

to transfer the design in the c-Si layer. (e) SEM view of a structure.
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period. As it can be seen the specular reflection for wavelength
shorter than the period of the photonic crystal almost corresponds
to the experimental reflection. For the long wavelength range
(from 800 to 1000 nm, which corresponds the highest achievable
wavelength of our spectrometer) the sharp peaks displayed in the
simulated spectrum (corresponding to high quality factor optical
resonances) cannot be observed experimentally. On the measured
spectra, only broad absorption peaks are visible. In order to
increase the agreement between the experimental spectrum and
the theoretical one for wavelength larger than 800 nm, we should
take into account the profile of the incident light. Indeed, in
experiments, the structures are not illuminated by a plane wave,
but by a Gaussian beam profile. Thanks to the 300 x 300 pm? size
of the structure small magnification objectives ( x 5) can be used,
with a corresponding numerical aperture of 0.14. In simulations,
the plane wave under normal incidence usually used in RCWA is
then replaced by a summation of plane waves under different
angle that mimic the experimental Gaussian beam incident on the
structure [26]. Such a substitution increases the computational
time by a factor directly proportional to the number of plane
waves used in the summation. Thus such simulations can be per-
formed within a reasonable time only for the square lattice of

lens beam microscope
splitter objective
A
white
light
v
sample
| spectrometer I plane

Fig. 4. (a) Micro-reflectivity set-up. A white light is focused on the nanostructure
thanks to a long working distance objective. The back-reflection of the structure is
analyzed through a spectrometer.
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holes. Let us now compare the theoretical spectrum obtained with
the Gaussian beam simulation (Fig. 5c) with the experimental
spectrum (Fig. 5d). For the long wavelength range (from 800 to
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Fig. 5. (a) The square lattice of hole is patterned into the depicted SOI stack. In order to achieve a good agreement at large wavelengths between experiment and simulation,
the usual theoretical reflection spectrum (obtained for a plane wave under incidence) (b) is replaced by the reflection spectrum obtained for a Gaussian beam under normal
incidence (c) that mimic the experimental incident light used to obtain the experimental reflection spectrum (d). The red line in (b) corresponds to the specular reflection for
wavelength smaller than the period of the photonic crystal. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
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1000 nm) the number of peaks, the quality factor and their con-
trast are in much better agreement. However for the wavelength
range between 650 and 800 nm while the positions of peaks
match well, their maxima somehow disagree. This difference is
probably due to the collection of light (limited to the specular
reflection) and to the roughness ( ~ 1 nm in rms) of the remaining
SiO, layer.

In order to study the effect of the pseudo-disordered structure,
we limit the simulation to the case of a plane wave at normal
incidence to compute the absorption of our thin layer with or
without disorder, as depicted in Fig. 6a. As theoretically expected
(Fig. 6a) for wavelengths below 700 nm, the pseudo-disordered
structure and the square lattice of holes exhibit almost the same
experimental reflection spectra (Fig. 6b). As these spectra (square
lattice and pseudo-disordered structure) should almost be the
same theoretically, we can conclude that the designed pseudo-
disorder should not affect the absorption for these wavelengths.

For wavelengths above 700 nm, some of the sharp peaks visible
on the theoretical spectrum of the square lattice of holes are
broadened on the pseudo-disordered structure spectrum. The
expected high quality factor peaks in the pseudo-disordered case
are related to the limited diffraction efficiency of the incident
plane wave into the added orders [17], even if their intensity can
be small. However, as the experimental incident light is a Gaussian
beam, the coherence of this light is lower than the coherence of
the theoretical plane wave. Thus these high quality factor peaks
are not visible on the experimental spectra shown in Fig. 6b. For
the wavelengths between 700 and 1000 nm, the experimental
reflection of the pseudo-disordered structure is almost always
lower than the experimental reflection of the square lattice of
holes structure which implies that the pseudo-disordered struc-
ture provides a better enhancement than the ordered one. Finally,
a broadening of the absorption peak is visible near 875 and
925 nm on the experimental absorption spectrum, in the case of
the pseudo-disordered structure. Thus the pseudo-disordered
structure exhibits a significantly higher absorption than the
square lattice of holes as expected theoretically.

