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Broadband nanopatterned
anti-reflection coatings for planar
Si solar cells
4.1. Abstract
Crystalline Si solar cells based on thin wafers, with thicknesses in the range 5-50 micrometer can find applications in a wide range of markets where flexibility and bendability are
important. For very thin Si cells, avoiding the common macroscopic texture would be
desirable to increase structural integrity and reduce surface area to minimize recombination. In this work we first introduce a patterned SiNx anti-reflection (AR) coating that
consists of 190-nm-diameter and 117-nm-height nanocylinders arranged in a square lattice on a thin SiNx layer. The layer combines Fabry-Perót anti-reflection, refractive index
grading, and forward scattering by Mie resonances to achieve high transmission over a
broad spectral band. We add the nanocoating on a commercial interdigitated back contact (IBC) Si solar cell, and we find a short-circuit current density (J sc ) of 36.9 mA/cm2
(2.3 mA/cm2 higher in comparison to a single-layer AR coated cell), and an efficiency of
16.3% at a thickness of around a 100 µm. We predict that an annealing step could boost
the J sc up to 39 mA/cm2 . Further investigation shows that the incoupling efficiency is
comparable to that of pyramidal texture, while the absorption in the infrared is lower,
due to less effective light trapping. We then demonstrate the integration of a hyperuniform nanostructure with tailored angular and spectral scattering profiles into the top
surface of a 100 µm-thick IBC cell and use electronic simulations to predict the surface
passivation quality that is needed to mitigate losses from the additional surface area. We
find that losses due to increased surface area are negligible for surface recombination
velocities below 10 cm/s.
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4.2. Introduction
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Crystalline Si is the dominant photovoltaic (PV) material . In the past thin-film solar cells
based on CIGS 196,197 , CdTe 198 , and amorphous Si (a-Si) 199 temporarily looked like they
could take up large market shares 200 , but Si PV has always bounced back and currently
holds a market share of 95% 200 . Silicon PV is so important as it is the currently most efficient and inexpensive option for large-scale single-junction PV. However, PV modules
based on novel thin-film materials, such as organic 112,172,201 and perovskite 113,172 absorbers are also making their way into the commercial PV market, and thin-film PV is
becoming increasingly important for several reasons.
First, thin-film absorbers, in principle, require less material, making them cheaper
and more sustainable. The use of less material also implies that the deposition time per
unit area is shorter, making the throughput larger and costs lower 72,200 . Furthermore,
thin-film PV can be flexible and bendable, which is important for integration of aesthetically pleasing PV in buildings (BIPV 202,203 ), curved PV on vehicles (VIPV 202,204–206 ) for
extended driving range (around 18 km/day/kWp 207 ), and for integration with textiles 208 .
Flexible and durable solar cells can also be shaped and diced into arbitrary shapes, allowing for mass customization 202 .
The perspective of using thin, monocrystalline wafers of Si, the commercially most
mature absorber material for thin-film PV is an appealing prospect. Silicon is very easy
to bend and cut to a desired shape at thicknesses below 50 µm 209,210 , which is well below
the common thickness of Si solar cells 211 (140-170 µm). From the electronic perspective,
a thinner cell can have a larger open-circuit voltage (Voc ) 212 due to reduced bulk recombination. However, to ensure significant light absorption, the Si absorber needs to be
thicker than 100 µm, as Si is a poor light absorber due to its indirect bandgap 213 .
To achieve efficient thin-film Si wafer-based solar cells, the issue of incomplete absorption needs to be addressed. This is where proper light management strategies become essential. The maximum possible absorption is given by the Lambertian light trapping limit 116,210,214 : in an ideal geometry light is scattered at the front or back interface
of a solar cell by a Lambertian scattering surface, which distributes the light intensity
inside the absorber evenly, such that the intensity per unit solid angle is uniform. The
escape cone for light inside the absorber is related to an escape probability and depends
on the absorber’s refractive index, n. By balancing the escaped light with the incoming
light, one can obtain a pathlength enhancement of 4n 2 for light inside the absorber.
Micrometer-sized random pyramidal texture is the industry standard 215 for creating
path length enhancements within the absorber and for improving incoupling of light
through multiple reflections at the front side. It is also comparatively easy to fabricate
by dipping the Si wafer in KOH solution 194 . However, it is not always possible to process
the wafer this way, and it may be beneficial to come up with other textures that minimize
surface area and reduce surface recombination losses 216 . Additionally, in the limit of
very thin Si (<5 µm), Si volume cannot be sacrificed to create the pyramidal texture, as
the KOH would then affect the structural integrity of the wafer or even etch through it.
There are alternatives that do not exhibit large surface features and provide good incoupling or strong scattering. Previous work 217 has investigated the back interface of
the absorber and designed it to trap the light by using nanoscale grids of Mie- and plasmonic resonators. Incoupling can also be improved by using multi-layer AR coatings 218
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and nanotextured “black” silicon 219 or nanoscale scatterers that preferentially scatter
light forward, such as, for example, TiO2 resonators 220 or nanostructures that preferentially direct light into angular channels at which it is totally internally reflected within
the absorber 221–225 .
In the following we demonstrate that a single-layer periodic nanopattern of cylindrical SiNx nanoparticles on a planar front surface of a Si solar cell has the potential to
outperform the conventional SiNx single-layer AR coating, bringing the incoupling efficiency closer to that of front surface pyramidal texture. At the same time, we use pyramidal texture at the back to create efficient light trapping. We demonstrate our nanoscale
surface incoupling geometry on a commercial interdigitated back contact (IBC) Si solar
cell for which we planarize and repassivate the front surface. We demonstrate enhancement of the short-circuit current density from 27.7 mA/cm2 for the flat Si surface with
200 nm SiNx to 36.9 mA/cm2 by patterning the nanostructure into the SiNx layer. The
results indicate that the nano patterned front surface is well suited as an efficient light
incoupling layer for thin Si solar cells.
Furthermore, we use the same commercial IBC cell platform to investigate the viability of hyperuniform Si nanostructures on the front surface of the cell for light trapping.
In previous work 221 , optical measurements of such structures on a 1 µm Si membrane
have resulted in absorption spectra that predict a J sc of well above 20 mA/cm2 (78% of
the Lambertian limit). Here we fabricate this structure onto a Si IBC solar cell and simulate the electronic passivation requirements of such a large-surface-area Si structure
using experiments and simulations.

