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Design parameters and optimisation flow

Figure S1 is a schematic representation of the optimisation procedure used in this work

to achieve the final 3D HUD-based textures. We start with an empty canvas in k-space.

From the waveguiding properties of the Si slab and coupled mode theory (see section Mode

Coupling Analysis) we guess the best diffraction k-range that maximises efficiency. Second,

we populate the k-space uniformly with the wavevector constrains derived in the previous
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Fig. S1 Schematic representation of the optimisation flow
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step. For the HUD patterns, only the inner bound for the wavevector is used. As the

stealthiness parameter χ is increased, a ring distribution naturally forms. Then, inverse

Fourier transformation of the k-space distribution, a 2D point pattern is obtained. From

the 2D point pattern, a 2D two-phase structure is obtained in a decoration step. For the

spinodal, the two-phase structure is obtained by the random superposition of cosine waves

with random phase with wave vectors imposed by the k-space distribution and thresholding

the resulting function at a fixed height value. As a final step, the two-phase pattern is

extruded to a height hG and incorporated as part of the full 3D solar cell. Figure S2 is

a cross-section representation of the 3D device design that is considered for the FDTD

calculations in the last optimisation step. The sames values for hAR, hG and nAR have been

fixed to all design. We have used the values as obtained from optimising light absorption in

a Si slab with a periodic hexagonal pattern (the periodicity of which was also optimised).

In the final optimisation step of the HUD and spinodal patterned cells, light absorption

in the film is calculated at each optimisation step where the average lattice spacing (a) and

Si filling fraction (f) of the patterns is fine tuned. The optimised design parameter values

are shown in Table S1.
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Fig. S2 Schematic picture of the device design

Experimentally, a polymer resist was used as the low refractive index material by spin

coating and a commercial membrane with nominal thickness of 1 µm. From the interference

pattern in the absorption spectrum of the unpatterned membrane (Figure S3), we deduce

the actual thickness of the membrane and resist (listed in Table S2). On the pattern, we
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Table S1 Parameters for the structures optimised for the full device.

Pattern hAR (nm) hG (nm) nAR f (%) a (nm) χ
Unpatterned 72 196 1.82 – – –
Periodic hex 72 196 1.82 79 644 –

HUD network 72 196 1.82 55 475 0.5
HUD holes 72 196 1.82 68 480 0.4
Spinodal 72 196 1.82 58 – –

expect the ARC layer to deviate from the resist thickness on the unpatterned region.

Fig. S3 Measured and calculated absorption for a Si membrane suspended in air with a top
layer of refractive index 1.52.

Table S2 Values of the parameters for the fabricated and optimal structures

Parameter Fabricated value Optimal value
hAR 50-100 nm 72 nm
hG 200 nm 196 nm
hAg – 200 nm
hSi 1180 nm 1000 nm
nAR 1.52 1.82

Figure S4 is the calculated reflectance from a representative double layer anti-reflective

coating on c-Si. The two layers consist of the infiltrated pattern (with an effective refractive

index considering the filling fraction of Si for each pattern) and the ARC layer. By using
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the parameters listed above for ARC refractive index and thickness, pattern thickness and Si

filling fraction and the double-layer ARC model described in Ref. 1, we find that reflectance

is below 10% for the wavelength range of 400 to 900 nm.

Fig. S4 Calculated reflectance for a representative double layer anti-reflection on c-Si, with
the layers being the ideal ARC and the infiltrated pattern.

Fig. S5 Calculated reflectance for a representative double layer anti-reflection on c-Si, with
the layers being the resist-infiltrated pattern and top resist layer of 50 nm

In our experiments, we have used a polymer resist as the low refractive index material,

which has a sub-optimal refractive index (n = 1.52) and thickness (hAR ∼ 50 − 100 nm).

The resulting reflectance (Fig. S5) is on average 10% higher than the previous case (Fig.

S4).

Absorption spectra in the full device

The simulated absorption for the optimised HUD-based textures in a full device configuration

(i.e. including the Ag back reflector and optimised design parameters listed in Table S1) are

shown in the figure below.
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Fig. S6 Simulated absorption spectra for the optimised textures in a full device configuration

Si dispersion model

The dispersive dielectric function of c-Si was modeled using using a sum of Lorentzian terms2

ε(ω) = ε0 +
2∑

i=1

σiω
2
i

ω2
i − ω2

0 − iωγi
, (1)

with the following values

Table S3 Parameters used to model the c-Si dispersion in Eq. 1.
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Fig. S7 Comparison of the real and imaginary part of the c-Si index of refraction used in
the simulations (Lorentz label) against the values in Ref.3 (Palik label).