Let us summarize the results obtained on these model struc-
tures. The experimental spectra are in good agreement with the
theoretical ones (as calculated for a Gaussian profile incident
light). As expected theoretically, introducing a pseudo-disorder
does not change the reflection at the short wavelengths. However,
for the short wavelength range, the discrepancies between the
numerical spectrum and the experimental one are mainly due to
the limited collection angle (first diffracted order are experimen-
tally measured) and to experimental fluctuations (in particular the
surface roughness and the circularity of holes). In the long wave-
length range, the discrepancies between the illumination condi-
tion in the numerical and experimental cases (mainly Gaussian
beam vs plane wave), and also considering the remaining rough-
ness and non-uniformities of the pattern in the fabricated struc-
tures, the reflection spectra exhibit broadened peaks which could
artificially increase the measured integrated absorption. Still,
introducing a pseudo-disorder in a simply periodic PC does lead to
a reflection decrease in the long wavelength range. Taking into
account these remarks, we will now investigate the effect of
pseudo-disorder in the case of a thin c-Si layer bonded onto a
metal layer standing on a glass substrate.

5. c-Si-on-metal pseudo-disordered structures

We consider the stack depicted in Fig. 1a, including a 1 pm thick
c-Si layer standing on an Al layer. Using the process-flow pre-
sented in the previous section (Fig. 3), we realize all the structures
simulated in and presented in Section 2. As a large number of
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to the web version of this article.)

structures have to be fabricated by EBL, the size of each structure
was reduced to 100 x 100 pm?. This size is chosen in order to
nanopattern all the structures in a single run of EBL, limiting dis-
crepancies and experimental fluctuation.

As mentioned in the previous part of this manuscript, the
pseudo-disorder should not lead to an increase of the absorption
in the low wavelength range of the spectrum, compared to the
square lattice of hole. Therefore, we calculate the integrated
absorption for all the structures within the 700-1000 nm range,
always taking into account the solar spectrum. To make a fair
comparison between results, we update the numerical results and
compute the integrated absorption over the same spectral range.
The experimental integrated absorption (81.2%) is higher than the
expected theoretical one (75.6%) for the square lattice of holes
structure (Fig. 7a). It can be noted that 3 different experimental
values are presented for the square lattice of holes. The spread of
the values is related to geometrical imperfections; it remains
limited compared to the effect of the pseudo disorder.

Then we compute the mean value of the integrated absorption
for the different experimental pseudo-disordered structures. The
gain on this averaged optical absorption is also displayed on
Fig. 7a. Although the experimental absorption overpasses the
theoretical one (Fig. 7a), these two curves exhibit almost the same
behavior. First the integrated absorption increases experimentally
as well as theoretically with the mean shift value. Then the mean
absorption decreases for higher mean shift value. The main dif-
ference between the 2 curves appears in the case of the highest
mean shift value, which does not decrease in the experiments. On
the same plot we add the integrated absorption of the 5 structures
closest to the average. As the mean shift value increases, the
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available range for the integrated absorption increases experi-
mentally as well as theoretically for the highest experimental
mean shift.

Even if the average value of the measured optical absorption is
5.7% higher than the simulated one, the maximal enhancements of
the averaged value due to the pseudo-disorder are quite compar-
able in the experiments and simulation (around 1.7% in absolute
value). For the best pseudo-disordered structure, the experimental
integrated absorption increases by 2.1% compared to the square
lattice of holes which a little bit less than the theoretical increases
of 2.7%.

Let us now consider the offset of integrated absorption
between theoretical and experimental results (+5.7%). The Atomic
Force Microscope (AFM) view plotted in Fig. 7b clearly shows the
roughness of the realized structure. First, the roughness of the thin
c-Si film on metal is significantly higher than the roughness of the
previous SOI wafer. For instance, the peak-to-valley highlighted by
circle spots exhibit a topographical difference of ~ 10 nm. In
addition the remaining SiO, layer exhibits a smaller-scale rough-
ness due to the RIE etching (roughness of ~ 1 nm). In addition, on
the SEM view of Fig. 7c, one can notice that the circular shape of
holes exhibit a small roughness. Moreover, as the size of the pat-
terned area decreases from 300 x 300 pm? to 100 x 100 pm? we
used a higher magnification microscope objective, which results in
a discrepancy increase between the experimental and the theo-
retical illumination conditions. Altogether, this leads to a higher
difference between experimental and theoretical spectra com-
pared to the previous measurements on a patterned SOI wafer. In
particular, the expected high quality factor peaks of the theoretical
absorption spectrum cannot be obtained experimentally. Lastly, for
the shortest wavelengths, the experimental reflection of the
structure is far below the one expected from the simulation. Thus
the integrated absorption from the experiment is substantially
higher than the theoretical one.