4.3. Nanopatterned SiNx anti-reflection coating for improved
light incoupling
4.3.1. Optical optimization of the nanopatterned SiNx layer
This work aims to demonstrate efficient light incoupling using a layer with optical and
electronic functionality for Si solar cells. Optically, the layer should appear textured,
for improved incoupling of light, while electronically, it should appear flat, minimizing
surface area, which is important for electronic passivation. We choose SiNx because it
fulfils the optical requirements 226 of weak parasitic absorption in the visible and nearinfrared (NIR) range (in contrast to a-Si 227 ) and a relatively high refractive index 226 (n)
of 2.0, and can also be used for surface and bulk passivation 228 .
To simulate the optical performance we solve Maxwell’s equations using Ansys Lumerical FDTD 229 for an air – cylinder (SiNx ) – bottom layer (SiNx ) – Si stack (Figure 4.1a inset). We maximize the AM1.5G-spectrum-weighted transmission into the absorber using
a particle-swarm optimization routine 230 . By maximizing transmission at the SiNx /Si
interface, rather than doing a more canonical total reflectance minimization, unintentional maximization of absorption in the patterned SiNx layer is avoided. The structural
parameters optimized are the height of the SiNx bottom layer, the height of the cylinder,
its diameter, and the cylinder lattice pitch, using a square lattice.
Figure 4.1a shows the reflectance (R) from the surface (SiNx & Si layers), transmittance into the Si (T ), and the absorptance (Abs) of the optimized SiNx structure. At
wavelengths shorter than 650 nm, the absorption gradually increases due to parasitic
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Figure 4.1: (a) Transmittance (blue), reflectance (black), and absorptance (red) as a function of wavelength.
The inset shows the structure (SiNx purple, Si gray) and dimensions for which the curves are simulated (60 nm
bottom layer, 117 nm cylinder height, 190 nm cylinder diameter, 460 nm pitch). (b) Crosscut through a single
SiNx cylinder. The air-SiNx interface is marked with dashed white lines. The color scale shows the normalized
E-field intensity at 653 nm and the arrows show a snapshot of the electric field lines.

absorption in the SiNx . The average reflectivity is 3.7% and we observe three minima, a
sharp minimum at 535 nm, and two broader minima centred at 450 nm and 740 nm. The
shape of the transmittance spectrum curve is complementary to the reflectance spectrum and is slightly reduced at shorter wavelengths due to the parasitic absorption in
the SiNx .
The high transmission can be explained by a combination of a graded-index antireflection coating with a preferential forward scattering of light. The graded index is
created by the stack of four layers: it increases from air to the Si layer (n given for a
wavelength of 600 nm): air (n=1) - effective medium that is described by the layer of
SiNx cylinders in air (n= 1.14) – SiNx planar layer (n=2.0) – Si (n=3.9). Furthermore, the
electric field distribution in Figure 4.1b indicates that the cylinder dimensions allow for
the excitation of Mie resonances inside the SiNx pillar. The crosscut through the simulated structure shows an electric field profile that indicates the presence of a Mie-like
electric dipole mode 231 at 653 nm. This wavelength coincides with the transition from
higher transmission (longer wavelengths) to lower transmission (shorter wavelengths).
Furthermore, a sharp feature in transmission at 535 nm corresponds to a new grating
order that opens up for shorter wavelengths 232 , and that couples light into large angles
for which it is trapped in the solar cell. The peak around 450 nm is close to the optimum
wavelength of a 60 nm SiNx coating, suggesting that the 60-nm-thick bottom layer hosts
a Fabry-Pérot resonance in that range. A thorough analysis of how Fabry-Pérot and Mie
resonances can be combined in a single metasurface to realize a broadband antireflection response can be found in Cordaro et al. 233 .

