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Abstract: The role of pseudo-disordered photonic crystals on the
absorption efficiency of simplified thin film crystalline silicon solar cells is
presented and discussed. The expected short circuit current can thus be
further increased compared to a fully optimized square lattice of holes,
thanks to carefully controlled positions of the nanoholes in the considered
realistic simplified solar cell stack. In addition, the pseudo-disordered
structures are less sensitive to the angle of incidence, especially in the long
wavelength range.
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1. Introduction

A wide range of photon management schemes, based on photonic crystals (PC) [1],
plasmonics [2, 3], nanowires [4] or random textured surface [5], have been proposed to
enable efficient light trapping in thin film (<10 pm thick) solar cells. Among these
possibilities, using a PC structure [6, 7] is a quite flexible and promising strategy relying on
diffraction to couple the light into the absorbing layer, thereby to increase the absorption.
Moreover, an increase of the open-circuit voltage can be expected due to improved carrier
collection, provided the surfaces are passivated.
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In the recent years, many investigations and optimizations have taken advantage of
nanopatterns, such as gratings or PC structures inserted on the front [1], rear [8, 9] or both
sides [10, 11] of the thin film solar cell. Although solar cells including optimized and ordered
PC structures exhibit a higher absorption compared to an unpatterned flat structure, the
absorption in the long wavelength range (i.e. where the absorption coefficient of the material
is low) still needs to be improved. The reason is that only few guided mode resonances can be
exploited to achieve light trapping in simply periodic structures.

The mechanism of light coupling and trapping into thin film solar cells can be further
improved by using additional resonant modes in the long wavelength range. To achieve this,
introducing a certain degree of disorder in a periodic structure has been considered during the
past years. However, in most of these investigations, the performance of disordered structures
[12—17], partly disordered structures [18—26] or quasicrystal structures [27, 28] are compared
to non-optimized ordered structure [12, 13, 15, 19, 24]. Meanwhile, only very low thicknesses
(£ 1 pm) have been considered in most studies, leading to a low expected short circuit current
for the final devices. To reach high levels of short circuit currents, using a high quality
material like crystalline silicon (c-Si) with a thickness in excess of 1 pm should therefore
considered. Furthermore, most of these theoretical investigations consider the sole absorbing
layer [12, 19, 21, 25, 26], i.e. without a back metal layer, or nanopatterns which fabrication
appears highly challenging [20, 29]. In Ref [21], we have analyzed in detail a few pseudo-
disordered structures made of supercells of randomly located holes, periodically repeated in a
square lattice, in the case of a simple 195 nm thick hydrogenated amorphous silicon layer on
glass. It has been shown that resulting broader resonances together with a higher spectral
density of modes can further enhance the absorption.

In this manuscript we first consider as references fully optimized square lattice PC in a
simplified realistic thin solar cell stack, as it includes a metallic back reflector and a top
transparent electrode. The considered thicknesses of the c-Si layer are in the 1-8 um range. If
low thicknesses could easily exhibit stronger current improvements, 8 um layer exhibits high
current densities, typically around 30 mA/cm’ [30]. We then investigate numerically the
absorption performances of such structures, both in the real and Fourier space, with a view to
determine design guidelines to enable a net increase of the absorption.

Section 2 is dedicated to the description of the considered solar cells stack and the
simulation methodology. Optimized square lattice of holes for several thicknesses of c-Si are
presented in section 3. In sections 4 and 5, the effect of the pseudo-disorder is investigated
numerically and analyzed in real space as well as in the reciprocal space. The angular
response of the patterned stack is discussed in the last section of the manuscript.

2. Thin film solar cells design and simulation methodology

The simplified solar cell stack considered in this work is depicted in Fig. 1(a). It consists of a
thin absorbing layer of c-Si bonded onto a 1 um thick aluminum (Al) layer that acts as a back
mirror and back contact. Then a 2D PC structure is patterned on top of the c-Si layer, as
depicted in Figs. 1(b) and 1(c). Finally, the patterned c-Si layer is covered by a continuous
indium tin oxide (ITO) layer. This layer acts as the transparent front electrode of the solar
cell, as in [30]. As shown in Fig. 1(b), the thickness of the ITO layer is not the same for
horizontal surfaces and sidewalls, as it is the case for fabricated solar cells [31].

In order to determine the absorption, we resort to the rigorous coupled wave analysis
(RCWA) method [32]. In this in-house developed RCWA code, for each cylindrical hole,
analytical Bessel functions are used to calculate the Fourier coefficients of the permittivity,
rather than the Fast Fourier transform (FFT) techniques. This enables a faster computation.
Moreover, In contrast to most of other methods, the computation time does not depend from
the thickness of the stack, for a given spectral resolution. The number of orders used in the
simulation, from —4 to + 4 in each direction for the square lattice of holes, ensures to reach
accurate results. Indeed, there is only a 0.2% discrepancy in the integrated absorption with a
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calculation using orders in the range [-5, 5], and this difference is concentrated in the low
wavelength range, where the impact of the pseudo-disorder will appear to be negligible.
Optical indices of the materials are presented in appendix [33, 34]. Unpolarized light
(averaged of TE and TM) at normal incidence is used to mimic the solar illumination.

