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2 Abstract

3 Thin, flexible and invisible solar cells will be an ubiquitous technology in the near
4 future. Ultrathin crystalline silicon (c-Si) cells capitalise on the success of bulk silicon
5 cells while being light-weight and mechanically flexible, but suffer from poor absorption
6 and efficiency. Here we present a new family of surface texturing, based on correlated
7 disordered hyperuniform patterns, capable of efficiently coupling the incident spectrum
8 into the silicon slab optical modes. We experimentally demonstrate 66.5% solar light
9 absorption in free-standing 1 pm c-Si layers by hyperuniform nanostructuring. The
10 absorption equivalent photocurrent derived from our measurements is 26.3 mA /cm?,
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which is far above the highest found in literature for Si of similar thickness. Considering
state-of-the-art Si PV technologies, the enhanced light trapping translates to a record
efficiency above 15%. The light absorption can potentially be increased up to 33.8
mA /cm? by incorporating a back-reflector and improved anti-reflection, for which we

estimate a photovoltaic efficiency above 21% for 1 pum thick Si cells.

Micrometer-thick silicon photovoltaics (PV) promises to be the ultimate cost-effective, re-
liable and environmentally-friendly solution to harness solar power in urban areas and space,
as it combines the low cost and maturity of crystalline silicon (c-Si) manufacturing® with
the low weight and mechanical flexibility of thin films.?* Efficient light trapping in ultrathin
¢-Si is of utmost importance when the film is thinner than the absorption length. Indeed,
due to the indirect bandgap of ¢-Si, inefficient absorption currently hampers the thinning of
Si cells below ~ 100 pum, which is crucial to enable flexible, light weight and lower cost ¢-Si
PV.156 3D nanophotonic architectures are crucial for reducing the cell thickness as conven-
tional anti-reflection coatings and multilayers can only prevent light reflection via impedance
matching of the solar cell and air, but do not extend the light paths in the Si cell that are
required for efficient photon absorption.” Despite the fact that many works have focused on
nanophotonic principles for enhancing light absorption, there is still no unanimously agreed

best strategy for the designing of light trapping nano-textures for PV. Periodic patterning of

8-1 13-15

a thin slab, whether by adding plasmonic®'? or dielectric structures, can reduce reflec-
tion and simultaneously scatter light in the plane of the thin film, but generally work only
at discrete wavelengths and specific angle of incidence, due to the discrete crystal momenta
of gratings. Oppositely, disordered patterns, such as Asahi roughening or random pyramid
etching, scatter the light over a broad angular range and over a large range of wavelengths
due to the large rotational and translational symmetry, but are not tailored to match the
thin film. 6

Recently, correlated disordered media have been shown to outperform random roughen-

ing and periodic patterning for light trapping.'” ¢ Albeit many designs have been presented
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so far, it is still an open question what the best design is and whether the optimal one
has already been achieved. For instance, it is not obvious if the best result is obtained
when starting the optimisation from a periodic or from a random structure. In contrast
to these heuristic optimisation methods, hyperuniformity has recently emerged as a new
framework to engineer light scattering and diffraction in a rational manner. Hyperuniform
disorded (HUD) media are statistically isotropic and possess a constrained randomness such
that density fluctuations on large scales behave more like those of ordered solids, rather
than those of conventional amorphous materials.?” 3 HUD patterns naturally arise in many
physical systems, from the mass distribution in the early universe,®' structure of prime num-
bers,3? hydrodynamics,? structure of amorphous ices,?* sheared sedimenting suspensions,
to wave localisation® or colloidal packing.3” When translated into photonic materials, HUDs
exhibit large and robust photonic band gaps as in photonic crystals, but are both complete
and isotropic.3? As a result, HUDs display allowed modes that can propagate through the
structure in an isotropic fashion as in random media. HUDs are a highly flexible platform
to control light transport, emission and absorption in unique ways, beyond the constraints
imposed by conventional photonic architectures, 42 for the design of freeform waveguides,*3
high-quality factor resonant defects and arbitrarily high-order power splitters,**4> hollow-

" among others.

core fibers“® and photonic bandgap polarizers*

In this work we experimentally demonstrate that light absorption in a 1 gum-thick silicon
slab is enhanced more than twofold in the wavelength range from 400 to 1050 nm when
textured with optimised HUD-based patterns compared to the unpatterned slab. The re-
sulting absorption is the highest demonstrated so far in a Si slab as thin as 1um. This record
value is achieved by k-space engineering of HUD patterns with a tailored scattering spec-
trum and diffractive coupling of solar irradiation into guided modes of the Si slab. Using our
demonstration of light management, we investigate PV efficiency by focusing on the trade-off

between light trapping and increased carrier recombination given by the nanotextures. We

find that the effect of increased surface-induced charge carrier recombination on the open
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circuit potential can be fully compensated by the large photo-currents. A detailed PV effi-
ciency estimation reveals that efficiencies above 20% can be obtained for several optimised
HUD designs and state-of-the-art Si PV technologies. This is a highly remarkable efficiency
for such a thin indirect-bandgap material, which together with the fact that lower grade
raw Si material can be used in such thin devices, establishes a new breakthrough in thin

light-weight and flexible solar cells.