4.3.2. Experimental realization on commercial IBC solar cells
We use commercial interdigitated back contact (IBC) Si solar cells (η=21.5%) for the experimental verification of the simulation results. These cells have random pyramidal
texture and a SiNx AR-coating on both sides, and alternating n- and p-contact patches
on the back. To make the cells suitable for our experiments, we remove the front texture,
while the rest of the solar cell remains untouched.
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Figure 4.2: (a) Height profiles of textured (gray) and planarized (red) Si solar cells. (b) Slope profiles (change in
height over distance) for the same datasets. (c) Measured samples with textured (with SiNx , left) and planarized
(no SiNx , right) surfaces. The top half of the planarized surface shows a blue reflection from a screen lamp.
The more diffuse surface of the textured sample does not. (d) Current density – voltage (J − V ) curves for all
post-processing stages. In order: Before any processing (black), after HF and HNA-etching (red), after Al2 O3 deposition (pink), after SiNx -deposition (purple), and after annealing (blue). Except for the reference J − V
curve (textured), all J − V curves correspond to planar solar cells.

To planarize the front surface of the cell, first the backside was protected with a 12 µm
coating of Parylene-C 234,235 , which is resistant to a wide range of chemicals and solutions 234,235 . The SiNx layer was removed by HF-etching until the surface appears gray
and is hydrophobic. To planarize the cell, it was transferred into a HNA solution (Hydrofluoric acid, nitric acid, and acetic acid) that etches Si isotropically. For the case of
pyramidal texture this implies that the pyramids gradually become rounder upon etching until they vanish, depending on the etch duration. In principle, this procedure allows
etching solar cells down to very thin absorber layers. The etching was stopped as soon
as the reflection from the Si surface became specular.
Substrate conformal imprint lithography (SCIL) was then used to pattern the planarized Si surface. Figure 4.2a shows the sample roughness before and after the HF &
HNA processing. The root-mean-square roughness (r ms) drops by a factor 4. Visually,
this translates into a much more specularly reflecting sample (Figure 4.2c). At the same
time, Figure 4.2a indicates there is residual roughness left, which as we will show slightly
affects the fidelity of the SCIL imprint. Figure 4.2b shows the derivative of the line scans
in Figure 4.2a; a much bigger contrast is observed between the textured and etched surfaces. This means the chemical etching planarization eliminated short-range roughness
more strongly than long-range roughness. This made the surface well suited for SCIL
imprinting.
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At this stage, the solar cell had a planar front surface but no passivating layers. Figure 4.2d shows that the cell performance was severely impacted by the processing steps
(η=1%). Removing the AR-coating and pyramidal texture strongly reduces the incoupling efficiency of light and results in a 30-40% 236 lower short-circuit current density
(J sc ), purely based on reduced light incoupling. However, a much stronger reduction
in short-circuit current is observed in Figure 4.2d (black and red curves), which we ascribe to strongly increased surface recombination at the front surface due to the absence
of surface passivation 237 . Figure 4.2d shows how passivating the etched front surface
with Al2 O3 (10 nm, deposited by atomic-layer deposition (ALD), pink curve) 238–240 , followed by deposition of SiNx (200 nm, by plasma-enhanced chemical vapor deposition
(PECVD), purple curve), and a subsequent annealing step in air (10 min at 400°C, blue
curve) led to a much improved short-circuit current density and open-circuit voltage
(Voc ).
Assuming an ideal-diode model 241 , the difference in Voc between the reference and
the fully processed sample (25 mV) cannot fully be explained by only the difference in
J sc (∆Voc,J sc = 9.5 mV), and we attribute the remaining difference to a 1.8-times higher
front surface recombination current density (J 0, f ), for the processed sample. Overall,
the planarization and passivation of the front surface yielded solar cells that form an
effective platform for the demonstration of front surface light management concepts.

