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Abstract: We report on the fabrication of disordered nanostructures by
combining colloidal lithography and silicon etching. We show good control
of the short-range ordered colloidal pattern for a wide range of bead sizes
from 170 to 850 nm. The inter-particle spacing follows a Gaussian
distribution with the average distance between two neighboring beads
(center to center) being approximately twice their diameter, thus enabling
the nanopatterning with dimensions relevant to the light wavelength scale.
The disordered nanostructures result in a lower integrated reflectance
(8.1%) than state-of-the-art random pyramid texturing (11.7%) when
fabricated on 700 um thick wafers. When integrated in a 1.1 pum thin
crystalline silicon slab, the absorption is enhanced from 24.0% up to 64.3%.
The broadening of resonant modes present for the disordered nanopattern
offers a more broadband light confinement compared to a periodic
nanopattern. Owing to its simplicity, versatility and the degrees of freedom
it offers, this potentially low-cost bottom-up nanopatterning process opens
perspectives towards the integration of advanced light-trapping schemes in
thin solar cells.

©2015 Optical Society of America

OCIS codes: (350.6050) Solar energy; (310.6628) Subwavelength structures, nanostructures;
(310.6845) Thin film devices and applications; (040.5350) Photovoltaic.
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1. Introduction

The concept of thinning down the photoactive material as a path towards cost reduction has
been driving research activities in the field of crystalline silicon (c-Si) photovoltaics (PV) for
already more than a decade. As a result, significant theoretical and experimental
advancements have been made, taking advantage of both computational and experimental
capabilities, further pushing the limits of technological achievements. In particular, one issue
of major importance is to tackle the incomplete absorption of light in thin c-Si slabs due to the
fundamental optical properties of silicon, i.e. its high refractive index and its low absorption
coefficient originating from its indirect band-gap. As a consequence, various theoretical
optics concepts have been investigated and various top-down or bottom-up fabrication
techniques have been employed for enabling advanced light trapping for c-Si solar cells.

Recent developments in the field of nanophotonics [1] have brought the manipulation of
light using photonic nanostructures for PV into the spotlight, even though there were earlier
ideas discussing the incorporation of a diffraction grating in a solar cell [2]. Analytical
calculations and simulations [3—5] have shown that absorption enhancement beyond the
commonly accepted Lambertian limit [6,7] is possible through the use of periodic photonic
nanostructures. As demonstrated in these studies, thanks to the coupling of light into certain
diffraction orders, absorption is strongly enhanced around resonant wavelengths. However, in
this approach, the absorption enhancement surpasses the Lambertian limit only for particular
wavelengths. In order to achieve a more broadband effect, one has to compromise the strict
wavelength selectivity of the photonic nanostructures. Excellent broadband antireflection
properties have been achieved for random surface textures with features smaller than the
wavelength of light, commonly known as “black” silicon [8-10]. Although such small
features influence the amount of reflected and transmitted photons, limited light trapping
occurs resulting in insignificant absorption enhancement of long wavelength photons [9].
Therefore, such surface texture does not bring significant improvement on the light path
enhancement aspect unless the feature size is increased so as to induce better scattering of
light [11].

Somewhere between perfect order and complete randomness lies a recent approach based
on introducing a certain degree of disorder. Various concepts have been proposed including
an amorphous/short range order [12,13], a certain degree of perturbation on a periodic
nanopattern [14] as well as a super-cell approach [15], all reporting in an absorption
enhancement surpassing micron-scale textures and periodic wavelength-scale nanostructures.
Additionally, the robust optical behavior of such disordered nanostructures with respect to
light incident angle has been reported [16] and theoretical guidelines for optimal disorder
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such as the importance of a high pattern area fill fraction have been given [17]. However,
contrarily to periodic and random nanopatterns whose optical performance and fabrication
techniques [9,18] have been extensively reported, either by low-cost top-down [19] or
bottom-up approaches [20-22], the fabrication of disordered photonic nanostructures has so
far been done by expensive techniques [14,15].