(c)

$1TO (50nm)
ITO (5nm)
c-Si {7)\

—>
Period (A)

|AI (1pm)

Fig. 1. (a) Schematic view of the simplified thin film solar cells stack with pseudo-disordered
structure. Side-view (b) and top view (c) of the thin film solar cell.

The spectral range is restricted to 300-1100 nm, which is realistic for c-Si solar cells. The
spectral resolution is carefully chosen considering the absorption peaks linewidth, which
depends on the thickness of the c-Si layer. In the shorter wavelength range (i.e. 300-700 nm),
the spectral resolution is set to 1 nm for all thicknesses of the solar cells. While in the longer
wavelength range, i.e. 700-1100 nm, it is set to 0.5 nm for the 1/2/4 um thick c-Si layers, and
to 0.25 nm for the 8 um thick case. The absorption is calculated thanks to the reflection at the
front interface and the transmission at the c-Si/metal interface. It includes the parasitic
absorption in ITO, still its impact remains limited (<1 mA/cm?) and almost constant for all the
considered configurations.

By assuming 100% efficiency of carrier collection, the current density (J,.) is given by:

etk dil
Jo=om [, A4d A2 (1)
where e is the unit charge for an electron, / is the Planck's constant, ¢ is speed of the light in
the vacuum, 1 is the wavelength, A(1) is the absorption, and dI/dA is the incident solar
radiation intensity corresponding to the AM1.5G solar spectrum [35].

To establish a fair comparison between a pseudo-disordered structure and a simply
periodic one, we first need to optimize the periodic square lattice of air holes structure.
Moreover, for such comparisons, the thickness of the c-Si layer is kept constant. Indeed, even
if the volume of the absorbing material is changing, such a patterning requires etching, so

removing of the active material. So we choose a constant initial volume of this material, as
usually (see e.g [1, 17-19, 29].).

3. Maximization of the absorption of the square lattice of cylindrical holes

The 2D square lattice of air holes is based on the elementary pattern shown in Figs. 1(b) and
1(c). It is fully determined by three parameters: the period (A1), the air-surface filling fraction
(ff) (ratio between the area of the air hole and the total area, given by ff = z*/4%, r being the
radius of the cylindrical hole) and the etching depth (%). The square lattice leading to the
highest J. is searched by scanning these three parameters within technologically realistic
ranges, as detailed in Table 1, and since according to previous studies [30], there is a single
maximum. The results of the optimization are given in Table 1 for the different thicknesses of
the c-Si layer, and for a stack including the Al and ITO layers.
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Table 1. Achievable current density (J,., mA/cm?) with and without a square lattice of
holes, for different thicknesses of the c-Si layer. The parameters (period, filling fraction
and the depth of the hole, as well as the scanning range) correspond to the maximal value
for the optimized square lattice of holes structure.

Jie (mA/cm?)
c-Si (um) ] Period (nm) Filling fraction | Etching depth (nm)
Flat | Square Lattice
1 13.82 19.96 620 [550 660] | 0.38[0.300.46] 165 [140 210]
2 17.96 23.71 570 [500 660] | 0.42 [0.30 0.50] 180 [130 240]
4 21.91 27.46 620 [600 700] | 0.42 [0.34 0.50] 200 [180 240]
8 25.42 30.69 650 [600 700] | 0.44[0.34 0.54] 210 [180 260]
(a)
23.75+ _
Optimized
(:c_ 23.70- Z
(&)
< 2365
E
S 23.60 — Period \
i) - @ Filling fraction #
23.55 ,_“_ Etching depth ~5nm~{
D -1 0 1 2
Simulation sequence
(b)
—— Flat —— Square lattice holes
1.04 1.0
0.54 0.5
S
= 0.0 Ll 0.0-
g 3 1100 300 500 700 900 1100
2 1.0 1.0-
<
0.5 0.54
0.0.C-Si=4um \ . 0.0..-Si = 8um
300 500 700 900 1100 300 500 700 900 1100

Wavelength (nm) Wavelength (nm)

Fig. 2. (a) Jy calculated for the optimized geometrical parameters in the case of the square
lattice of holes with 2 pum thick c-Si layers, and for geometries modified to mimic
technological fluctuations. Each step of the simulation sequence refers to a modification of
each of the three key parameters, with the magnitude shown on the figure. (b) Absorption
spectra of the unpatterned structure (dark line) and the optimized square lattice of holes (red
line), for different thickness of the c-Si layer from 1 to 8 pm.