4.3.3. Fabrication of the SiNx nanocylinder lattice
We then used SCIL to create the mask for the patterning process (Figure 4.3a). We used
a Polydimethylsiloxane (PDMS) stamp that was molded from a Si master wafer. A thin
layer of silica solgel was spin-coated onto the solar cell, and the PDMS stamp was pressed
onto the solgel layer while it was still liquid. After 6 minutes of curing, in which the solvent dries to a solid silica glass layer, the stamp was peeled off and the silica layer was
shaped into the desired mask pattern. In our case, we used an additional PMMA interlayer between the solar cell and the solgel for etch-selectivity and easy lift-off at the end.
Three different reactive ion etching (RIE) steps broke through the solgel layer, then the
PMMA layer, and finally etched into the SiNx for a duration that was controlled to obtain
the desired SiNx cylinder height. The etch mask was lifted off in acetone afterwards and
at that point the solar cell processing was finished.
Figures 4.3b-d show the results of the patterning under the scanning electron microscope (SEM). As we can see, several sections of the surface were not well patterned.
This is likely because there is still some residual texture left (Figure 4.2a), which in some
cases leads to the accumulation of excess solgel in pockets of microscopically shaped Si.
While these regions can be imprinted with the PDMS stamp, the residual solgel layer was
thicker than in other regions. This means that the duration of the RIE etch for the solgel is insufficient to break through that layer, and hence this layer prevents the following
etch steps from transferring the pattern into the SiNx . We note that in these areas, light
is still coupled into the cell, but at lower efficiency than in the nanopatterned areas. Figures 4.3c,d show high-resolution images of the patterned SiNx cylinders on an otherwise
planar surface.
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Figure 4.3: (a) Patterning sequence. The PDMS stamp is pushed into the liquid solgel. After the solgel had
cured, the stamp was removed. The residual solgel layer was removed by reactive ion etching (RIE), followed
by further etching of the PMMA layer. Then, the SiNx cylinders were created by etching further into that layer.
The etch mask was removed by a lift-off in acetone. (b) Large scale SEM image of a patterned solar cell. Darker
circular regions correspond to areas where too much solgel was deposited, which prevents breakthrough and
patterning of the SiNx layer. (c) SEM top view of the SiNx cylinders, which appear as circles. (d) SEM angled
view, showing the cylindrical shape.

4.3.4. Electronic performance
To evaluate the effect of the SiNx nanostructure on the electronic performance, the I −V curves and external quantum efficiency (EQE ) of the solar cells were measured before
and after patterning of the SiNx layer. In these initial experiments, the SiNx layer was
not annealed, and the cells thus correspond to not fully optimized geometries that led
to a short-circuit current (J sc ) that is some 3 mA/cm2 below that for the annealed cells
(see Figure 4.2d). Figure 4.4 shows the comparison for a batch of 5 solar cells that received the same patterning treatment. For all cells, a strong gain in J sc is achieved. The
batch statistics in Figure 4.4b confirm that nanopatterning led to a systematic gain in
J sc of 8.5 mA/cm2 average, along with a slight average gain in Voc , and an average reduction in fill factor (F F ), dominated by the outlier I − V curve. Nanopatterning the
SiNx layer increased the efficiency (η) by 3.2%-absolute on average compared to the flat
cell with SiNx layer, mainly due to the improved J sc . The best nanopatterned cell had
J sc =36.9 mA/cm2 , Voc =0.602 V, F F =73.6%, and η=16.3%. The parameters for the initial
textured, unetched cell (reference in Figure 4.2d) were J sc =42.2 mA/cm2 , Voc =0.668 V,
F F =76.2%, η=21.5%. We note that the patterned cells showed a somewhat larger variation in J sc than the planar cells (Figure 4.4a). We attribute this to variations in the SCIL
process that did not always lead to a full imprint of the surface area (Figure 4.3a). Similarly, the shunting in the outlier I − V curve in Figure 4.4a is attributed to unwanted
effects of the SCIL process such as damage caused by wafer handling. We note that these
variations can all be avoided by using a fully automated SCIL imprint process, for which
commercial systems are now on the market 106 .
As noted above, in the experiments of Figure 4.4 the Al2 O3 and SiNx layers were not
annealed, in contrast to the samples in Figure 4.2d that were annealed to reduce surface
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Figure 4.4: (a) Current density – voltage (J −V ) curves of planarized (gray) and passivated (red) solar cells before
and after patterning of the 200-nm-thick SiNx layer. The curves that correspond to the best cell are indicated by
darker colors. (b) Boxplot diagram showing the electronic parameters short-circuit current density (J sc ), opencircuit voltage (Voc ), fill factor (F F ), and efficiency (η). The units are the relative change of the parameter after
patterning compared to before.