Let us now sort and summarize the reasons for the differences
between experimental results and simulations. The reasons can be
attributed to nanopatterning imperfections (sidewall roughness,
etching depth profile, etc.) like in the case of the patterned SOI
structure but also material characteristics (e.g., interface rough-
ness, contamination of c-Si by the Al back layer) and discrepancy
between numerical and experimental illumination conditions (in
particular, plane wave/Gaussian beam, spatial homogeneity of the
beam). Despite these differences, we highlight that the experi-
mental integrated absorption exhibits almost the same behavior as
the theoretical one. Thanks to our perturbative approach, we
evidence that the magnitude of the introduced disorder exhibits
an optimum around a specific mean shift value. Thanks to the
square lattice of holes structure patterned into the thin c-Si layer,
the integrated absorption increases almost by a factor of 2 com-
pared to the flat reference. Replacing the optimized square lattice
of holes by the optimized pseudo-disordered structure, which can
be achieved keeping the same process to realize the nanopattern,
increases experimentally as well as theoretically the integrated
absorption by 2%. This absolute increase of 2% can be achieved at
almost no extra technological cost, provided a reliable replication
method is used. For instance, the master stamp of nanoimprint
lithography can be realized in the same way for a square lattice of
holes and for a pseudo-disordered structure.

6. Conclusion

Using RCWA simulation, we introduced a solar cell design
based on a 1 um thick c-Si layer standing on a Al layer, patterned
as a an optimized photonic crystal including a controlled disorder.
This as expected led to an almost two-fold increase of the optical

absorption, over a broad and relevant wavelength range. The
integrated absorption enhancement overpasses that expected
using a fully optimized square lattice photonic crystal pattern,
while its fabrication can be achieved using exactly the same pro-
cess. In order to further demonstrate the interest of these complex
nanophotonic patterns, experiments were performed on simply
periodic and pseudo-disordered nanopatterns. Model structures
were first patterned in a Silicon-On-Insulator wafer, in order to
highlight the influence of experimental fluctuations related to the
process imperfections, and the impact of the illumination condi-
tions on the expected absorption spectra. Technological imper-
fections mainly increase the optical absorption in the active c-Si
layer at the shortest wavelengths of the solar spectrum. Then
selected pseudo-disordered patterns have been patterned in a thin
c-Si film bonded on top of the metal layer. The experimental
integrated absorption measured in this solar cell stack almost
exhibits the same behavior as the theoretical one, despite a con-
stant offset. Compared to a simply periodic photonic crystal, the
best pseudo-disordered structure enhanced the overall optical
absorption up to 2.1% which is in good agreement with the 2.7%
increase expected theoretically.

The optical study involved in this work will be further extended
to the case of a fully functional solar cell, enabling electro-optical
characterization. As the considered stack in this work is closed to a
realistic c-Si solar cell stack, even if the design modification will be
limited, a new optimization should be done by taking into account
only the absorption in the active layer (e.g. without the parasitic
absorption in electrode). It remains that expected relative
enhancements of the absorption in (c-Si) should be of the same
order of magnitude than in the whole stack. Indeed, the pseudo
disorder pattern does not change significantly the vertical dis-
tribution of the optical modes. The remaining challenge stands in
the fabrication of nanopatterns over square centimeters. To obtain
such large scale patterns one can resort to High-Voltage EBL (at
least 100 kV) in order to achieve high lithography speed without
losing at the resolution of the structure. For a widespread use of
pseudo-disordered patterns, such an EBL is only required to fab-
ricate a large master stamp, that will be replicated using
Nanolmprint Lithography, as it has been already done at a smaller
scale [27].
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Appendix

The refractive indices and extinction coefficients used in the
optical simulation and corresponding to (c-Si) [28] and Al [29] are
displayed in Fig. 8.
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Fig. 8. Optical indexes used in the simulations for the (c-Si). (a) and the Al (b). The
refractive index (n) is plotted in red while the extinction coefficient (k) is plotted in
blue. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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