Thanks to the optimized square lattice of holes, the achievable J. exhibits a significant
increase, up to 44% for the 1um thick layer. As expected, and observed in the case of other
designs [30], this relative enhancement is limited to 21% for the 8 um thick case, even if the
volume of the pattern increases thanks to deeper holes. In order to investigate the robustness
of the optimized design, we tuned each parameter (period, ff and etching depth) from its
optimized value in in order to reproduce variations that arise in nanofabrication. The result for
the stack including a 2 pm thick c-Si layer is shown in Fig. 2(a). These slight variations of the
filling fraction (0.02 step) as well as of the etching depth (5 nm step) have a limited influence
on the optical performance of the thin film solar cells: the maximal J;. decrease is only of
0.05 mA/cm’. While the influence of the period (5nm step) is more important, this parameter
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can be more easily controlled than the other two during the fabrication process. This
robustness of the J,. with regards to the geometrical parameters enables a good compatibility
with standard technological processes. As shown in the following, the typical influence of the
fluctuations (of the order of one step, as indicated on Fig. 2(a)) is far below the effect of the
controlled perturbations introduced in pseudo-disordered structures.

Figure 2(b) shows the comparison of absorption spectra between the flat and the
optimized square lattice of holes structure with different thicknesses of c-Si layer, from 1 to 8
pm. No sharp absorption peak appears in the wavelength range from 300 to 500 nm, where
the penetration length of the photons in the c-Si is shorter than the absorbing layer thickness.
For the wavelength range from 500 to 700 nm, several absorption resonances corresponding
to the Fabry-Perot modes come out by the reflection at the c-Si/Al interface. In the 700-1100
nm, wavelength range, and compared to the unpatterned stack, the square lattice of holes
structures exhibit densely packed and irregular absorption peaks due to Bloch mode
resonances [1]. Besides, for each selected thickness, the absorption spectrum of the optimized
square lattice of holes is almost always higher than the absorption of the flat thin-film stack.
This type of behavior is well established in such stacks including simply periodic patterns in
absorbing layers in the micrometer range, see e.g [1, 31].

4. Pseudo-disordered lattices of cylindrical holes
4.1 Pseudo-disordered supercells definition

In order to further increase the absorption of thin film solar cells, we propose to integrate
pseudo-disordered nanopatterns. In a square lattice of holes PC, the structure is highly
efficient only for specific wavelengths; this corresponds to the sharp peaks displayed in Fig.
2(b). To overcome these limitations, pseudo-disordered PC structures relying on carefully
controlled positioned holes will be exploited.

(a) (b)

Fig. 3. Schematic view of the perturbation (a) for a single hole and (b) for 9 holes in a 3 x 3
supercell structure. (¢ & d) Determination of the pseudo-disordered structure parameter thanks
to replication of the 3 X 3 supercell. (c) The blue point represents the centroid of the selected
red holes which is used to determine the “compactness” parameter. (d) The minimum distance
between the 9 holes depicted by the red arrows determines the “clustering” parameter.
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In such designs, each hole of a supercell is moved from its original position as shown in
Fig. 3(a). The hole is shifted by a distance dp, with an angle of a. The value of dp is

determined by a Gaussian distribution (e.g. dp € [22—88] nm, 0,, =20 nm for the 2 pm c-Si

thick case), while the angle is determined by a uniform distribution. Then this perturbation
process is applied to N’ holes (e.g. 3 x 3, depicted in Fig. 3(b)) composing a N x N supercell.
This supercell is then replicated in a square lattice. To avoid numerical issues and to keep a
realistic design, only the cases in which holes do not merge are considered.

As the pattern designs are obtained by using a pseudorandom number generator (PRNG)
process, the effect of the pseudo-disorder is evaluated by the protocol defined below. Since
the dp is determined thanks to a Gaussian distribution, we simulated at least 10 different
pseudo-disordered structures with the same mean dp value for three different supercell sizes
(from 2 X 2 to 4 x 4), to obtain a representative set of patterns. This has been done for four
different values of the mean dp, we additionally consider all the thickness mentioned
previously (1, 2, 4 and 8 um thick c-Si layer).

4.2 Metric parameters for pseudo-disordered structures

As shown later, supercells exhibit various shapes that can lead to very different situations,
like clusters of holes or more evenly positioned and spaced holes. In order to analyze the
effects of the introduced disorder in the real space, we need to define relevant metrics that can
classify the pseudo-disordered structures. Thus, we define two parameters to describe the
pseudo-disordered structure, in terms of clustering and compactness.