recombination, leading to an enhanced short-circuit current as shown in Figure 4.2d.
This explains why the observed Voc values in Figure 4.4a for the patterned cells are lower
than for the optimum case for the planar cells in Figure 4.2d even though the shortcircuit currents are higher. Based on the results in Figure 4.2b we estimate that annealing of the patterned cells, leading to better passivation and hence carrier collection could
add another 2 mA/cm2 to the short-circuit current. Experiments are presently underway
to investigate this. We refer to Figure 4.8 in the appendix, which shows a further comparison between the characteristics of annealed and not annealed solar cells.
The large gain in J sc between patterned and flat SiNx coated solar cells (9.2 mA/cm2
for the best cell) is consistent with the strongly enhanced incoupling of light into the
solar cell. To study this in detail, Figure 4.5 shows the external quantum efficiency (EQE )
of the best solar cell shown in Figure 4.4. Optical limits for the EQE are also shown, and
these were derived from the theoretical reflection from the cell surface, assuming all the
transmitted light contributes to the EQE , irrespective of the bandgap. Before patterning,
the 200-nm-thick SiNx layer resulted in an EQE spectral shape with three peaks, and
only a small range (490-620 nm) showed an EQE above 80%. Figure 4.5 also shows the
calculated optical limits for the EQE of a Si solar cell with a planar front surface and a
200-nm SiNx layer on top, corresponding to the solar cell before patterning. The curve
matches the experimental planar cell well for the 350 and 900 nm wavelength range.
For reference, Figure 4.5 shows the EQE and the optical limit for a 75 nm SiNx layer,
for which both curves peak at 600 nm. The cell with the 75 nm SiNx layer received the
same processing as the 200 nm SiNx cell and showed a slightly larger gap between the
theoretical curve and the measured EQE , but an otherwise good agreement between
400 and 900 nm.
The measured EQE for the patterned cell shows significant improvement compared
to the measured 200 nm SiNx planar cell. In the 420-930 nm spectral range the measured
EQE for the patterned cell is above 80%. The spectral shape strongly resembles the optimized transmission in the simulations in Figure 4.1a, shifted to slightly lower overall
current. The dip in the measured EQE between 450 and 600 nm coincides with the simulated transmission dip (Figure 4.1a), but the sharp feature at 535 nm is not visible in the
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experiment and may be smoothened due to variations in the nanofabrication across the
cell surface.

4
Figure 4.5: External quantum efficiency (EQE ) of the best cell from Figure 4.4. The EQE is shown for the
sample before (200 nm SiNx , black) and after (patterned, red) patterning and for a cell with a single layer ARcoating (75 nm SiNx , blue). Optical limits for the EQE , based on reflection losses, are shown for an air – SiNx
(200 nm) – Si stack (dashed, black), and for an air – SiNx (75 nm) – Si stack (dashed, blue).

In the future we will apply a passivation anneal to these cells. We expect that the EQE
of the cells will be enhanced by 5% in the range between 450 and 900 nm, similar to the
5% enhancement observed in short-circuit current that was observed for the planar cells
due to annealing (Figure 4.8). For the present experimental cells, integrating the EQE
spectrum leads to a short-circuit current that is 2.3 mA/cm2 above that for the planar cell
with a 75 nm SiNx AR coating. Compared to a front surface with pyramidal texture (reference cell from Figure 4.2d), the SiNx patterned device loses only 2.4 mA/cm2 in the 300900 nm range (from which the maximum current that can be harvested is 33.7 mA/cm2 ).
In the near-infrared spectral range between 900 and 1200 nm (12.7 mA/cm2 available)
the nanopatterned cells harvests 4.2 mA/cm2 less which is due to the fact that microscopic texturing strongly enhances light trapping in this spectral range. Note that the
overall J sc difference (6.6 mA/cm2 ) measured during EQE measurements is larger than
measured during I −V measurements (5.3 mA/cm2 ). This might be related to a light bias
dependence of the EQE or uncertainties associated with the illumination intensity and
spectrum of the light sources.

4.4. Nanostructured hyperuniform Si surfaces for improved
light trapping
The nanopatterned SiNx broadband anti-reflection coating shows a high incoupling efficiency, however, it does not trap light well in the near-bandgap spectral range. Here,
we investigate a front surface structure that can trap light efficiently. In recent work,
Tavakoli et al. 221 have designed and fabricated a hyperuniform (HUD) structure that
provides a large number of scattering channels across a broad wavelength range, yielding a short-circuit current density (J sc ) of 26.3 mA/cm2 for a 1 µm thick absorber, as derived from to absorption measurements. Complementary recent investigations of HUD
scattering pattern also showed efficient light trapping in solar cells 222–225 demonstrat-
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ing the power of this concept. Moreover, this nanostructure enables ultrathin flexible Si
solar cells.