Mode Coupling Analysis

We start our analysis with the maximal spectral cross-section of an individual guided res-

onance in the Si slab and use the temporal coupled-mode theory to describe the resonance

amplitude of an individual guided resonance when excited by a plane wave (as in Ref. 4):

d

dt
a(t) =

(
iω0 −

Nγe + γi
2

)
a+ i

√
γeS(t) , (2)

with a the resonance amplitude (here, |a|2 is the energy per unit area in the slab) ω0 the res-

onance frequency, γi the intrinsic loss rate of the resonance. Here γe and S are the extrinsic

loss rate describing the leakage to and the amplitude of plane wave for a given excitation

channel, respectively; N is the number of excitation channels that a given resonance can

couple to. Assuming a harmonic expansion for the resonance and the incident wave ampli-
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tudes, a(t) = a(ω) exp(iωt), S(t) = S(ω) exp(iωt), the absorption spectrum of the resonance

is given by

A(ω) ≡ γi(ω) |a(ω)|
|S(ω)|

=
γiγe

[ω − ω0]
2 + [γi +Nγe]

2 /4
, (3)

Under the assumption of weak variation with the frequency of the intrinsic and extrinsic

relaxation rates and the number of channels, the spectral cross-section of the resonance is

given by

σ = 2πγi
1

N + γi/γe
, (4)

which in the overcoupling regime, γe � γi has a maximal value of σmax = 2πγi/N .

The absorption coefficient, αT, is then defined as the sum over the maximum spectral

cross-section of all modes, normalised by the incident spectral bandwidth ∆ω:

αT =

∑
σmax

∆ω
=

1

∆ω

∑
m

2πγi,m
Nm

. (5)

where the index m labels individual resonances and the intrinsic absorptive loss rate can be

expressed as γi,m = αmvm/nm, where αm is the mode absorption coefficient, αm = 4πκm/λm.

Here, nm, κm, vm and λm denote the real part, imaginary part of the mode’s index of

refraction, its group velocity and wavelength, respectively.

For the number of channels associate with a given mode, we adopt a simple approximation

by considering the structure factor of the texture. Here, we assume a structure factor that is

a homogeneously distributed ring in reciprocal space with inner radius k1 and outer radius k2

and that waves scattered by the surface patterning acquire a wavevector exclusively within

this range. The number of channels can be approximated as

Nm =
A
Ak

=
2km∆k

(k22 − k21)
, (6)

where A = π(k22 − k21) and Ak = 2πkm∆k are the area of the k1,2-ring and the k−space area
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around the mode km. Using vm = ∆ω/∆k, Eq. 5 and Eq. 6 yield

αT =
∑
m

4πamkm
nm(k22 − k21)

. (7)

Equation 7 brings to light a clear interplay of the different features associated with the

structure factor of the surface patterning. The k1,2-ring area is related to the number of the

number of outside modes that an individual resonance and reducing it clearly acts to increase

the overall absorption coefficient. This however comes at a cost; reducing the area also means

that fewer modes may be excited by the diffracted light, so fewer modes are included in the

summation over m that comprises the absorption coefficient. This has an important impact

in the broadband regime where there is a large ensemble of relevant modes for absorption

as shown in Fig. 2 in the main manuscript. Conversely, in the narrowband regime where

the number of relevant modes is comparatively small, it is possible to reduce the area of the

structure factor without greatly disturbing the number of modes in the summation.

Finally, we derive an upper limit for the absorption in a finite thickness slab. We follow

Ref.5 methodology and write the absorptance as:

AT =
1− exp(−4αThSi)

1−
(
1− 1

n2

)
exp(−4αThSi)

, (8)

where we assume the slab thickness hSi = 1µm. Figure S8 shows the absorption as a

function of k1 and k2, approximated by Eq. 8; we obtain that the intensity is maximised

for k1 = 9.1µm−1 and k2 = 24.8µm−1, but maintains relatively large values for a range of k

values around the optimal ones.

The optimal values for k1 and k2 can be further refined by taking into account the

anti-reflecting coating (hAR = 72nm, nAR = 1.82) and the corrugated surface by using an

effective homogeneous medium with a complex refractive index calculated using Maxwell-

Garnet effective medium theory for a slab of thickness 196 nm. Under these assumptions,

the intensity is now maximised for k1 = 9.7µm−1 and k2 = 20.4µm−1.
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Fig. S8 Absorption of a Si slab as a function of the inner (k1) and the outer (k2) radius of
the ring-shaped homogeneously distributed structure factor, using the averaged absorption
over the frequency range 400 – 1050 nm.

Angular dependence of absorption

In this section we contrast the angular dependence of the absorption in the samples analysed.

The results presented in Fig. S9b show that the periodic structuring gives rise to a strongly

anisotropic absorption, whereas the for a disordered structuring (Fig. S10), be it hyperuni-

form or spinodal the angular response is mostly isotropic roughly following the unstructured

slab (Fig. S9a) case but with an enhanced absorption due to the optimised coupling of the

incoming solar radiation to the quasiguided modes of the silicon slab.

Fig. S9 Angular dependence of the absorption for (a) an unstructured 1µm-thick silicon
slab and (b) the periodically structured texture in a 1µm-thick silicon slab.
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Fig. S10 Angular dependence of the absorption for (a) a hyperuniform structured texture
and (b) the spinodal structured texture in a 1µm-thick silicon, respectively.

Device Simulation Parameters in PC1D

PC1D is used to model and simulate a 1 µm silicon solar cell, the used parameters are

displayed in Table S4. These values match state-of-the-art Advanced HE-Tech devices as

reported by Liu et al.6

Table S4 Used parameters for PC1D simulations of the 1 µm Silicon solar cell.