Light absorption in films with disordered hyperuniform patterns
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Fig. 1 Ultra-thin light absorber design. a Schematic representation of the ultra-thin
light absorber consisting of a 1 gm-thick silicon film with the HUD pattern on the top surface
(~ 200 nm thick) to improve light trapping. The pattern is infiltrated with a lower refractive
index material (ny gy ), which is also used in a top flat layer, ARC, to reduce reflectance (50-
100 nm in thickness). Note that the ARC layer is depicted floating above the nanopattern
in the image only for clarity purposes b Optical image of the silicon membrane sample
supported by a thick silicon frame (1x1 cm?), where the textures have been fabricated. Inset:
Scanning electron image of the as-fabricated Si membrane with the optimized honeycomb-
like HUD network pattern. ¢ Absorptance spectra measured for the Si membrane with (red)
and without (blue) the HUD pattern with ARC. The membrane is suspended in air and
infiltrated with a polymer resist (npry = 1.52) as ARC. The dashed black line corresponds
to the Lambertian limit absorption for 1 um Si, based on the optical properties given in Ref.
48.

72 We demonstrate the power of hyperuniform disordered (HUD) patterns for lightweight, flex-

73 ible and efficient photovoltaics, by first focusing on the absorption properties in ultrathin

72 (~ 1 pum) Si. The proposed structure for the highly efficient Si light absorber is shown in

4



75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

Fig. la. It consists of a thin Si slab (1 pm), of which the top 200 nm is patterned with
an optimised HUD pattern. In this case, the pattern consists of a 2D network of Si walls,
that resembles the honey-comb underlying structure in black butterfly wings.?4%° The Si
pattern is infiltrated with a low refractive index medium by spin coating a polymer resist *°
with refractive index of 1.52. While the infiltrated pattern layer is expected to also reduce
reflectance due to the better index matching with air (npaern = nsi- f+npem(l—f), with f
being the Si filling fraction), an additional layer of resist on top (50 — 100 nm thick) further
improves anti-reflectance, referred to as ARC. While the optical properties of the resist are
not the ideal to guarantee minimal reflection, spin coating is a simple conformal fabrication
method that ensures nanopattern filling and a flat top surface. Fig. 1b is a photograph
of a suspended 4.8 x 4.8 mm? Si membrane nominally 1 gm-thick on a Si support frame
before spin coating the resist. The membrane reveals a semi-transparent reddish colour
owing to its small thickness and small absorption coefficient in the red and near infra-red.
HUD-based patterns were fabricated on the membrane with e-beam lithography in at least
100 x 100 pm? areas. These areas are clearly visible in the picture as they appear darker,
highlighting the increased light trapping. A close-up scanning electron microscopy (SEM)
image of the fabricated HUD network pattern on the Si suspended membrane is shown as
inset.

We have measured the light absorption of the free-standing membrane with ARC on
the unpatterned and patterned regions by using an integrating sphere microscope.®%2 The
curves in Fig. 1c compare the light absorption as measured for the flat membrane with that
of the HUD patterned membrane. The absorption spectrum of the flat membrane shows
the characteristic Fabry-Pérot interferences for a 1.18 pm thick Si slab (see Supplementary
Information), with a peak in absorption at about a wavelength of 450 nm and rapidly de-
creasing absorption for longer wavelengths due to the small absorption coefficient of Si in
the visible and near infra-red. In contrast, the absorption in the membrane with the HUD

pattern is on average 50% higher in absolute numbers for the wavelength range of 500 to 900
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nm and it follows the Lambertian limit trend (4n? limit for 1 pum-thick Si represented by the
black dashed curve), which does not take into account reflection losses. Despite the fact that
the membrane sits in air (i.e. no back-reflector) and the sub-optimised ARC, the fraction
of absorbed solar photons in the membrane increases from 25.5% to 66.5% by texturing the
surface based on our optimised HUD design. This is the highest demonstrated absorption
in a 1 ym Si absorber so far, and translates to a photocurrent of 26.3 mA /cm?, far above
the 19.72 mA /cm? in the best reported cell with similar thickness.?® Simulations show that
a metal back reflector will increase absorption even further for the whole spectrum and inte-
grated absorption can reach up to 93.4% of the Lambertian absorption. In the following, we

describe the design principle and physical mechanism that induces this record in absorption.

