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Soft-imprint nanopatterning for
optoelectronic improvements in
solar cells
7.1. Abstract
The integration of nanostructures has become a prominent pathway for the enhancement of the optical performance in photovoltaic (PV) devices. Substrate conformal softimprint lithography (SCIL) serves as a useful tool for effective and large-scale integration of nanostructures in PV device stacks. However, with increasing integration, care
needs to be taken during fabrication to minimize fabrication-associated degradation of
the device. We investigate three different patterning approaches that are based on SCIL
and evaluate their impact on solar cells, and observe improvements in the short-circuit
current density in all cases. In some cases the open-circuit voltage and the fill factor also
benefit. We identify a direct imprinting approach, for which the solgel material immediately serves as the functional layer, to minimize cell degradation during nanofabrication,
provided an adequate solgel is found. Furthermore, direct imprint also serves as a tool
to investigate the potential of nanostructures with optical and electronic functionalities.
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7.2. Introduction
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New records for photovoltaic (PV) devices are often achieved by structuring a device
layer to enhance its intrinsic function, or to add another functionality to that layer. For
the optical performance of a solar cell, texture is often used at the front 308,309 to improve
light incoupling, or at the back 310,311 to increase the path length for light within the absorber. These approaches allow for an increased generation of charges. Charge extraction can also benefit from similar approaches, such as bulk heterojunctions 201 , which
allow for shorter diffusion paths for the charges. Very recent records in key PV technologies highlight the relevance of structured surfaces for PV, such as the current record for
2T perovskite-Si tandem solar cells, which was achieved thanks to nano-texturing 326 .
Imprint lithography 106,107,327,328 has established itself as a very popular approach to
pattern materials, as it can be upscaled fairly easily. Complete patterning of 300 mm
wafers is a commercially viable process, and can either be done in cassette-based systems 106 , or by using roll-to-roll processes 328 , for high throughput. Those advantages
set imprint-based lithography apart from UV 329–331 - and e-beam 330–332 approaches, for
example. Substrate conformal soft-imprint lithography (SCIL) 106,107 exhibits the advantages of imprint lithography and is fabrication-defect resistant, which makes it appealing for large-scale applications, where strict requirements on cleanliness are often not
wanted.
In fact, imprint lithography has already proven to be a great success in PV-labs, and
produced black silicon 333 , efficient back reflectors 311 , colored PV 125 , spectrum splitters 279 , transparent electrodes 305 , patterned p-n heterojunctions 334 , and nanopatterned
AR coatings 333 . Imprint lithography approaches are also highly relevant in many other
fields, such as electronic integrated circuits 335,336 , and applications in photonics 337 . Its
scalability is especially interesting for PV, for which the industry is continuously shifting
to larger wafer sizes 338 .
Most of the work in the past has focused on introducing nanopatterns in the solar
cell geometry in a way that would benefit the optical performance, while ideally the patterned geometries do not get in contact with critical electronic layers. Often this has
led to approaches where, for example, a glass window is introduced between an optical
nanopattern and the solar cell 125 . In the following, we focus on pathways that introduce
nanostructures in regions which require careful consideration of the solar cell electronic
properties as well. We describe the most efficient routes for the integration of nanostructures in solar cells, and will discuss the important aspect of electronic compatibility and
functionality of the layers, which have previously received most of the attention from an
optical perspective.
The previous chapters of this thesis focus on the interplay of optical and electronic
effects that arise from nanostructures, and how they can be used to benefit solar cells.
Several approaches for the experimental integration of such structures in PV devices
are introduced. We directly imprint ZnO and fill it up with PbS quantum dots (Chapter 2) 334 , pattern V-grooves into a transparent polymer on top of a solar cell (Chapter 3) 339 , nanopattern and passivate the surface of silicon solar cells (Chapter 4), and
simulate how nanopatterns can benefit 2-terminal (2T) perovskite-Si tandem solar cells
(Chapter 5) 340 . Here we also present results on the direct patterning of TiOx and dielectric nanopatterns for CZTS and CIGS. This chapter aims to summarize these fabrication
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approaches, which all have in common that they are derived from SCIL. Detailed descriptions of the electronic cell performance are provided in the corresponding chapters
and published papers. We will discuss the fabrication routes and at the same time evaluate how they impact the structural, optical, and electronic integrity of PV devices.