In order to specify the device for our case, with front surface texturing, internal reflection

is added to the model. From the absorption measurements in Figure 2, the short-circuit

current density (Jsc) is calculated and internal reflection in PC1D is modified to match the

calculated Jsc. Moreover, for the three different structures (honeycomb, holes and spinoidal)

the front surface recombination was increased due to the extra surface generated by texturing.

The enhancement factor differs per structure as a honeycomb structure requires more etching

compared to holes and has therefore a larger surface and thus a larger recombination velocity
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(SRV) enhancement factor. With increased internal reflection and a SRV enhancement

factor, open-circuit potential (Voc) and efficiency (η) can now be obtained and are presented

in Table S5. The corresponding I-V and efficiency curves for all four surface texturing are

displayed in Figure S11.

Table S5 Results of PC1D simulations with the values presented in Table S4. Internal reflec-
tion is altered until it matches the calculated Jsc in Figure 2.

SRV factor Internal reflection Voc (V) Jsc (mA/cm2) Efficiency (%)
Unpatterned 1 59.5 0.769 18.4 12.1
HUD holes 1.75 96.25 0.770 32.4 21.2
HUD Netw. 3.274 96.5 0.755 32.6 21.1
Spinoidal 2.37 97.32 0.764 33.8 22.1

Fig. S11 I-V curves (a) and efficiency curves (b) corresponding to different front textured
surfaces. The colors represent the different structures.
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Bulk lifetime and surface recombination effects

Fig. S12 Efficiency plotted against the logarithm of bulk recombination lifetime for the four
different structures. The efficiency plot also contains efficiency of bulk 200 µm silicon as
reference (black line).

A comparison of the 1µm Si membrane with the presented standard values to other devices

is made by adjusting several parameters in PC1D. Firstly, efficiencies of the four devices

are calculated with a range in bulk recombination lifetime (τ) of 100 µs to 2 ms, plotted in

Figure S12. Different bulk lifetimes translate to the quality of silicon as high quality silicon

has a long bulk lifetime and vice versa. In order to have the 1 µm device into perspective

with a 200 µm solar cell, PC1D was again used with the same parameters as in Table S4.

Figure S12 clearly shows that the efficiency in any of the thin film cells is hardly affected

by increasing the bulk recombination lifetime from 100 µs to 2000 µs. This observation is

explained by the fact that a 1 µm silicon membrane is too thin for bulk recombination to

play a major role in recombination losses. Bulk lifetime thus has little to no influence on
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thin film Si and bad quality silicon can therefore be used for thin films without a major loss

in efficiency.

On the other hand, an increase in lifetime in a 200 µm Si wafer does affect efficiency

significantly, particularly when the bulk lifetime becomes smaller than 500 µs. The efficiency

drops by 1.7% absolute efficiency by increasing the bulk lifetime from 100 to 2000 µs. For

thicker wafers it is therefore necessary to use silicon with the highest possible quality to

minimize bulk recombination losses.

Figure S13 shows how is the efficiency affected by the surface recombination velocity

(SRV) at the front surface. We observe that increasing the SRV induces an efficiency drop

in all devices, patterned, unpatterned and bulk. An increase in SRV from 100 to 1000 for

the flat surface results in a decrease in efficiency of about 1% absolute. With texturing and

therefore extra surface, the decrease in efficiency for the patterned thin films is about twice

as much. Again, this can be explained by the fact that the surface area to volume ratio for

a 1 µm silicon membrane is very large and the surface recombination dominates.

Table S6 summarizes the solar cell performance in a bulk Si cell for two extreme cases

of bulk lifetime (0.5 and 5 ms) and SRV (100 and 1000 cm/s). For the rest of the electronic

parameters, we have used the values listed in Table S4. For the sake of comparison, we have

also considered the same light trapping and enhanced surface area given by the different

nanopattern designs. Because of the small effect of SRV to the total efficiency in bulk Si,

the VOC is the same (within two decimal spaces) for all the designs.

Figure S14 shows Voc and efficiency as a function of thickness. Voc first increases with

increasing thickness and after approximately 10 microns it decreases constantly due to more

recombination mechanisms in bulk material. However, efficiency increases in the first part

rapidly and around 30 microns flattens out to a relatively constant value. This increase

in efficiency is mostly caused by an increased Jsc which in turn is the result of more light

absorption in bulk material.
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Fig. S13 Efficiency plotted against the logarithm of SRV values for the four different struc-
tures. The efficiency plot also contains efficiency of bulk 200 µm silicon as reference (black
line).

Table S6 Results of PC1D simulations for a 200 µm Silicon solar cell. For comparison an
SRV of 100 cm/s and bulk lifetime of 500 and 5000 µs (top), and bulk lifetime of 500 µs and
SRV of 100 and 1000 cm/s (bottom) are displayed in the same table.
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Fig. S14 Open-circuit voltage Voc, short-circuit current density Jsc and solar cell efficiency
for p-type silicon with the four different surface texturing plotted against thickness.
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