Among all the possible arrangement of holes within the lattice of supercells, we select that
with the lowest mean distance between each of the N holes and their centroid. In the example
shown in Figs. 3(c) and 3(d), the group of N holes selected using this criterion corresponds to
the red circles, this group constitutes an alternative supercell to the initial square one. The
compactness ratio is defined as this lowest mean distance divided by the corresponding one of
the square lattice of holes. Then, for this set of N’ holes, we compute the average distance
between each hole and its nearest neighbor (Fig. 3(d)). This value, divided by the one of the
square lattice of holes is the clustering ratio. Thus, a high clustering ratio corresponds to the
presence of cluster(s) of holes in the supercell. It also means that a low compactness ratio
associated to a high clustering ratio indicates that the pattern is made of a single cluster of N’
holes, whereas a high compactness ratio parameter with a high clustering ratio value
corresponds to several clusters of holes. While one can anticipate that these two parameters
are insightful for the investigation of pseudo-disordered structures, it should be noticed that
they are not meant to fully describe them.

4.3 Best / worst pattern results

For each considered thickness, the mean J,., the standard deviation, the maximal / minimal
achievable J,. for pseudo-disordered structures among all the calculated patterns are
summarized in Table 2, together with the corresponding supercell size and the compactness
and clustering ratios. Indeed, since a pseudo disorder pattern is reproducible, it makes sense
to consider not only statistical results, but also the extremes of a set of representative patterns.

Except for the smallest thickness, the mean value J,, and even J_SC— o, are higher than

the J;. of the square lattice structure. This means that pseudo-disorder can easily enhance the
integrated absorption, even if it can be smaller than the reference in some cases, as can be
seen with the worst J. values. Quite similarly, for all the considered thicknesses, the Ji.
associated to the best pseudo-disordered structure is always higher than the J,. of the
optimized square lattice of holes. The best pseudo-disordered structures exhibit a relative
increase of 2% in J;. in the 2, 4 and 8 pum thick c-Si layer stacks, but only a very limited
increase can be obtained for the 1 um thick c-Si layer stack. For this lowest thickness, the
clustering and the compactness ratios are occasionally the same, but the distributions of the
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holes are different, leading to different values of J,.. Since the current will anyway remain
limited for 1 pm thick c-Si layer, we will focus on larger thicknesses in the following.

Table 2. Achievable current density (J., mA/cmz) for the different thicknesses of c-Si
layer: optimized value for square lattice of holes, mean value and standard, and extreme
(best and worst) values obtained on pseudo-disordered structures with the corresponding

parameters of the pattern.

Pseudo-disordered structures
| Square J_ (mA/em2) | Standard Difference
c-Si Lattice » deviation | Best/Worst | relatively Supercell | Compactness Clustering
(um) (Jser Ose Jses to the . . .
mA/em?) (mA/em?®) | (mA/em?) square size ratio ratio
lattice (%)
20.02 0.30 2x2 1.12 1.03
1 19.96 19.89 0.11
19.48 -2.40 2x2 1.12 1.03
24.38 2.83 2x2 1.04 1.06
2 23.71 23.96 0.15
23.59 -0.51 2x2 0.89 1.24
27.95 1.78 3x3 0.96 1.09
4 27.46 27.69 0.09
27.51 0.18 2x2 091 1.22
31.28 1.92 2x2 0.98 1.03
8 30.69 30.93 0.14
30.56 -0.42 2x2 0.87 1.27

It is noticeable that for the 2 to 8 um thick c-Si layers, the best pseudo-disordered
structures always exhibit a higher clustering parameter (i.e. less clusters of holes indicated by
the low clustering ratio) than the structures leading to the lowest J;.. It should additionally be
noted that while the highest J;. corresponds to a 2 x 2 supercell in the 2 and 8 um thick layers,
it is a 3 x 3 supercell in the 4 um case. Finally, since the best relative improvement with
respect to the square lattice is obtained for the c-Si thickness of 2 um, structures of this
thickness will be more detailed in section 5. In addition, for a lower thickness, the best

pseudo-disordered structures are achieved with a relatively low mean shift (%zllnm),
especially for the 1 pm thick c-Si layer stack.