In this paper we report on the combination of a bottom-up technique, hole-mask colloidal
lithography (HCL) [23], and silicon etching in order to enable the fabrication of disordered
nanopatterns. Based on the fact that this technique presents multiple advantages such as
versatility, simplicity and processing over large areas, it could offer a cost effective method
for integrating advanced light trapping schemes in a solar cell fabrication flow [24]. The
optimization of the process, with respect to both the colloidal lithography and silicon etching
in order to achieve a controlled fabrication, is presented and the optical performance of the
fabricated disordered nanostructures is discussed.

2. Experimental methods

In order to study the optical properties of the fabricated nanostructures, two substrates were
used with different thicknesses: 700 um thick c-Si wafers and 1.1 um thin c-Si slabs bonded
on glass [25]. On one hand, we consider the 700 pm thick c-Si wafers as semi-infinite since
all the light entering the sample with a wavelength lower than 1050 nm will be absorbed with
a near 100% probability before reaching the back side. This offers therefore the possibility to
study only the light/matter interaction on the front interface between air and silicon (light in-
coupling). On the other hand, the ultra-thin 1 pm c-Si slabs bonded on glass act as an
asymmetric waveguide in the low absorption limit offering the possibility to investigate the
light confinement (light-trapping). In order to focus only on the optical properties of the
nanopattern and to avoid effects such as parasitic absorption (i.e. absorption occurring
elsewhere than in the photoactive layer) or thickness variations due to conformity issues [26],
no antireflection coatings (ARC) or metal back reflectors were used.

The fabrication of nanostructures with a short-range order was done by hole-mask
colloidal lithography (HCL) [23]. The process building blocks, schematically shown in Fig. 1,
include a) the adsorption of surface-charged polystyrene (PS) beads, b) the etch mask
deposition, c) the beads removal and d) the pattern transfer by silicon etching. A triple layer
consisting of PDDA (polydiallyldimethylammonium), PSS (poly(sodium 4-styrenesulfonate))
and ACH (aluminium chloride hydroxide) was deposited on top of the silicon surface.
Afterwards, a colloidal solution consisting of negatively charged polystyrene (PS) beads was
adsorbed on the surface. A range of PS bead sizes from 170 nm to 850 nm were used. The
coexistence of repulsive inter-particle interactions and attractive bead-substrate interactions
leads to the assembly of the beads into an amorphous array, i.e. with short-range order. In a
subsequent step, an etch mask was deposited on top of the PS beads covered substrate (Fig.
1(b) and 1(c)). Thermally evaporated aluminum or silicon oxide films with a thickness of 50
nm were used as hard mask. After beads removal, a nanohole-patterned etch mask with a
short-range order was obtained. Finally, silicon etching was done either by dry plasma or wet
chemical anisotropic etching through the aluminum or silicon oxide etch mask, respectively.
Fluorine-based plasmas in combination with oxygen (SF, /O, ) were used in order to etch

silicon at low pressure. The chemical etchant for anisotropic etching was
tetramethylammonium hydroxide (TMAH), 10% diluted in water, at 80°C.
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Fig. 1. (a-d) Schematic representation of the process flow. (e, f) scanning electron microscopy
images of the nanostructures showing on (e) a top-view their distribution and on (f) a tilted
view of their etched profiles.

The periodic photonic nanostructures used for comparison were fabricated by STU
(simultaneous thermal and UV) nanoimprint lithography [27, 28]. The topography of the
fabricated photonic nanostructures was characterized by scanning electron microscopy
(SEM). Spectrally resolved reflectance (R(A)) and transmission (T(A)) measurements, with
light impinging on the sample at near normal incidence and a measurement step of 10 nm,
were performed using an integrating sphere in order to evaluate their optical performance
(samples being positioned outside of the sphere). Absorption was then extracted as A(A) =
100 - R(A) - T(A). For comparing the overall performance, the integrated values of reflectance
were used as the figure of merit (between minimum and maximum values corresponding to
the wavelength range where silicon absorbs, i.e. 300-1170 nm). They are the ratio of the
number of reflected photons to the total number of incident photons over the wavelength
range relevant for c-Si absorbance, taking into account the AMI1.5 global tilt intensity
distribution. The total number of reflected photons is given by:

e 2

D, = Zhj %-SAMLSG(Z)R(Z)d/l (1)