Light trapping mechanism and design optimisation

As in previous works that use periodic and heuristic aperiodic structures to promote light
trapping, the main mechanism by which the HUD nanostructure enhances absorption is
diffraction into the absorber.!”%%5% In the presence of texturing, the guided modes of the
thin silicon slab become leaky (quasi-guided) and can in- and out-couple to the incoming
electromagnetic modes supported by the surrounding medium. The waveguide mode dis-
persion for a Si slab is shown in Fig. 2a, where we note that within the spectral region of
interest, c-Si exhibits strong dispersion that leads to a strong curvature of the Si light cone
and significantly different absorption of the guided modes, as indicated by the color scale in
Fig. 2a. The total absorption is given by summing up the coupling contributions of each
mode. To maximize sunlight absorption in the slab we need to couple efficiently to these
lossy modes that exist for &k above the light-cone of air (lower black thick curve), for a broad
range of wavelengths (from 350 nm to 1100 nm). Due to the large number of modes in a 1
pm Si slab, a pattern structure that diffracts incident light (kj = 0 for normal incidence) to
the range of k| from ~ 15 to ~ 20 pm~! (indicated by the two horizontal dashed lines in

Fig. 2a) ensures all sunlight has a mode to couple to. However, due to the inhomogeneous
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Fig. 2 Light trapping mechanism. a Waveguide modes for a homogeneous 1um thick
Si slab between air and a perfect metal for the wavelength range of interest in a solar cell.
The modes are all lossy, with the absorption loss denoted by their color, as shown in the
color bar. Black lines denote the dispersion curves for air (lower curve) and for Si (upper
curve). The horizontal dashed lines denote two characteristic wavenumbers: k; = 15.71, and
ky = 21.41 pm~! as described in the text. Inset: Simulated first order diffraction pattern
of the HUD network design that shows a characteristic diffraction ring in the desired k-
space. b Measured Fourier-space diffraction pattern in reflection of the HUD network design
lithographically patterned in a Si wafer (wavelength 561 nm). c Structure factor based on
the radial distribution of the diffraction intensity in a and b.

absorption of the guided modes, coupled-mode theory calculations estimate that the highest
absorption is actually given for uniform diffraction to the k-range from ~ 9 to ~ 25 pym=!
(see the detailed calculation in the Supplementary File). Targeting this wave vector range
is a key design goal for engineering the diffraction pattern.

In contrast to periodic and random patterns, hyperuniform designs with correlated dis-
order are an intermediate concept that allows the creation of diffraction into only a tailored
range of wavevectors. In particular, stealthy HUD structures offer a distinctive route to
filling desired bands in Fourier space, intermediate between the continuous k-space content
of random patterns, and the discrete crystal momenta of periodic point patterns. Stealthy
HUD point patterns are isotropic with no diffraction below a certain critical wavevector

value, ko: S(kj < ke) = 0). The so-called stealthiness parameter y is defined as the frac-
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tion of wavevectors for which the structure factor vanishes and can be used to measure the
hyperuniform correlations. Thus, y = 0 for purely uncorrelated (Gaussian) point patterns
and x > 0.77 for periodic structures. 28363842

Our design approach starts with a 2D HUD point pattern (y ~ 0.4 — 0.5) that provides
the most uniform filling in the Fourier space domain delimited by the two wavenumbers (k) 1
and k) estimated from the waveguide properties of the slab. Once the 2D HUD point
pattern is created, it is transformed into a physical 3D design that can be fabricated with
two material components: Si and the low refractive index material. In this case, the 2D
HUD point pattern is decorated with 200 nm tall Si walls following a Delaunay tesselation
protocol®® that form a continuous Si network, and the voids are filled by the low refractive
index material. However, with this design light absorption is no longer expected to be
optimal as the 3D texture strongly disrupts the waveguide properties of the Si slab. Also,
the tesselation protocol causes the resulting 3D network to be nearly hyperuniform as it

[§

slightly deviates from hyperuniform,®® meaning that its structure factor has some amplitude

for ky < k..