7.3. Fabrication approaches
The basic approach for patterning of specific layers relies on pushing a PDMS-stamp into
a liquid silica-solgel layer after spin-coating. The silica solgel composition is optimized
to make it cure within a few minutes at room temperature. The PDMS stamp consists of
three different PDMS layers with different Young’s modulus 106,107 on a thin glass carrier
that allow for it to retain in-plane features on the nanoscale while being flexible on the
wafer-scale 106,107 . See Verschuuren et al. 106,107 for technical details of the SCIL process.
In the following we describe direct and indirect patterning processes using the SCIL process for several PV geometries.

7.3.1. Indirect patterning in combination with lift-off
Indirect patterning refers to using the patterned silica solgel as a mask for further processing, in order to structure a specific layer. In combination with lift-off, this usually
involves patterning of the solgel on top of another sacrificial layer. The pattern is transferred into that layer via etching and the empty features are filled up using evaporation as
a deposition method. Subsequent lift-off of the sacrificial layer yields the final structure,
which is a negative of the initially imprinted pattern (Figure 7.1).
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Figure 7.1: Indirect patterning in combination with lift-off. A sacrificial (PMMA) layer is deposited on the
substrate, followed by a liquid silica solgel layer. From left to right: A PDMS-stamp is pushed into the liquid
solgel. After curing, the stamp is removed, and a solgel-etch removes the residual layer of the solgel. Then a
PMMA etch is used to expose the substrate. The desired material is then evaporated into the gaps that were
formed in the PMMA. Lift-off of the sacrificial PMMA layer yields the nanostructure on the substrate.

Provided the substrate and patterned layer are compatible with the etch used for the
sacrificial layer, as well as the solvent used for lift-off, this approach serves as a universal approach for patterning of many materials. A key prerequisite is the existence of a
suitable evaporation source for the required material. Electron-beam and thermal evaporation are well compatible, while sputtering and atomic-layer deposition (ALD) make
lift-off more difficult due to the conformality of deposited material.
We have employed the indirect patterning technique to fabricate arrays of SiO2 nanoscatterers at the backside (on ITO) of a bifacial copper-indium-gallium-sulfide (CIGS) solar
cell 341 (Figure 7.2a,b), and transferred this process to deposit SiO2 nanoscatterers on Mo,
the backcontact for CZTS solar cells (Figure 7.2c,d). We have also studied the growth of
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CZTS over the dielectric scatterers (Figure 7.2e,f).

Figure 7.2: (a) Top view of 200-nm-high SiO2 nanopillars on top of an ITO-coated glass. Three pillars are
marked with red dots (b) SiO2 nanopillar lattice with some defects composed of fused pillars. (c) View under
an angle onto 200-nm-high SiO2 nanopillars on top of a Mo film on a glass substrate. Two empty spots are
visible, and we find that the shape deviates from a cylindrical pillar shape due to non-perfect alignment during
evaporation in combination with sample rotation. Three nanopillars are marked with red dots. (d) Large-area
image of SiO2 nanopillars on top of a Mo film on a glass substrate. (e) Cross-cut view of 200-nm-high SiO2
nanopillars on a Mo film on a glass substrate, with CZTS grown over the pillars. Three pillars are marked with
red dots. (f) Large-area image of CZTS grown over the SiO2 nanopillars. The pattern of the pillars on the
backside was transferred to an array of corrugations on the front side of the CZTS layer.
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7.3.2. Indirect patterning in combination with etching
Indirect patterning can also be combined with a pure etching approach. In this case, the
silica solgel can serve as a sacrificial layer on its own, but an additional sacrificial layer
under the solgel layer can be used as well. In both cases the sacrificial layers are etched
through first, and then a different etching recipe is used to transfer the pattern into the
substrate material. After the substrate material has been patterned, the sacrificial layer
is removed with solvents to obtain the desired structure (Figure 7.3).