where @, is the integrated reflected photon flux (in units of number of photons/s'm?), A is
the wavelength of light, h is Planck’s constant, ¢ is the velocity of light, S, s s the global
tilt solar intensity distribution at the air mass of 1.5 and R is the measured reflectance value.
The same formula can be used for estimating the number of absorbed photons (integrated
absorption) by using the calculated absorption A(L) values. For the case of the 700 pm thick
c-Si wafers, the range of studied wavelengths was limited to 300-1050 nm (1050 nm being
the wavelength of light right before reaching the back side of the 700 um thick c-Si slab)
when calculating the integrated values in order to correctly implement the concept of the
semi-infinite slab and restrict the discussion only on the front interface between air and
silicon.

3. Results and discussion

In this section, we discuss the essential parameters for the control on the nanopatterning
technique. We present on one hand the bead distribution characterization and on the other
hand the etched profile resulting from the transfer of the nanopattern on silicon. Finally, we
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discuss the behavior of the fabricated disordered nanostructures with respect to light in-
coupling (i.e. on 700 pum thick wafers) and light trapping (the case of 1 pm c-Si slab on
glass).

3.1 Characterization of the beads distribution

The combination of two forces, i.e. bead-to-bead electrostatic repulsion and bead-to-substrate
electrostatic attraction, defines the position of the beads. A good control on the process is
needed in order to balance those two forces, avoid the agglomeration of the beads and achieve
a short-range ordered array on the silicon surface. As shown in the top view SEM images of
Fig. 2, a uniform distribution has been achieved for a wide range of PS bead sizes (from 170
nm to 850 nm) relevant for the specific application in wavelength-scale light trapping for c-
Si.

SEM image analysis was then used to check the short-range order. The inter-particle
spacing distribution can be characterized by extracting the nearest neighbor (NN) distance
from the SEM image, i.e. the center-to-center distance between one given bead and its nearest
neighbor. In the same fashion as the nearest neighbor distance, we have defined the 3 nearest
neighbor (3NN) distance to take into account the inhomogeneities in the beads pattern. As
shown in Fig. 2(b) for a size of 270 nm, the beads are arranged on the silicon surface
following a Gaussian distribution. Moreover, we have calculated the inter-particle spacing
distribution for different PS bead sizes by statistical analysis of the SEM image. We have then
extracted the mean values of the NN and 3NN distances as the values corresponding to the
peaks of the Gaussian fits in the case of the NN and 3NN distributions, respectively. As
shown in Fig. 2(c), for all bead sizes, the average distance between two neighboring beads
(center to center) is approximately twice their diameter.

N=3 - PS size = 270 nm

vy 50 2000
£ . £
B e < 1600 -
© 330 [}
S w 2 1200 -
o = 5
S w 5 800
g w Z
5w o 400 A
= = R2=0.99
O T T T T
% 0 400 450 500 550 600 650 700 750 800 850 0 200 400 600 800 1000
Inter particle distance PS bead size (nm)
b) c)

Fig. 2. Beads distribution analysis: (a) SEM image of the resulting bead distribution for bead

sizes of 170, 270 and 850 nm, (b) 3 nearest neighbor distribution plot (red) with Gaussian fit

(black curve) for the 270 nm bead size and (c) mean nearest neighbor (NN, black) and 3

nearest neighbor (3NN, red) values for various bead sizes.
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3.2 Transfer of the pattern by silicon etching

In order to transfer the pattern from the etch mask to silicon, two techniques were used (dry
and wet etching) targeting different hole profiles. It should be mentioned that we investigate
two etching techniques due to the fact that wet etched nanostructures have been shown to
enable higher minority carrier lifetimes compared to dry etched nanostructures when
passivated by hydrogenated amorphous silicon [29]. Moreover, we target the fabrication of
nanostructures with high area fill fractions, defined as the ratio of the area covered by holes
over the total area, based on theoretical guidelines presented earlier [17].