To resolve this non-ideality, we introduce a second optimisation step to fine-tune the
HUD-based 3D pattern, where the HUD properties (average distance between points) and
Si filling fraction are optimised. This is done with full-wave 3D numerical simulations that
compute light absorption at each optimisation step (see Methods and Supplementary File).
While the process is computationally expensive, the initial 2D HUD optimisation procedure
sets a good base to rapidly find a local maximum. As a result, we obtain an optimised 3D
structure based on a 2D HUD point pattern, but with a structure factor function that may
differ from what was initially estimated from the slab waveguiding properties. The inset
in Fig. 2a shows the 2D simulated structure factor of the fully optimised HUD network
design that was used to create the sample in Fig. 1. The structure factor for the first order
diffraction shows a clear fingerprint of the hyperuniformity with a circular region around

kj = 0 where S(k) vanishes, but there is not a sharp cut-off as initially imposed. The nearly-
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hyperuniform structure factor is better discerned in the angle-averaged structure factor (solid
curve) shown in Fig. 2c. Notice that the Fourier space in the optimised pattern is filled in
the wavevector region between 12 and 17 um™!, which is slightly different than the initial
guess for k) ; and k.

We have performed momentum spectroscopy of the fabricated pattern on a Si surface,
where the measured k-space diffraction pattern in reflection is shown in Fig. 2b as obtained
using high-NA Fourier microscopy.®” By construction the HUD pattern is designed to scatter
normally incident light to parallel wave vectors that are outside the collection NA of air ob-
jectives. However, by combining strongly off normal illumination at six azimuthal angles we
can reconstruct the structure factor in 2D Fourier space up to an effective NA almost twice
higher than that of the objective lens (see full details in the Methods section). The angle
resolved diffraction measured in reflection displays a similar fingerprint of the hyperunifor-
mity as the 2D structure factor of the design. The measured angle-averaged reflection is

also plotted in Fig. 2c¢, and is extremely well reproduced by the theoretical structure factor

(solid line).
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Fig. 3 Performance comparison between different HUD-based designs. a SEM
images of samples textured with the HUD hole (top) and spinodal (bottom) designs. b
Measured angle-resolved diffraction in reflection of the corresponding pattern. ¢ Simulated
2D structure factor for the optimised spinodal and HUD hole patterns. d Structure factor
as a function of in-plane wavevector (k) given by the angle-averaged simulated (solid curve)
and measured (dots) diffraction. Measured (e) and calculated (g) absorptance spectra for
a lpum thick Si slab suspended in air with the different surface nanopattern designs with
ARC considered. The absorption spectrum for the HUD network design is the same as
in Fig.1.The theoretical Lambertian limit and the absorption for a flat Si slab (with an
ARC) are shown as reference. f Table listing the percentage of integrated absorbed solar
photons (IA) for all patterns for the wavelength range of 400 — 1050 nm. These numbers
are obtained by integrating the theoretical or experimental absorption spectra over the solar
flux (AM1.5G) and normalising for the total photon flux in the specified wavelength range.

12 S0 far, we have shown that a 2D HUD point pattern can lead to a highly efficient 3D design

183 for broadband light trapping in a thin Si slab, by decorating the point pattern with two

10
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materials in a wall network fashion (Fig. 1b). However, there are many other decorating
possibilities for the same initial 2D HUD pattern. For instance, instead of the wall network,
one could place Si nano-pillars or nano-holes at the points of the 2D HUD point pattern
and fill the voids with ARC. This is the simplest HUD design, where a single element is
cloned at tailored positions. We refer to this texture as HUD hole, and the SEM image of
the as-fabricated sample is shown in Fig. 3a. Similar to the HUD network in Fig. 1, the
Fourier microscopy intensity map, Fig. 3(b,top), indicates the HUD nature of the the design
and it is very similar to the theoretical structure factor, Fig. 3(c,top).

Another very different way of obtaining 3D HUD patterns is inspired by the generation
of spinodal structures.’®®® Here the mathematical recipe is to first define a random super-
position of cosine waves with random phase, with wave vectors imposed by the desired wave
vector distribution (k) < k| < kj2), or structure factor. Thresholding the resulting function
at a fixed height value defines material boundaries separating Si and low refractive index
material (filling fraction f set by threshold choice), tracing out zebra-like patterns as in Fig.
3(a, bottom). The resulting two-phase material pattern is nearly hyperuniform, for which its
structure factor is dominated by the wave vector distribution imposed at the initial design
stage. Owing to its inspiration, we refer to this design as spinodal. Fourier microscopy of the
as-fabricated spinodal design, Fig. 3(b, bottom), also exhibits a characteristic low scattering

at small wavevectors, and a marked increase of scattering at kj ~ 11 pm™,

The contrast
is lower compared to the other HUD designs and the scattering at small wavevectors is not
expected from the theoretical structure factor, Fig. 3(c, bottom). We suspect the additional
scattering at low wavevectors arises from fabrication imperfections.