4.4.1. Fabrication of the hyperuniform Si surface
To assess the viability of the HUD surface pattern for application in thin Si solar cells,
the planarized IBC cells from the previous section were used as a platform. The patterning process used was similar to the process in the previous section, with the important
difference that this time the Si was patterned, instead of SiNx . Figure 4.6a shows the patterning sequence for these solar cells. Compared to the process shown in Figure 4.3a,
there is no PMMA layer between the silica solgel mask and the layer that was patterned.
The Si layer was RIE etched, and the mask was removed with an HF-dip. The methods
section provides further details.

4

Figure 4.6: (a) Patterning sequence. The PDMS stamp was pushed into the liquid solgel. After the solgel had
cured, the stamp was removed. The residual solgel layer was removed by reactive ion etching (RIE). Then, the
Si surface was patterned by etching (RIE) into it. The etch mask was removed by lift-off in HF-solution. (b)
SEM top-view of a spinodal HUD pattern 221 etched into Si. (c) Zooming out reveals darker patches which
correspond to areas where the breakthrough was not successful. (d) On a very large scale, the pattern did not
cover the full sample. The pattern coverage improves for thinner and hence more planar Si IBC cells. The solgel
mask was still on the sample in (b)-(d).

Figures 4.6b-d give insight into the Si solar cell surface after the patterning process.
On the small scale (Figure 4.6b), we found that the patterning works well and yields clean
structures. On larger scales (Figure 4.6c&d), circular patches could be found across the
sample, which we attribute to inhomogeneities in the stamping, as discussed for Figures 4.3b-d. Note that the fraction of unsuccessfully patterned Si likely decreases for
thinner Si solar cells, as these are more planar.

4.4.2. Electronic simulations of the impact of surface recombination velocity and surface area on the electronic passivation for nanopatterns in Si
Patterning the Si absorber layer directly increases its surface area, which means that the
electronic surface passivation quality requires special consideration. In the following, we
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perform 2D finite element drift-diffusion simulations, using Ansys Lumerical CHARGE.
Simulations were run for different surface recombination velocities (SRV ) and different
surface areas, and I − V curves were extracted for every simulation. The charge carrier
generation was set to 30 mA/cm2 and the Si wafer was 3 µm thick. Such high generation
in a thin Si slab is an optimistic scenario 86 , but very suitable to the final goal of our
work, achieving high carrier generation in very thin Si solar cells. The methods section
provides further details.

4

Figure 4.7: Simulated electronic parameters as a function of surface recombination velocity (SRV ), and surface
area enhancement factor ( f S ). The colorscale corresponds to the value of the parameter relative to the maximum value found in the simulations. Darker colors indicate lower values. The panels show (a) the short-circuit
current density (J sc ), (b) the open-circuit voltage (Voc ), (c) the fill factor (F F ), and (d) the efficiency (η).

Figure 4.7 shows the solar cell parameters relative to the performance of a planar
( f S =1) cell with a SRV of 1 cm/s. The effect of the SRV on the J sc is negligible (less
than 2%) for SRV lower than 100 cm/s, irrespective of surface area. The Voc was affected
more strongly by the surface area and the SRV , but losses stayed below 2% for an SRV
of 30 cm/s and lower. The changes in F F were negligible in comparison and are less
than 2% across the full parameter range investigated. For a SRV of 30 cm/s and 3-times
larger surface area ( f S =3) than in the planar case ( f S =1), an efficiency loss of 5%-relative
was predicted. For comparison, a planar surface yields 5% efficiency loss at an SRV of
100 cm/s, which implies that a 3-times larger surface roughly translates to the effect of
a 3-times larger SRV , for this specific parameter range. Overall, for high-quality passivation 238–240 below 10 cm/s, the relative efficiency loss for a 3-times larger surface is
only 0.7% compared to a planar surface, showing that losses due to the increased surface
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area are negligible. As light trapping architectures are typically designed to improve the
efficiency by more than 0.7%-relative, they can compensate for this loss and yield a net
efficiency gain. For reference, pyramidal texture corresponds 242 to an f S between 1.3
and 1.8, while the HUD designs described by Tavakoli et al. 221 range from 1.8 to 3.3.