After dry plasma etching, surface corrugations featuring etched holes with a parabolic U-
shape were obtained. By tuning the plasma parameters, the hole diameter and the area fill
fraction can be altered by an under-etch which is present during the dry plasma etching
process (Fig. 3(a) and 3(b)). In fact, because of the chemical constituent of the etching
mechanism, free fluorine atoms diffuse on the silicon surface and reach areas under the etch
mask where they get adsorbed and desorbed along with silicon [30]. Therefore, starting from
a bead size of 270 nm (red dot in Fig. 3(a)) and an initial area fill fraction of around 20%, the
respective shape expansion (red arrows in Fig. 3(a)) due to long etch rates results in a higher
final area fill fraction of 94%.

After anisotropic wet chemical etching, inverted nanopyramids are obtained on the silicon
surface. Contrary to dry etching, high area fill fractions could not be achieved by increasing
the etch time in order to achieve an over-etch. Therefore, a significant limitation arises
highlighting the incompatibility between this colloidal lithography process and the anisotropic
etching of silicon. This limitation is due to (i) the variable distance between nearest neighbors
and (ii) the difference (~40 times) in the etch rates between the (100) and the (111) planes
during anisotropic wet chemical etching [31]. It is well known that the area which is enclosed
in the square that surrounds a certain corrugation, in our case a circle, is the area which is
being etched. When two neighboring rectangles (defining the area to be etched) overlap, the
final etched area becomes the new rectangle enclosing the two neighboring corrugations (Fig.
3(c)). Therefore, as shown in Fig. 3(c) and 3(d), neighboring nanostructures can merge and
form large pyramidal or trapezoidal structures making the shape expansion for short-range
ordered corrugations uncontrollable.

Dry etching 200 nm

| N
Wet etching ~ _S00nm_ Wet etching —2pm__

Fig. 3. Scanning electron microscopy images of (a, b) parabolic shaped nanostructures and (c,
d) inverted nanopyramids after HCL. In (a) and (b), the arrows represent the under-etch which
leads to an increased area fill fraction. In (c) and (d), the failing mechanism of merging
neighboring corrugations due to the disordered distribution of PS beads leading to micron-
scale features is highlighted.
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In order to enable the fabrication of inverted nanopyramids with as high area fill fractions
as possible, the initial bead inter-distance should be reduced as much as possible, so as to
minimize the required over-etch. In order to make such a dense pattern, the repulsive force
between the particles should be minimized. This can be done by adding ions, such as sodium
chloride (NaCl), to the colloidal solution to increase the ionic strength of the solution and thus
screen the electrostatic repulsive inter-particle interaction [32]. However, the repulsive and
attractive forces should stay balanced so that the bead inter-distance distribution is not altered
(and particularly so that aggregation is avoided).

The extent to which we can tune the achieved etched profiles so as to control the depth of
the fabricated nanostructures is different for dry and wet etching. For the inverted
nanopyramids, the depth and base are interlinked thus limiting the degrees of freedom on the
achievable etched profile. On the contrary, more degrees of freedom exist in the case of the
dry etching. The shape (depth and area filling fraction) of the dry etched nanostructures could
be controlled, to a certain extent, by tuning the etching parameters such as power, pressure
and oxygen concentration. However, careful tuning of the etching parameters is needed in
order to balance the extent of the physical and chemical etching and achieve deep holes
without losing in area fill fraction. The effect that the etched hole profile is expected to have
on the performance of the fabricated nanostructures has already been investigated. In
particular, it has been shown [33,34] that better optical performance is achieved by deeper
surface corrugations. Moreover, as discussed in [35], the optimal set of parameters oscillates
when scanning the individual parameters (period, depth etc) giving several local maxima of
the achievable current for either shallow or deep corrugations, with good tolerance with
respect to variations in the individual parameters.

3.3 Optical properties of the disordered nanostructures
3.3.1 Light in-coupling (700 um thick wafers)

The light in-coupling behavior of the fabricated nanostructures with short-range order follows
the same trends as in the case of the periodic nanostructures presented in [29].
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Fig. 4. Optical properties on 700 pm c-Si slabs: (a) integrated reflectance for various area fill
fractions for Wet-HCL and Dry-HCL. (b) reflectance curve of the best achieved disordered
nanopattern and benchmarking with state-of-the-art random pyramid texturing.