The azimuthally-averaged k-space resolved diffraction and theoretical structure factor for
the HUD holes and spinodal designs are shown in Fig. 3d as dots and solid lines, respectively.
While the intensity distribution in the structure factor of the HUD holes is similar in shape
to that of the HUD network pattern with a peak at ~ 15 um~?, the structure factor of

the spinodal is quite different and resembles a square function. All three proposed designs

11
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have a structure factor that is well suited to couple normally incident sunlight into the
plane for absorption. The theoretical and experimental absorption spectra for the patterned
and unpatterned suspended membranes are shown in Fig. 3e and g, where the ARC (same
parameters for all designs) is also taken into account. The spectrum for the HUD network
pattern is also included and it is the same as in Fig. 1c¢ As a quantitative measure to compare
absorption between all the different designs, we have computed the fraction of absorbed solar
photons (integrated absorption, IA), as listed in the table in Fig. 3f. The IA, is computed
by considering the AM1.5G solar spectrum for the wavelength range of 400 to 1050 nm
(see the Methods section for more details). For comparison, we also plot the Lambertian
limit obtained by considering the same optical constants used in the full-wave simulations.
Similar to the spectra measured in the HUD network patterned membrane (red curve), the
two new designs raise light absorption in the long wavelength regime, particularly in the
case of the spinodal (green curve). As expected from the absorption spectra, the spinodal
and HUD network patterns result in a similar IA (~ 66% in practice and ~ 75% in theory).
As also predicted by theory, the HUD holes design leads to a slightly lower absorption and
[A (~ 54% in practice and ~ 70% in theory). We attribute the discrepancy between theory
and experiment to local deviations in the ARC and membrane thickness. In any case, for all
three designs the measured TA is more than twice that of the unpatterned membrane and
we experimentally demonstrate for the first time and for two patterns that absorption is as

high as ~ 78% of the Lambertian limit.
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Fig. 4 PV efficiency estimation. a Full solar cell device design, which includes a Ag
back-contact and improved ARC (npgy = 1.82 and 72 nm thick) b Table summarising the
estimated PV performance parameters from our optical and PC1D device simulations. c¢
Color-map indicating the non-linear dependence of the maximum PV efficiency on the dark
and photo-currents (Juukx and Jppoto, respectively). The white lines are isolines at the effi-
ciency indicated by the labels. The dashed black line corresponds to the Jput, given by the
Lambertian limit in a 1 pm-thick Si slab. The dash-dotted lines correspond to the Jpnot0
derived from our absorption measurements without back-reflector. The data points corre-
spond to the estimated PC1D efficiencies for the different designs. The efficiency estimated
for the unpatterned Si membrane and that for the best demonstrated bulk Si cell are shown
for comparison. The total efficiency is not only affected by increased light trapping, but also
by the additional pattern-induced surface area recombination, reflected in the increased dark
current.

So far, we have demonstrated the exceptional light trapping properties of the HUD patterns
in thin Si, as evidenced by the enhanced absorption. However, in a full solar cell device
one must also consider other effects of nanotexturing on its performance. It is important
to assure that the gain from light trapping for PV remains despite the potential penalty of
increased surface recombination, which can strongly affect the performance of devices with
a Si thickness smaller than ~ 90 pum, where bulk-related losses are negligible. In order to
understand the effects of our HUD-based designs on the PV efficiency, we consider the full
device structure shown in Fig. 4a. Now, the patterned Si film sits on top of a silver metal
contact that also acts as a back reflector. By using interdigitated macroscopic Ag pads, both

the n and p contacts are placed at the rear which reduces shading on the front of the cell.
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This technology, known as interdigitated back contact (IBC) photovoltaics, has enabled the
highest PV efficiency in Si-based cells.%"52 For simplicity, in our absorption calculations we
consider a continuous Ag film at the back instead of the interdigitated pads, which is a fair
assumption for optical purposes given their large characteristic sizes.

We have re-optimised the 3D pattern design taking into account the Ag back-reflector
as part of the full structure. We also consider an improved ARC configuration, with
nrry = 1.82 and ARC thickness of 72 nm (see Supplementary Information). The resulting
absorption spectra for all the different designs are shown in the Supplementary Information.
As expected, the metal back-reflector and improved anti-reflection increases light absorption
as compared to that shown in Fig. 3g. Interestingly, the three designs offer a highly robust
absorption to changes in the angle of incoming light (see the angle dependent absorption
spectra in the Supplementary Information file), which strongly enhances the daily PV power
output.