4.5. Conclusion

4

We have fabricated SiNx nanocylinders arranged in a periodic lattice as an electronically
flat and optically patterned anti-reflection coating on interdigitated back contact Si solar
cells. The layer of nanocylinders formed an effective anti-reflection coating embedded
with Mie resonators that efficiently forward scatter light in a broad spectral band. The
nanopatterned solar cells showed significant current gains after patterning, compared
to cells with a planar surface, with the best cell achieving a J sc of 36.9 mA/cm2 (up from
27.7 mA/cm2 for planar cells), and a power conversion efficiency of 16.3%. The measured EQE showed good agreement between simulated and measured data, validating
the combined effect of Fabry-Pérot and Mie resonances leading to enhanced light incoupling. The SCIL nanopatterning technique was found to be well suited for cell processing, with some surface inhomogeneities that can be avoided by using an automated
imprint system. Based on our experimental data, we expect that annealing to further improve surface passivation will further enhance the short-circuit current by 2.0 mA/cm2
to about 39 mA/cm2 . Using the planar nanopatterned geometry instead of conventional
macroscopic surface texture led to a short-circuit current deficit of about 4.2 mA/cm2
due to reduced light trapping in the 900-1200 nm spectral band. We also presented the
first steps towards integrating a hyperuniform Si structure, that is capable of efficient
light trapping, on the front surface of thin Si solar cells. We achieved comparable pattern
quality as for the nanopatterned SiNx AR coating and evaluate the electronic passivation
requirements by means of electronic simulations. We predict that recombination losses
from the increased surface area become negligible for surface recombination velocities
below 10 cm/s. Overall, the data provide a roadmap for the development of wafer-based
flexible solar cells, where the nanopatterned SiNx can replace the conventional macroscopic surface texture for efficient incoupling, and at same time we present planarized
and thinned commercial IBC solar cells as a demonstrator platform for other research
questions, such as the electronic passivation requirements for nanostructured Si surfaces.

4.6. Appendix
4.6.1. Dependence of electronic parameters on annealing treatment for
improved passivation
Annealing (400°C, 10 min, ambient) of the solar cell to improve the Al2 O3 passivation 243
usually does not affect the solar cell negatively (Figure 4.2d). In some cases, we have
found that it affected the F F negatively. Figure 4.8 shows a comparison between two
batches (11-12 samples each) that were fabricated identically during the same fabrication run, with the only difference being that one was annealed after Al2 O3 and SiNx deposition, and the other was not.
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Figure 4.8: External quantum efficiency (EQE ) of cells of two distinct batches. One batch of samples was
annealed (red), the other batch not (gray). (b)-(e) Short-circuit current density (J sc ), open-circuit voltage (Voc ),
fill factor (F F ), and efficiency (η) for the annealed (red) and not annealed (black) batch.

4
2

It becomes clear that annealing improves the J sc and EQE significantly (2 mA/cm
on average). At the same time, also the Voc strongly increases (60 mV on average), but
these gains are offset by a large loss in F F (from 75% down to 40%). This large drop in F F
does not always occur, but to ensure that the solar cell devices remain comparable to one
another, we chose to work with the not annealed batch for the fabrication. We believe
that this significant drop in F F was related to proprietary features of the commercial
IBC solar cells used in this work. Consequently, we would recommend annealing post
dielectric film deposition to activate surface passivation fully.

4.6.2. Methods
Optical simulations
For Figure 4.1, Ansys Lumerical FDTD 229 was used to solve Maxwell’s equations numerically. The simulation mesh accuracy was set to “3”, and “conformal variant 0”. Periodic
boundary conditions were used to reproduce the unit cell in both directions along the
Si surface plane. Perpendicular to the plane, perfectly matched layers (PML) were used
at the boundaries. A broadband plane wave source was used, and the monitor used
to detect the transmission was inserted at the SiNx – Si interface. The simulation was
conducted for various structure parameters, which were adapted according to a particle swarm optimization. The field profile was obtained from a single particle scattering
simulation, which uses PML at all simulation boundaries, and a total-field scattered-field
(TFSF) source.
Electronic simulations
For Figure 4.7, Ansys Lumerical CHARGE 244 was used to solve 2D drift-diffusion equations numerically using the finite element method. The simulation geometry was adapted
from the standard example for a silicon solar cell 245 . The cell design was changed such
that it represents an IBC cell and front contacts and associated doped regions are moved
to the rear. The bulk was set to be n-type doped with a carrier concentration of 1015 cm-3 .
After convergence testing, the minimum mesh triangle length was set to 10 nm. To simulate increasing surface area, Si pillars were placed on top of the main Si slab. They had
a width of 250 nm, and a pitch of 500 nm, which are dimensions that represent many
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nanostructures fairly well, amongst which the one of Tavakoli et al. 221 . The pillar height
(h) was varied to simulate the larger surface area (Figure 4.9), which was parameterized
2h
with h in nm. The
by the surface area enhancement factor ( f S ) and given by f S = 1 + 500
surface recombination velocity (SRV ) was varied at the interface between Si and the passivation layer (set to the same value for holes and electrons). I −V curves were obtained
by sweeping the applied voltage for one of the back contacts. Note that the generation
is confined to the bulk Si layer (Figure 4.9), does not extend into the Si pillars, and is
described by a Beer-Lambert profile. More realistic light trapping structures would exhibit generation in the pillars, as well as an overall more uniform generation profile in
the bulk.