Figure 7.3: Indirect patterning in combination with reactive ion etching (RIE). The process starts with a planar
layer of the material that needs to be patterned, on top of a substrate. A sacrificial PMMA layer is deposited
followed by a liquid solgel layer. Processing from left to right: A PDMS-stamp is pushed into the liquid silica
solgel. After curing, the stamp is removed, and a solgel-etch removes the residual layer of the solgel. Then a
PMMA etch is used to reach the substrate. The material that is to be patterned is etched during the next step.
Lift-off of the sacrificial PMMA layer yields the nanostructure on the substrate.

For this line of processing to work, it is important that the etch for the substrate layer
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exhibits high selectivity towards the substrate material, to not affect the etch-mask during the patterning. The etching is usually done by reactive ion etching (RIE). Side effects
from this process can be degradation of the substrate due to ion-bombardment or UVradiation and contamination of other layers can be a concern when it involves solar cell
layers that are sensitive to electronic defects.
We have used this approach to pattern hyper-uniform light trapping patterns that
were etched into silicon 221 (Figure 7.4a-c) and to fabricate nanopatterned SiNx antireflection coatings on top of silicon (Figure 7.4d-f).

Figure 7.4: (a) Top view of a hyper-uniform spinoidal 221 structure etched into the surface of a Si solar cell
using a nanopatterned silica mask layer. (b) Larger area, same structure with some patches (dark regions)
where the solgel etch did not break through the solgel layer. (c) Even larger area for the same structure. The
non-patterned areas correspond to residual surface indents in the Si wafer that stem from initial pyramidal
texture that was removed by polishing to create a flat solar cell. These pockets accumulate thicker solgel layers
for which the solgel etch cannot break through. (d) Angled view of periodic (pitch = 530 nm) square array of
SiNx pillars of 255 nm width and 120 nm height on top of a planar 60 nm SiNx layer on a Si solar cell. (e) Top
view. (f) Larger area, similar defects as in (c) are visible, stemming from the not perfectly planarized surface of
the originally textured Si surface.

7.3.3. Direct patterning
Direct patterning refers to using the cured solgel material as the functional layer after
patterning (Figure 7.5). The advantage of this is that it is a one-step approach that only
involves spin-coating of the solgel solution and subsequent imprinting. The only potentially detrimental impact on the substrate in this case is the mechanical pressure that is
induced during the moment of contact between the PDMS stamp and the solgel. This
means that this approach causes the least possible degradation of substrate layers and
the functional layer, and hence is the best option, if available.
The possibility of using this approach depends on the existence of a suitable solgel
that exhibits the right spin-coating and curing behavior, as is the case for the used silica
solgel 106,107 . Furthermore, this approach limits the achievable feature height to the feature depth in the PDMS-stamp, and limits the residual layer thickness in proportion to
the solgel volume used during spin-coating.
Figure 7.6 shows how directly patterned layers have been achieved using TiOx solgel
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Figure 7.5: Direct patterning. The process starts with a liquid solgel layer of the desired material composition
on top of a substrate. A PDMS-stamp is pushed into the solgel, and after curing, is peeled-off. This yields the
final nanostructure, that consists of the cured solgel material.