We have computed the photocurrent, Jyno0, by integrating the simulated absorbed solar
spectrum for the wavelength range of 300 to 1050 nm. To estimate the PV efficiency of our
designs we have simulated the current-voltage characteristics of the solar cell with the PC1D
software, where we have considered Jpuo, as input and a bulk lifetime of 0.5 ms (standard
PV grade Si) and surface recombination velocity (SRV) of 100 cm/s. The SRV value is the
state-of-the-art in high efficiency Si solar cell devices. %% In order to account for the pattern-
induced increased surface area, we have considered an effective SRV by multiplying it by
the surface area increase factor. A more detailed description of the parameters used in our
simulations is given in the Supplementary Information. The table in Fig. 4b summarizes
the estimated solar cell performance, in terms of short circuit current (Jg¢), open circuit
potential (Vo) and PV efficiency (), for the optimised HUD hole, HUD network and
spinodal patterns. For comparison, we have included the theoretical case of an unpatterned
Si membrane (with ARC) and the current record Si cell, which is 165 ym thick.

Because we assume no external resistance losses, Js¢ = Jpnoto- With the pattern-induced

14
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light trapping, the Jg¢ in 1um-thick Si is almost doubled for all three designs compared to
the unpatterned cell (from 18.5 mA /cm? to 33 mA /cm?), close to the Lambertian value for 1
pm-thick Si (at 35 mA /cm?). At the same time, the estimated Vo values in our three designs
are higher than the best bulk cell and oscillate around that expected in an unpatterned thin
film. Because of the small volume in a 1um film compared to bulk, the saturated dark
current, Jy.,, in the cell is only limited by surface recombination. Considering the state-
of-the art bulk carrier lifetime and surface recombination velocity, Jg. is almost one order
of magnitude smaller in a 1ym Si film compared to Si bulk (165 pm thick) and thus the
Voc is improved by thinning Si down.!>% An interesting consequence of this is that lower
grade Si material can thus be used in such thin devices, which have much lower costs (see
the Supplementary Information for more details on how the PV efficiency is affected by the
bulk lifetime and surface recombination). As Vo also depends on the photocurrent, Jyoto,
light trapping has the potential to compensate the effects of patterning-induced larger Jy,
on the voltage. We find that, the HUD holes design uses the smallest surface area and the
strong light trapping fully compensates the effect of increased surface recombination and
leads to the same V¢ as in the unpatterned case.

From the PC1D full current-voltage characteristics we obtain the PV efficiency. Despite
the different light trapping power and texture design in all three 1 pm-thick Si patterned
cells, we estimate their solar cell efficiency to break the 20% milestone. Fig. 4c represents
the two major consequences of nanotexturing, increased light trapping and increased charge
recombination, on the PV efficiency (color scale) by considering the illuminated diode equa-
tion (J(V) = Jaark (/58T — 1) — Jopo0). The dashed horizontal black line corresponds to
the ultimate photocurrent from the Lamertian light trapping in 1 pm thick Si and one can see
the span of possible PV efficiencies depending on the carrier recombination properties of the
device. In the graph, we include data points for the unpatterned and the three HUD designs,
based on the Jypoto and Jyqrr values found in our light absorption and PC1D simulations,

respectively. For comparison, we also include the data point for the best demonstrated Si
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solar cell, which is 165 pm thick.%’ Note that the diode equation yields a slightly higher PV
efficiency compared to that reported in Ref.60 (0.5% higher efficiency) as the model neglects
contact resistance losses. Fig. 4c clearly visualizes the compromise for the total efficiency
between light trapping and surface recombination properties of the different designs and it is
particularly evidenced by the HUD holes and HUD network. Despite the fact that the two
designs have different light trapping capabilities, the final PV efficiency is very similar.
While we theoretically predict the ultimate best device to be that with the spinodal
texture, the large scale implementation of its fabrication may require some further tech-
nological developments. A combination of interference and nanoimprint lithography®* has
already demonstrated the fabrication of aperiodic structures with defined spatial frequency
distribution in areas larger than 1 m2 However, further work is needed to increase the
required patterning resolution down to few tenths of nanometers. By contrast, HUD point
patterns naturally arise in many physical systems, that can lead to simple and scalable fab-
rication of the HUD holes or HUD network patterns. For instance, it has been shown that
the structure factor of dispersed colloidal particle (e.g. beads) patterns can be tuned by the
ionic strength of the particular solvent% and that the dewetting of semiconductor layers
leads to HUD patterns.%” Also, soft-imprint conformal lithography has proven an excellent
low-cost alternative to pattern large-areas with a resolution below 10 nm that could actually
serve for both HUD holes and HUD network.%® While a master substrate has to be first made
with other lithography methods (such as e-beam lithography), the master can be extensively

re-used for the creation of multiple-use soft stamps.