4.4 Absorption spectra analysis

Figure 4(a) displays the ratio between the absorption in the best pseudo-disordered structures
and that of the optimized square lattice of holes, in the case of the four different c-Si
thicknesses considered here. On this figure, it clearly appears that the improvement mainly
occurs at long wavelength range (700 — 1100 nm), where the Bloch modes can efficiently trap
the incoming sun light. On the contrary, in the low wavelength range (300 — 700 nm), the
pseudo-disorder does not impact the anti-reflection effect of the square lattice of hole pattern.
Indeed, at the shortest wavelengths, light is absorbed within a single pass in the layer thanks
to the higher extinction coefficient of silicon, especially as the thickness of the layer
increases. Thus the absorption enhancement resulting from the pseudo disorder is mainly in a
sharper spectral range as the thickness increases.
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Fig. 4. For the 2 um thick c-Si layer stack: (a) Ratio of the absorption associated to the best
pseudo-disordered structure divided by the absorption corresponding to the optimized square
lattice of holes structure. (b) Ratio of the absorption associated to the best/worst pseudo-
disordered structure divided by the absorption corresponding to the optimized square lattice of
holes structure. For a sake of clarity, these ratio are averaged over a 25 nm spectral range. (c)
Comparison between the absorption spectra of the best pseudo-disordered structure and the
optimized square lattice of holes, as well as the Yablonovitch limit and Lambertian scattering
limit in the whole spectrum range; (d) for a spectral range comprised between 850 and 950 nm
in order to highlight new absorption peaks (depicted by green arrows), broaden peaks (depicted
by slide yellow arrows) or small magnitude peaks (depicted by red arrows).

Figure 4(b) shows the ratios between the best or worst pseudo-disordered structures and
the optimized square lattice of holes, in the case of 2 pm thick c-Si layers. The main
differences between these two spectra are in the 500 — 1100 nm wavelength range. The worst
pseudo-disordered pattern exhibits a significantly lower (2.5% decrease) absorption than the
reference optimized square lattice of holes in the 500 — 700 nm range. In the 700 — 1100 nm
wavelength range, both spectra corresponding to the best and worst pseudo-disordered
structures exhibit a higher absorption than the reference. The obtained enhancement for the
best pseudo-disordered structure reaches a value of 10.9%, while this value is divided by a
factor 2 for the worst pseudo-disordered structure. Moreover, though the absorption ratio
corresponding to the worst structure is higher than the one corresponding to the best one
around 1000 nm, there is less AM1.5G solar photon flux in that range, resulting in a lower
enhancement.

The corresponding detailed absorption spectra are given in Fig. 4(c), still for the 2 pm
thick layer stack, and compared to the Lambertian scattering limit [30] and the Yablonovitch
limit [36] both under the hypothesis of a perfect mirror at the bottom interface. Even if the
antireflection effect at the top of the stack is not fully optimized, the absorption of the
patterned stacks is higher than the Lambertian scattering limit at large wavelengths. This
shows a light trapping effect, even if it remains far below the Yablonovitch limit, also due to
the fact that interferences are not taken into account in this limit. Furthermore, compared to
the optimal square lattice of holes at large wavelengths (Fig. 4(d)), the absorption spectrum of
the best pseudo-disordered pattern exhibits broadened peaks, and peaks with smaller
amplitude. It also displays additional peaks corresponding to higher diffraction orders due to

#258556 Received 29 Jan 2016; revised 2 Mar 2016; accepted 2 Mar 2016; published 16 Mar 2016
©2016 OSA 21 Mar 2016 | Vol. 24, No. 6 | DOI:10.1364/0E.24.00A650 | OPTICS EXPRESS A658



the larger periodicity; the corresponding modes contribute to the absorption enhancement
[21]. The broad and low amplitude peaks can also lead to a higher integrated absorption than
sharp, high amplitude peaks [18, 24, 37].

5. Analysis of the pseudo-disordered structure

It has been shown that depending on the considered pseudo-disordered structure, the
integrated absorption, and thus the J,., can either be increased or decreased compared to a
fully optimized square lattice of holes. So in this section, we will investigate the link between
the real/reciprocal space distribution of holes inside the N x N supercell and the absorption
efficiency of the simplified solar cell stacks.

5.1 Real space analysis

In order to sort the distribution of holes in the real space, we will refer to the metric
parameters presented in section 4.1. For the 2 um thick c¢-Si layer stack, all the results from
simulation are plotted in Fig. 5(a). If few holes are too close to each other, leading to a high
clustering ratio, as in the holes distributions shown in Figs. 5(c) and 5(d), the resulting J, is
low. If additionally, the compactness ratio is high, like for the distribution of holes in Fig.
5(b), there is only one cluster of holes within each N x N supercell and then the J,. of the
pseudo-disordered structure is even lower.
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Fig. 5. Current density (J, mA/cm2) map (a) as a function of clustering and compactness
parameters ratio between optimized square lattice of holes and the pseudo-disordered structure
for the 2um thick c-Si layer case. The dashed black lines represent the compactness parameter
of the optimized square lattice of holes (reference value = 1) structure for 2 x 2, 3 x 3 and 4 x
4 supercell. The clustering parameter of the optimized square lattice of holes structure
corresponds to the period of the lattice and is 0.57 um. The schematic views correspond to
hole distribution of the pseudo-disordered structure that exhibit lowest J. for 2 x 2,3 x 3 and 4
x 4 supercells (b, ¢, d) highest J,. for the same cases (e, f, g). The red circles highlight the
selected hole of the supercell.
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It can be seen in Fig. 5(a) that the spread in the clustering ratio is higher for the case of the
2 x 2 supercell. Indeed, there is more chance to get clustering of holes for smaller supercells

for a given mean shift (@). It is noticeable that the highest values of J; are obtained for

pseudo-disordered structures that exhibit relatively low value of the clustering ratio, as well as
a compactness ratio above 1. This can be understood as they derive from distributions without
several clusters of holes.