(on CZTS/CdS and on ITO, Figure 7.6a,b), and ZnO with varying residual layer thickness
(on ITO, Figure 7.6c,d) 334 to achieve a template for a PbS QD absorber (Figure 7.6e,f).
Control over the ZnO residual layer thickness is especially interesting, as this affects the
series resistance of the solar cell device. The TiOx was deposited from Titanium diisopropoxide bisacetylacetonate (C16 H32 O6 Ti) 342 dissolved in isopropanol, and the ZnO
was synthesized according to Chuang et al. 151 .
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Figure 7.6: (a) Top view of patterned TiOx on top of a CZTS/CdS heterojunction. Due to the roughness of this
substrate material, the TiOx coverage is not perfect. (b) Patterned TiOx on top of ITO-coated glass. (c) Side
view of patterned ZnO on Si, with negligible residual layer thickness, due to the use of a diluted ZnO solgel.
(d) Similar to (c) but with thicker residual layer using undiluted ZnO solgel. (e) Larger-area view of patterned
ZnO, showing good coverage. (f) Crosscut view of a patterned p-n heterojunction in a PbS QD solar cell, that
uses patterned ZnO on top of ITO, and infiltrates the pattern with PbS QDs. The Au layer on top is fairly planar,
showing that the pattern is not transferred through the PbS layer.
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7.4. Impact of fabrication on functional layer and cell
7.4.1. Structure
Indirect patterning allows for best control of the final feature depth/height, and thus is
preferred for applications that only depend on feature geometry. Comparing Figure 7.2c
and Figure 7.4d, we can also see that the RIE-only indirect patterning approach best
conserves the desired shape. However, often it is desirable to use a fabrication approach
that avoids potentially damaging processes such as RIE. In such a case direct imprint
serves as a non-invasive alternative, at little loss in the pattern quality.
The impact on the cell structure depends on the degree of integration of the nanostructure into the cell. In the case of an array of optical scatterers at the front of the
cell, which can help with incoupling of light, the fabrication can be essentially decoupled from the cell itself, and hence the rest of the cell is not impacted structurally. If the
nanostructures are integrated in between different layers, their impact on the following
layers can be large. For example, the overgrowth process of CZTS (co-sputtering and sulfurization 343 ) on SiO2 -nanopillars on top of a Mo-film leads to an overall smaller CZTS
grain size than for planar CZTS layers and also causes a periodic pattern to be visible on
the front side of the CZTS layers (Figure 7.2e,f). As shown before for a-Si:H 344 , this can
enhance the incoupling of light at the front side due to the excitation of Mie resonances
with forward scattering distributions. However, in the case of spin-coated PbS quantum
dots, the structural impact of the patterned ZnO layer (Figure 7.6f ) is confined to the interface of those two materials, and does not transfer through to other layers, because the
material is deposited in liquid and not solid form.

7.4.2. Optical & electronic function
How important is the choice of fabrication approach for the optical and electronic properties of the solar cell? Some options produce more accurate structures than others, and
some are more likely to contaminate the solar cell.
Optically, most materials can sustain a certain degree of contamination with other
materials without serious impact on their optical constants 345 , eliminating contamination during processing as a concern. Obviously, for best optical performance it is important to fabricate the structure as accurately as possible, and all three fabrication strategies serve as viable options for sufficient accuracy, with the RIE-only indirect imprint
approach standing out as the best.
Electronically, many materials are vulnerable to small amounts of contaminants, like
Au creates effective carrier traps in Si 346 . While these defects typically do not largely
affect the optical constants of the semiconductor (e.g. absorption), they can form a nonradiative recombination site, and compromise charge separation and extraction. During
imprint lithography, such defects could be introduced by ion-bombardment (RIE), the
use of contaminated deposition chambers (evaporation, sputtering,. . . ), or via liquids
used in processing (lift-off).
Direct imprint stands out in this regard, as it uses none of these potential sources
of contamination, in comparison to the two indirect approaches. Figure 7.6c-f shows
examples for TiOx and ZnO, which can be patterned without the need to worry about
unintentionally changing the oxidation state during a RIE-etch with O2 or introducing
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bulk or surface defects from ion bombardment. However, to increase the applicability
of this approach (for example to directly pattern the absorber), more research on solgels
for various materials of interest is required.

7.5. Conclusion
We have evaluated substrate conformal soft-imprint lithography (SCIL) as an important
tool for introducing nanostructures in solar cells. The main benefits are the scalability
of this approach, as well as the relative simplicity. Three potential paths for the patterning of functional layers are outlined, differing in complexity as well potential impact on
the solar cell performance. Indirect patterning strategies that use lift-off and reactive
ion etching allow for the use of a wider range of material. In contrast, direct patterning
requires the material to be dissolved in solution beforehand and serves as an effective
one-step approach with negligible impact on the solar cell performance. For materials
for which a solgel exists, we identify this approach as most suitable for the integration of
nanostructures that are not only optically, but also electronically functional.
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