Conclusion

We have shown that stealthy HUD point patterns are an excellent platform to design a
wealth of highly efficient nanoscale textures for trapping light in ultrathin Si solar cells. We
have described three different texture designs that offer broadband isotropic light trapping

with a characteristic hyperuniform signature in the Fourier reflectance. We have fabricated
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such textures on a suspended Si membrane and experimentally demonstrated the highest

2. This exceptional

absorption in 1 pum-thick Si, corresponding to a Jypere of 26.3 mA /cm
light trapping can potentially be further improved by optimising the anti-reflection coating
and incorporating a metal back-reflector, which in turn serves as electrical contact. Taking
into account state-of-the-art values of Si electronic properties and IBSC device design, we

estimate realistic PV efficiency above 21% for a 1 pm-thick ¢-Si cell, which represents a

breakthrough toward flexible, light-weight ¢-Si PV.

Methods

Generation of the disordered Hyperuniform structures

A hyperuniform point pattern is a random point pattern in real space for which the number
variance o?(R) within a spherical sampling window of radius R (in d dimensions) grows more
slowly than the window volume (x RY) for large R. We consider point patterns that are

stealthy, which is a property of the structure factor S(k), defined as?’

N

§ eik-rn

n=1

S(k) = : (1)

1
N
where k are vectors in reciprocal space and r, are the positions of the N particles. For
stealthy point patterns, S(k) is isotropic and vanishes for a finite range of wave numbers 0 <
k < ko, for some positive critical wave vector, ky.2? The size of this region can be expressed
through the so-called stealthy parameter x = M (k)/dN, where M (k) is the number of

linearly independent k vectors where S(k) = 0 and d = 2 in the present case.?

Generation of the spinodal pattern

Density wave (spinodal) structures or spinodal structures are a particular realization of

hyperuniform structuring and can be generated according to a simple protocol.?® We consider
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the function

d(r) = i:cos(qj T+ @), (2)

where k1 < |q| < k2 is a collection of homogeneously distributed random N, wavevectors
and ¢; are random phases uniformly distributed in the range (0,27). This function is hy-
peruniform by construction with its Fourier transform uniformly distributed in the k-space

ring defined by k; < |q| < k2. To obtain a two-phase dielectric function we define

€1,P(r) < Pg
e(r) = : (3)
€9 ,(P(I') Z q)()

where €; and ey are relevant dielectric permittivities of the two phases, and ®q is a value
chosen to yield the desired filling fraction. We note the cut procedure defined above may
violate the strict hyperuniformity constraints, and in practice the resulting structures are
nearly-hyperuniform with most of the Fourier components concentrated in the k-space ring

defined by k1 < |q| < ks .

Absorption simulations

Optical simulations were performed using the a freely available finite-difference time-domain
(FDTD) solver.% In all cases, the disordered structures were generated under periodic bound-
ary conditions and are modelled as super-cells with sizes between 10 - 15um. For absorption
simulations, we have employed periodic boundary conditions in the transverse directions
and perfect matching layer boundary conditions in the longitudinal direction. The disper-
sive dielectric function of Si was modeled using a sum of Lorentzian terms?? as detailed
in the Supplementary Information and the mesh resolution was 5.2 nm. To calculate the
absorption, the structure was illuminated by broad bandwidth plane waves pulses, and the
subsequent transmitted and reflected fluxes were recorded for a long simulation time. Due to

the diffusive character of the wave propagation and presence of various localised resonances
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in the disordered texture layer, the simulation is not run for a fixed amount of time but it
keeps running until the field in the slab have decayed by a factor of 5 x 107° from its peak

value in an interval of 20 simulation time units. %’