More precisely, for the 2 x 2 supercell, the statistical analysis indicates that the structure
corresponding to the highest J,., presented in Fig. 5(e), exhibits a “homogeneous”
distribution, with evenly distributed holes and no clustering effect. On the contrary, the
pseudo-disordered structure corresponding to the lowest J;. presented in Fig. 5(b) exhibits the
opposite situation. For the 3 x 3 and 4 x 4 supercells, the highest obtained J,. corresponds to
lower clustering ratio (Figs. 5(f) and 5(g)), even if not the lowest one. The lowest J.
corresponds to patterns which exhibit a strong clustering (Figs. 5(c) and 5(d)), the clustering
ratio being among the highest values of the sampling.

(a) (b)
I XL XXX

000, 0% %NNo0e ®go00®
0 09% oOlO ¢®00 ®

Fig. 6. Schematic view of the best 4x4 pseudo-disordered structure from the set of simulation
discussed above (already shown Fig. 5d), together with the structure modified using the design
rules inspired from the 2 x 2 supercell analysis. From the original distribution (a), selected
holes (depicted the red dash circles) are shifted in the direction depicted by the arrow in order
to break the small clusters of holes, leading to more homogeneously distributed holes (b).

It is still possible to further optimize such patterns using these conclusions as design rules,
especially in the case of 4 x 4 pseudo-disordered structures. Indeed, in this case, considering
that the simulations are highly time consuming, the number of situations analyzed is not
sufficient to approach the optimum structure. Since the best 4 x 4 pseudo-disordered structure
displayed in Fig. 5(g) still exhibits clusters of holes, this structure can be further optimized by
moving the holes marked by the red dash circles in the direction shown by the arrow (Fig.
6(a)). The shifts are typically in a range of 15-90 nm. After 3 runs that all lead to a J. 0.2
mA/cm? higher the J. of the structure of Fig. 6(a), the design leading to the highest J,. (Fig.
6(b)) exhibits a compactness ratio increased from 1.01 to 1.03 and a low clustering ratio, 1.04
compared to 1.19 for the initial structure. As a consequence, a J,. of 24.36 mA/cm® is
obtained, 0.30 mA/cm® above that corresponding to the initial 4 x 4 pseudo-disordered
structure, which is significantly higher ( + 2.7%) than the J,. expected for the optimized
square lattice pattern. This confirms that a particular type of disorder, still far from the square
lattice of hole, but with low clustering and high compactness ratios, has to be used to increase
the short circuit current. It should be noted that even for this refined 4 X 4 pseudo-disordered
structure, the derived J,. remains smaller than that of the best 2 x 2 case. As all the 2 x 2
supercell possibilities are only a part of the 4 x 4 supercell possibilities, the pseudo-
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disordered structures in 4 x 4 supercells need more permutations and combinations to achieve
a fully optimal design.

While the influence of clustering and compactness ratio parameters has been discussed for
the 2 um thick c-Si layer case, similar results have been found for the 4 and 8 um thicknesses.
The negative influence of clusters of holes can be related to a result established by Bozzola et
al [38] for 1D binary gratings with perturbed widths and positions. Indeed, they have found
that the deviation of the pattern width should be half of the position shift, thus reducing the
risk of clustering patterns. It can be also related to the only 5% averaged shift in the position
compared to an optimized square lattice of holes suggested in the case of a 0.5 pm thick c-Si
layer on glass in Ref [18].

In this section, we have investigated the pseudo-disordered structure in the direct space;
we will now discuss on the basis of the analysis in the reciprocal space.