More precisely, as shown in Fig. 4(a), high area fill fractions result in better antireflective
properties because of a gradual change in the refractive index between air and silicon. In the
case of pattern transfer via dry etch (Dry-HCL), high area fill fraction and deep corrugations
could be achieved which resulted in a low integrated reflectance of 8.1%. On the contrary, in
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the case of pattern transfer via wet etch (Wet-HCL), where high area fill fractions could not
be reached, the integrated reflectance remained high because of many flat areas in between
neighboring surface corrugations and quite shallow structures. In both Wet-HCL and Dry-
HCL cases, the higher the area fill fraction, the better the light in-coupling and therefore, the
lower the integrated reflectance. The best antireflective performance is observed for the
combination of 270 nm PS beads and dry etching which resulted in nanostructures having
diameters and an average distance of corrugations around 620 nm. As shown in Fig. 4(b), the
integrated reflectance of the best Dry-HCL (8.1%) is lower than the benchmark reflectance of
state-of-the-art random pyramid texturing (11.7%). Besides the better absorption of the
disordered nanopattern with respect to the random pyramid texturing, a better angular
robustness [26] is an important added value which could contribute to an increased energy
yield of a solar module.

3.3.2 Light trapping (1 pm-thin c-Si slab on glass)

In order to study the light-trapping properties of the disordered nanopattern, 1.1 pm-thin c-Si
slabs were used. For the fabrication of the disordered nanostructures, PS beads with a size of
270 nm were used and various area fill fractions were obtained by tuning the etching
parameters (SEM shown in Fig. 5(b)). It should be noted that we restricted the fabrication
only to 270 nm beads since the combination of this size with the parameters of dry etching
resulted in the best antireflective properties as discussed in the previous section (shown in
Fig. 4(a)). The effect of the area fill fraction on the optical properties of the fabricated
disordered nanostructures is shown in Fig. 5(a): the higher the area filling fraction, the higher
the absorption. This trend was also theoretically shown in [17] for disordered nanopatterns on
c-Si slabs with similar thicknesses as the one used here.
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Fig. 5. Optical properties on 1.1 pm c-Si slab on glass: (a) integrated absorption for various
area fill fractions of the disordered nanopattern, (b) SEM images of disordered nanostructures
with varying fill fraction, (¢ - e) transmission, reflectance and absorption spectra of flat,
periodic and disordered nanostructures.

We first compare the optical performance (transmission, reflection and absorption spectra)
of the disordered nanostructures and the flat slab (Fig. 5(c), 5(d) and 5(e), respectively). For a
flat slab of a thickness of 1.1 pm, light impinging on the device does not efficiently couple to
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quasi-guided modes, and therefore absorption remains low (24%). The integration of the
wavelength-scale disordered nanostructures leads to the excitation of guided modes, thus
resulting in an absorption enhancement compared to the flat slab. As shown in Fig. 5(e), the
absorption increased from 24% for the flat slab up to 64.3% for the disordered nanopattern.
Focusing on the photons which do not reach the back side of the slab, i.e. for photons with
wavelengths shorter than 550 nm (this wavelength corresponds to a penetration depth in
silicon of less than 1 pm, also seen in Fig. 5(d) where the transmission through the flat slab
starts for this wavelength) the absorption is enhanced due to a gradual change of refractive
index from air to silicon and therefore better light in-coupling. Moreover, a better light
confinement compared to the flat slab is achieved thanks to the disordered photonic
nanostructures. This becomes obvious for photons with wavelengths longer than 550 nm
where the absorption is strongly enhanced. Finally, it should be highlighted here that the
Fabry-Perot resonances seen for the flat slab fade away for the disordered nanopattern.