4

Figure 4.9: Simulation setup scheme. 2D Si pillars are placed on the Si front surface. Width and pillar-pillar
separation are both 250 nm. The height is varied during simulations. The optical generation profile (yellow
gradient) is confined to the bulk Si layer. The passivation layer fills the half space to the top.

Planarization
To planarize the front side of the double-textured solar cells, their backside is protected
using the parylene-C polymer. It was deposited by vaporizing a solid parylene dimer precursor and by splitting it into monomers at high temperature (650°C). The hot vapour
was channeled into a cool (room temperature) chamber that contains the cells, where
the vapour forms the polymer on all exposed surfaces. Parylene-C is resistant to all
chemicals used for the processing. For the electronic characterization, the parylene
layer that covered the contacts was removed with a reactive ion etch (O2 at 20 sccm,
200 W , 15 mTorr, 90-150 min). The initial SiNx layer on the solar cell was removed by
dipping the parylene-protected solar cell into HF solution (4.5%, approximately 10 minutes, no agitation) until the front surface appears gray and appears hydrophobic. The
planarization is done by HNA-etching. Great care for personal safety must be taken during this process, as the used chemicals are extremely hazardous in their individual and
combined form. Hydrofluoric acid (HF, 49%), nitric acid (HNO3 , 70%), and acetic acid
(CH3 COOH, glacial) were mixed at a ratio 10:73:17, according to Yu et al. 246 . A stirring
bar is added to 500 ml of HNA solution and accelerates the etch rate (typically by a factor
4). The parylene-protected solar cell was dipped in the solution, and the planarization
was monitored by looking at the gradually increasing specularity of the initially diffuse
Si surface. Depending on the agitation and the HNA volume, planarization took 15–60
minutes. Thinning to 30 µm Si thickness took another 40-60 minutes. Afterwards, the
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samples were taken out of the solution and thoroughly rinsed in water.
Patterning
We used substrate conformal soft-imprint lithography (SCIL) 106,107 for the patterning.
Silica solgel was spin-coated at 2000 RPM for 8 s, to form a layer of 74 nm thickness. The
stamp was pushed into the liquid silica gel, and removed after 6 min of curing at room
temperature. The stamp dimensions are the same as in Figure 4.1, except for the height
of the pillars. The height of the pillars and the thickness of the bottom layer is regulated
with the initial SiNx thickness and the etch duration. To etch specific layers, we used
the following reactive ion etch (RIE) chemicals, of which the durations were adjusted
depending on the desired thickness: silica solgel was etched with CHF3 /Ar. Si is etched
with a short (11 s) pre-etch using Cl2 , and followed by the main HBr/O2 etch. PMMA was
etched by O2 . SiNx is etched by CHF3 /O2 .
Passivation
For the passivation of the planar front surface with Al2 O3 , the solar cell surface was
cleaned with an RCA cleaning procedure 247 . Sequentially, the sample was dipped in
RCA-1 (H2O2 :NH4 OH:H2 O (1:1:5); 80°C; 10 min), RCA-2 (H2 O2 :HCl:H2 O (1:1:5); 80°C;
10 min), and HF (4.5%, 2 min). The sample was blow-dried with a N2 -gun after the HF
cleaning step. Within 30 minutes after the last cleaning step, the sample was loaded and
under vacuum in a Picosun R-200 atomic layer deposition (ALD) system. The cell was
heated to 200°C, and 100 cycles of a water (H2 O) and tetramethylammonium hydroxide (TMA) deposition sequence were run to deposit 10 nm of Al2 O3 . The SiNx layer was
deposited by plasma-enhanced chemical vapour deposition (PECVD), using a Oxford
Instruments Plasmalab 100 PECVD tool. The SiNx layer (180-200 nm) was deposited at
300°C from silane (SiH4 ) and ammonia (NH3 ) precursors. To improve the Al2 O3 passivation, an annealing step was done in some cases. The cells were deposited on a 400°C hot
Si wafer on a hotplate and left there for 10 minutes, in air.
Electronic characterization
For the electronic characterisation, the solar cells were mounted on a stage with an aperture that is smaller than the solar cell area. The cell was contacted from the back, with 2
(EQE ) or 4 (I −V ) contacting probes pressing the cell onto the aperture rim, thereby fixing its position. The stage was then flipped over so that the front surface of the solar cell
faced upward in the AM1.5 solar simulator. For the external quantum efficiency (EQE )
measurements, a PV measurements QEX7 system was used. The samples were brought
into a focal spot with dimensions 1×4 mm2 under bias light. Current – voltage (I − V )
curves were measured using a WaveLabs SINUS 220 tool. The obtained current values
were normalized by the aperture size (8x8 mm2 in most cases) to obtain the current density.
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