5.2 Spatial frequency analysis

Pseudo-disordered structures, with larger periods than the square lattices of holes, obviously
exhibit richer frequencies distributions. In the following, the spatial frequencies have been
integrated in the thin layer plane, over 360° in polar coordinates. As in the case of the analysis
in the real space, only the stack based on the 2 pm c-Si layer will be considered.
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Fig. 7. Angularly integrated magnitude in logarithmic scale of Fourier component of the
dielectric function of the considered nanostructure is integrated over polar coordinate (AIMF).
For the 2 pm thick c-Si stack, the results for the best (res. worst) pseudo-disordered structure is
plotted in blue (resp. red) line and for the optimized square lattice of holes structure in black in
the case of a2 x 2 (a), 3 X 3 (b) and 4 x 4 (c) supercell. The best pseudo-disordered structure
for each supercell size and the square lattice of holes structure are also plotted together (d).
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The angularly integrated magnitude (along the azimuth) of the Fourier component of the
dielectric functions of few selected structures (the best and worst pseudo-disordered
structures, and the optimized square lattice of holes structure), which will be referred to as the
AIMF, are plotted in Figs. 7 (a)-7(c) in logarithmic scale for each supercell size. In these
three figures, it appears that the AIMF of all pseudo-disordered structures are almost always
higher than the ones of the optimized square lattice of holes, over the whole spatial frequency
range of interest. In addition, it appears that the worst structures exhibit low spatial frequency
components (<10 pm™") with higher amplitudes than the best designs. Then focusing on the
best pseudo-disordered structures for each different supercell size (Fig. 7(d)) and compared to
the optimized square lattice of holes, it is noticeable that the best J;. is obtained in the 2 x 2
case, and corresponds to the smallest increase of the Fourier components in the low spatial
frequency range (<10 um™).

These results can be compared to previous works on complex absorbing patterns. It is
firstly supposed that at normal incidence, the diffraction efficiency of incoming light and thus
the absorption of a thin layer are directly proportional to the magnitude of the Fourier
component of the dielectric function. Under this assumption, Bozzola et al [38] chose to
increase the diffraction efficiency in the high frequency range, which leads to a structure that
makes use of numerous components of possibly high amplitude. On the other hand, Martins et
al [20] directly optimized their structure in the Fourier space considering that the air light line
corresponds to the limit between quasi-guided, trapped mode and photon leakage. Their
optimization led to a pattern that exhibits Fourier components with low magnitude in a low
frequency range, up to 2z/4y with 4, corresponding to a wavelength where the absorption in
silicon becomes weak. In our case, we set the limit between the low and high frequency
ranges to 2z/A, A being the period of the square lattice of holes, close to the value of 4,
chosen in [20].

Our results are then sorted according to the previous two criteria. For 2 x 2 supercell and
the 2 um thick c¢-Si layer stack, the current densities are displayed as a function of the AIMF
over the two frequency ranges, as shown in Fig. 8. High values of J;. are achieved for patterns
with high magnitude of the integrated dielectric function in the high frequency range, and a
relatively low magnitude in the low frequency range. It then appears that both criteria
suggested in the former studies mentioned above are overall satisfied.

However, since the air filling fraction is always the same as the one of the optimized
square lattice of holes, the integration over the full spectral range of the square of the
magnitude of the Fourier components of all structures of a given thickness is constant,
according to the Parseval’s theorem. Thus, the achievable values over the two selected
frequency ranges are limited. But still, such considerations could make it possible to
minimize the quantity of pseudo-disordered structures to be simulated and this indicates
guidelines for the optimization, which is especially valuable for large supercells.

Finally, as mentioned previously, the distribution of the Fourier components of the various
structures considered have been constrained considering a fixed area filling fraction. In that
sense, clusters of holes can simultaneously lead to significant diffraction at low and very high
(higher than 47/41) spatial frequencies, and thus may not satisfy the previous criteria. This
confirms the tendency observed in the real space.
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Fig. 9. High current density (J;., mA/cm2) seeking for the pseudo-disordered structure with a
5x5 supercell by referring to the criteria in terms of AIMF.
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The fact that the AIMF should be low in the range [0 — 2n/A] of the spatial frequencies
and high in the range [2n/A — 47/A] has been used to design a 5 x 5 supercell within a 2 um
thick c-Si layer stack with a high J,.. The two ranges are again used in Fig. 9, such as to locate
four 5 x 5 supercells that have been chosen with typical AIMF, high or low in the range [0 —
21/A], and high or low in the range [2/A — 4n/A]. Indeed, it can be checked in Fig. 9 that the
Jy. of the pattern that satisfies both criteria is higher than the one of the patterns that satisfied
only one or even none of the criteria. These criteria should thus be used as guidelines for a
faster design of pseudo-disordered supercells.

All these analyses are done under normal incidence. Considering the large number of
addressable optical modes, pseudo-disordered structures are also expected to be less sensitive
to the angle of incidence of the impinging light. This will be investigated in the next section.

6. Angular response of the PC architectures

The absorption under oblique incidence is a critical property for photovoltaic devices without
solar trackers. As depicted in Fig. 10(a) and for a nanopaterned stack, the oblique unpolarized
incidence is characterized by two parameters: the incident angle (6) and the conical angle (D).
In order to determine J;. under an incidence angle () in a rigorous way, we calculate the
average of Jg. for all conical angles @ (from 0° to 360° with a step of 45°).
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Fig. 10. Schematic view of an oblique incident light under an incidence angle 6 with a conical
angle @ (a). For the 2 um thick c-Si layer stack, evolution of J,. for the optimized square
lattice of holes structure (red dot), for the best pseudo-disordered structures (blue triangle) and
for the unpatterned case (black square) over the [300-1100] nm (b) and [700-1100] nm spectral
ranges (c).