Sample fabrication

Single crystal (100) 1pm Si membranes (Norcada Inc.) were used. The actual thickness of the
membrane may vary slightly. From the Fabry-Pérot interference pattern in the absorption
spectrum for the unpatterned membrane nearby the patterned areas, we deduce a total
thickness of 1180 nm. The membranes were either 1.3 x 1.3 mm? or 4.8 x 4.8 mm? in size in
a Si frame of 10 x 10 mm? and 300 pgm thick. The nanopatterns were made by electron beam
lithography followed by reactive ion etching. First, CSAR e-beam resist was spin coated as
mask. Fields of either 100 x 100 , 150 x 150 or 180 x 180um? patterns were exposed. After
exposure and development, 200 nm of the Si membrane was etched by first removing the
native oxide followed by HBr and O, etching. The left-over resist was lifted off, and the
sample was ready for Fourier microscopy. For the absorption measurements, an additional
layer of resist (OrmoComp® resist) was spin coated on top of the sample to act as anti-
reflective coating, ARC. The effects of the ARC on light absorption are described in the

Supplementary Information. From the interference fringes in the absorption spectrum taken

on the unpatterned area, we deduce that the resist layer is of 200 nm.

Fourier-space illumination and imaging

In order to experimentally characterize the structure factor of the hyperuniform structures,
we employed high-NA back focal plane imaging, also known as Fourier microscopy. In
this technique angle-dependent scattering patterns of a sample are captured in single shot
measurements, as opposed to performing angular scans using a rotation stage. We used
a home-built inverted microscope reported in Ref.5” that operates in reflection mode, so

we chose the structures on the Si wafer for these measurements for easier handling. The
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microscope is infinity corrected with an Olympus MPlan IR 100x NA=0.95 objective, a 200
mm tube lens and 200 mm Fourier lens.

As the light source we use a cw DPSS laser (Lasos DPSS) with a wavelength of 561.3
nm. At this wavelength, the actual microscope NA equals 0.89, as calibrated with a diffrac-
tion grating. The image of the objective back focal plane is relayed to an Andor Clara
silicon CCD camera. According to the Abbe sine condition, captured Fourier images di-
rectly map parallel momentum space, as scattering at angle 6, ¢ (polar angle relative to
sample normal and azimuthal angle, respectively) projects onto the camera plane at location
(z,y) = folcospsinf,singsinf) o kj, where f, is the microscope objective focal length
(f=1.8 mm). Since we essentially measure the structure factor as function of k) (wave vec-
tor parallel to the Si/air interface), one would expect to see the same dependence in both
reflection and transmission.

Essential to our experiment is that the HUD patterns have structure factor S(k;;) predom-
inantly at parallel momentum just outside the NA of our collection objective, corresponding
to scattering normally incident light into guided modes. The ring of diffraction intensity
distribution in momentum space follows I(k)) = S(kj — kiy,|) and is therefore centered on
the incident parallel momentum kj, ||. From free space one can therefore access the structure

factor S(kj|) for parallel momenta up to twice the microscope NA by illuminating at multiple

[Kin, |
2w /A

oblique incidence angles [ 0 < ~ NAJ.

In order to access any excitation angle without physically moving parts of the set up,
the excitation path is equipped with a spatial light modulator (Meadowlark 1920 x 1152
XY Phase Series SLM) that is imaged onto the microscope back focal plane. By displaying
regions of blazed phase gratings on the SLM, light can be selectively send to the first grating
order. This allows an effective amplitude modulation, by placing an iris in the Fourier plane
of the SLM, which blocks all light except for the modulated first diffraction order.”™ By

displaying a single small circle on the SLM and choosing its position, illumination with

arbitrarily ki, | can be generated. For each structure we collected six images arranged as
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the vertices of a hexagon. To obtain S(kj|) collected images were shifted by their respective

Kin ||, while overlapping image areas were averaged.

Absorption measurements

Absorption measurements on the membrane were done by using an integrating sphere micro-
scope (modified LabSphere GPS-020-SL with the 17 mm working distance objective Mitutoyo
M Apo Plan NIR 50x and NA = 0.42) coupled with a supercontinuum laser (Fianium WIL-
SC-390-3) and an acousto-optical tunable filter (AOTF, Crystal Technologies, with roughly
4 nm bandwidth). The back-scattered and transmitted light are both detected together and
by adding the specularly reflected signal, we determine absorption. The photodetectors are
Thorlabs amplified Si detectors (PDA100A), read out by Stanford Research Systems SR830
lock-in amplifiers. More details about the integrating sphere microscope set-up can be found
in Ref. 52 . We have used three photo-detectors to measure the reference beam, the reflected
and the transmitted /forward scattered light, respectively. The light reflected back into the
objective is detected with the reflection detector, while the integrating sphere detector de-
tects the transmitted and scattered light. The absorbance is calculated by subtracting the
reflected and transmitted /scattered power from the incident power. Two reference measure-
ments in reflection and transmission were done with a glass slide and calibrated mirror, to

account for the response function of the set-up.
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