Additionally, we compare the best absorption spectrum of the fabricated disordered
nanopattern to the absorption spectrum of a periodic nanopattern. The purpose here is to
highlight the similarities and differences in the optical performance of the two experimentally
fabricated nanopatterns, rather than concluding on which nanopattern is the best, a question
which normally emerges when comparing a periodic and a disordered nanopattern [36]. The
periodic nanostructures are fabricated by nanoimprint lithography and dry etching (Dry-NIL)
and they have geometrical dimensions (pitch of 650 nm, diameter of 570 nm and a depth of
500 nm) which are close to the disordered pattern (3NN of 620 nm, diameters ranging
between 550 and 650 nm and a depth of 500 nm). On one hand, the periodic and disordered
nanostructures have similar light in-coupling behavior. This is due to the similar hole shape
and dimensions for the two nanopatterns which enables a similar gradual change of the
refractive index. On the other hand, for ordered structures the Fourier spectrum is well
defined, which enables the efficient coupling of light into specific wavelengths. For the
disordered structures, a richer Fourier spectrum is obtained, which results in an increasing
number of accessible diffraction orders and therefore a higher density of photonic states [13—
15]. In particular, the peaks seen for the periodic nanopattern because of the resonant modes,
broaden spectrally for the disordered nanopattern revealing an overlap of modes. As a result,
a smoother absorption spectrum is obtained for the disordered patterned. Overall, for the 1.1
pm crystalline silicon slab on a glass carrier, the disordered nanostructures result in an
integrated absorption (64.3%) which is comparable to the integrated absorption for the
periodic nanostructures (63.7%).

4. Conclusions

We report on the fabrication of disordered photonic nanostructures following a bottom-up
approach combining colloidal lithography and (dry or wet) silicon etching. We have shown
good control of the short-range ordered colloidal pattern for a wide range of bead sizes from
170 to 850 nm relevant for photon wavelength-scale texturing. The pattern’s inter-particle
spacing follows a Gaussian distribution and the average distance between two neighboring
beads (center to center) is approximately twice their diameter. We have investigated the case
of inverted nanopyramids obtained by wet chemical anisotropic etch, which has a higher
potential for good surface passivation. However, so far, the optical performances of
disordered wet etched nanostructures are limited by the low values of filling fractions that can
be reached. This limitation could be circumvented by increasing the density of the initial
colloidal pattern or by using a more isotropic wet etch process in order to improve the control
of the under-etch. Regarding the short-range ordered arrays of U-shaped parabolic holes
obtained by dry etching, we have demonstrated experimentally that they outperform the
micron-scale random pyramid texturing. When integrated in a 1.1 pm thin crystalline silicon
slab bonded on glass, the absorption is enhanced from 24.0% for the flat slab up to 64.3% for
the disordered nanopattern. Moreover, the broadening of resonant modes seen for the
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disordered nanopattern offer a more broadband light confinement compared to a periodic
nanopattern. As mentioned earlier, the results presented in this study are related to
nanopatterned samples which did not include any additional light trapping related layers
(mainly ARC or metal back reflector) in order to avoid effects such as parasitic absorption
(i.e. absorption occurring elsewhere than in the photoactive layer) or thickness variations due
to conformity issues [26]. However, those layers are normally included in a solar cell stack. It
should be mentioned that the broadband antireflection effect and light trapping properties of
the fabricated nanopatterns are superimposing with the antireflection effect from an ARC
which targets a specific wavelength. Interestingly, tailoring the optical properties by
optimizing the pattern parameters can also lead to new degrees of freedom when designing
the full cell stack of a photonic-assisted solar cell [37]. These two effects could be combined
to design a solar cell with better overall optical performance and/or lower cost. For instance,
the incorporation of a thinner ARC or even no ARC at all (currently SiNx as an ARC is one
of the most expensive steps during the fabrication of a state of the art solar cell) could be
envisaged. The glass and encapsulating material could also offer a combined gradual change
of refractive index enabling either thinner or no ARC. Regarding the material quality after
nanopatterning, dry etching has been shown to result in low minority carrier lifetimes due to
1) a high density of dangling bonds and ii) the presence of sub-surface defects [38]. However,
recent developments with atomic layer deposition of aluminum oxide (Al,O3) have enabled
reaching high lifetimes. In particular, surface dangling bonds can be efficiently passivated
with Al,O; [39] while the formed field-effect passivation mechanism depletes the nanopattern
from minority carriers [40].

We foresee that the presented, potentially low-cost bottom-up nanopatterning process
opens perspectives towards the integration of advanced light-trapping schemes in thin solar
cells owing to its simplicity, versatility and the degrees of freedom it brings. Therefore,
combining recently developed surface passivation schemes and disordered nanopatterns for
advanced light management as presented here opens the way towards efficient photonic-
assisted thin solar cells.
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