The short circuit current density predicted using this approach is plotted in Fig. 10(b) for
the whole range of angles of incidence (6), and for different structures: the unpatterned stack,
the optimized square lattice of holes structure and the best pseudo-disordered structure in the
2 x 2 supercell, with 2 um thick c-Si layers. Firstly, this shows that the J;. value associated to
the best pseudo-disordered structure is always higher than that corresponding to the optimized
square lattice of holes structure. Secondly, the optimized square lattice of holes structure
exhibits an unusual increase of J,. at small angles (around 5-10° off the vertical axis) due to
the possibility of coupling the incident light into resonances by the symmetry breaking under
the oblique incidence [25, 39]. Around this angle, the difference between the optimized
square lattice of holes and the best pseudo-disordered structure is the lowest; it is only 0.5%
higher with the pseudo-disordered structure. For a higher angle of incidence, the difference in
Jy. increases up to 2.9%. Overall, in all cases, the J,. decreases when the angle of incidence is
increased. This behavior is general for all types of solar cells without trackers, and is mainly
due to a decrease of the incidence power density at the surface of the solar cells; this is a
simple geometrical effect. As shown on the averaged spectra of Fig. 4(a), the pseudo-disorder
especially impacts absorption efficiency in the long wavelength range. Focusing on the 700-
1100 nm range (Fig. 10(c)), the impact of nanopatterning doubles the absorption efficiency of
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a flat thin layer stack for all incidence angles. As expected, the gain between pseudo-
disordered structure and square lattice of holes structure is higher for that wavelength range,
with a relative increase up to 8.0%. Finally, one can notice that the J. fluctuations occurring
below 30° for the square lattice of holes disappear in the case of the pseudo-disordered
structure, leading to a slowly decreasing J;. for large angles of incidence.

7. Conclusion and outlook

We have studied the effect of a pseudo-disordered pattern on the absorption of
technologically realistic simplified solar cell stacks including a thin absorbing c-Si layer, a
front transparent electrode, and a metallic layer on the back. First, we have shown that the
absorption of the pseudo-disordered structure overpasses the absorption of an optimized 2D
square lattice of holes structure within a large range of c-Si layer thicknesses. Then, thanks to
the metrics used to characterize the pseudo-disorder, we evidence that clustering of holes
needs to be avoided to achieve a high J;.. Studying these structures in the reciprocal space, we
have also shown that the two criteria separately suggested in the literature to optimize
complex nanopatterns need to be satisfied simultaneously. The redistribution of the spatial
frequencies over the whole frequency ranges is another argument against the clustering of
holes. These guidelines have been used to enhance the absorption of a 5 x 5 supercell without
a systematic calculation of the absorption, but rather an analysis of the structure in the
reciprocal space, which is significantly faster. Pseudo-disordered structures lead to a high J.
not only under normal incidence, but also for a large range of angles of incidence. Lastly,
according to our results, the highest J;. has been obtained for only a 2 x 2 supercell. Indeed,
the spectral density of modes increases in N* [21]. This could indicate that there is an optimal
density of modes to maximize the integrated absorption, so an optimal size of the supercell, as
already observed in 1D patterns in [22], and like the case correlated disorder [11]. This
pending question still needs further investigations.

Thanks to Nano-Imprint Lithography techniques based on replication of master stamp
associated with transfer processes like plasma etching [40], the pseudo-disordered structure
proposed in this communication can be realized using exactly same processes as the
optimized square lattice of holes with no additional cost. Using the design rules presented in
this paper together with relevant nanopatterning processes is therefore expected to lead to
highly efficient and angularly stable thin film solar cells.

Appendix

The refractive indices and extinction coefficients used in the optical simulations and
corresponding to c-Si [33], Al [34] and ITO [34], which are from experimental data provided
by IMEC, a re displayed in Figs. 11 (a)-11(c).

#258556 Received 29 Jan 2016; revised 2 Mar 2016; accepted 2 Mar 2016; published 16 Mar 2016
©2016 OSA 21 Mar 2016 | Vol. 24, No. 6 | DOI:10.1364/0E.24.00A650 | OPTICS EXPRESS A665



6 4
7] 7
o )
- A

4 2

300 500 700 900 11 80

Wavelenath (nm)

3 15
2 10
< <
= 4
1 5
800 500 900 1100

700
Wavelenath (nm)

3 15
2 10
< <
c -
1 5
900 500 900 11 80

700
Wavelenath (nm)

Fig. 11. Refractive index n (red) and extinction coefficient k (blue) used for optical
simulations, for c-Si (a), ITO (b) and Aluminum (c).
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