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The large surface-to-volume ratio and the huge surface area of an ordered nanostructure is essential for
improving the performance of many metal sulfide-based technologies within energy conversion and
storage, but also catalysis and sensing. Although, several routes toward the formation of nanostructured
metal sulfide thin films have been already developed, their fabrication is still challenging. Herein, we
present a novel method for the preparation of honeycomb-structured CulnS, thin films via a
nanosphere colloidal lithography technique using monodisperse polystyrene nanosphere layers, formed
by a self-assembly approach at the air/liquid interface, as template. The size of the spheres can be
reduced by an O, plasma etching process, thereby enlarging the free space between the spheres.
Infiltration of the template with metal xanthates followed by their thermal conversion to CulnS; and the
thermal removal of the polymeric template leads to ordered honeycomb-structured films. In an
alternative route, the template is infiltrated with a tailored CulnS, nanoparticle ink before the template is
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Introduction

In the past few years, ordered nanostructured materials gained
increasing interest in optoelectronics, sensors, but also in
energy related applications including batteries, capacitors,
solar cells and in particular catalytic CO, reduction, or hydro-
gen production.”” For the formation of ordered nanostructured
materials, metal oxides, siliceous and carbon based materials
are prevalent among the research community. The reason
for this pre-eminence is mainly the huge amount of suitable
precursors and their ability to take part in sol-gel reactions.?
In contrast, due to their less controlled sol-gel processes and
sensitivity towards experimental conditions, reports about
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routes towards ordered nanostructured films of sulfides, sele-
nides, carbides and nitrides are scarce.® Especially metal sul-
fides, widely used in applications such as energy conversion
and storage, catalysis and water splitting,"* can benefit from
the formation of ordered nanostructures as the large surface-to-
volume ratio of the structured materials can be a key point for
further improving their performance in these above mentioned
applications.®

The major structuring techniques are based on templates.
There are two templating strategies, namely hard-templating
or nanocasting routes, and soft-templating. The first route
employs usually a hard exotemplate, such as mesoporous
silica,” whereas the second uses structure directing agents,
such as liquid crystals.® Both techniques face several limita-
tions. In the case of the soft-templating route, in contrast to
the metal oxides, which can be easily formed via oxidation of
metal-based compounds at elevated temperatures under ambi-
ent atmosphere, the metal sulfide formation requires, in most
of the cases, two precursor materials: one that provides the
metal ion and the other providing the sulfur ion. However, the
coexistence of the two precursors and their high reactivity,
immediately leads to the metal sulfide precipitation and uncon-
trolled growth. As a result, the precursors do not have the time
to interact with the structure directing agent. Additionally, the
experimental conditions, such as temperature and pH values,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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which are needed for the self-assembly of the soft-template are
typically different to the ones needed for the crystallization of
the metal sulfide.”'® In case of the nanocasting route, even
though the exotemplate is not influenced by the conditions
needed for the formation of the metal sulfides, as they are
produced at an earlier step and it can be stable at very high
temperatures, the main problem lies on the use of hazardous
chemicals (e.g. HF) for its removal.” Lastly, a general challenge
regarding the preparation of structured metal sulfide layers is
due to the used precursor materials (e.g. metal salts and a
sulfur source, or single source precursors) and their shrinkage
in volume during the conversion, which can be up to 90%."%""
This issue leads to the need of numerous repetitions of the
infiltration and conversion steps until the desired result is
obtained or a loss of the interconnected porous structure
causing a decrease of the accessible surface area.

Apart from the templating route, other techniques were
introduced for the formation of ordered nanostructured metal
sulfide thin films, such as UV-light lithography, which is
performed with the aid of metal xanthate precursors acting as
negative resist.'> Metal xanthates are metal organic compounds
with a typical metal-sulfur bond, which can decompose at
elevated temperatures or in certain conditions also at room
temperature resulting into metal sulfides and are therefore
considered as single-source precursors.">'* An alternative to
UV lithography is the e-beam lithography, where suitable single
source precursors, such as metal thiolates or xanthates, as well
as long-chain metal anion-alkyl ammonium complexes'® are
lithographically patterned for the formation of structured metal
sulfides. Both UV and e-beam lithography techniques do not
use all the typical steps of a conventional lithography, but only
the exposure, which converts the soluble precursor to the
insoluble metal sulfide and subsequently the development,
which removes the precursor via a dissolution in a common
solvent, such as chloroform. These lithographic techniques
have the disadvantages of low throughput, high costs and
time-consuming preparation of the templates.

Another method for the formation of patterned metal sul-
fide microarrays is via self-assembled monolayers (SAMs) as
functional organic templates."® SAMs are patterned usually via
UV-lithography, which results in the formation of different
functionalities and subsequently can induce the adsorption
and crystallization of the metal sulfides only in desired posi-
tions. A less known technique is the micromolding in capil-
laries (MIMIC)."” The technique employs an elastomeric stamp
which is placed on the substrate. A small amount of the
precursor solution is positioned at the end of the stamp and
due to capillary forces, the micromold is filled. Drying and post-
treatment steps follow, resulting into patterned structures.
Nevertheless, the complex fabrication protocol makes the latter
techniques cumbersome structuring routes.

An alternative method overcoming several of the aforemen-
tioned limitations is the nanosphere colloidal lithography.'®
This type of lithography, also referred to as natural litho-
graphy,'® is a patterning method, where colloidal mono-
dispersed particles are self-assembled and used as a template
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for the production of periodically ordered arrays. Compared to
the common lithography techniques, nanosphere colloidal
lithography is also highly reproducible and controllable, how-
ever, as no special equipment is necessary, it is simpler and less
expensive. Additionally, the structure size can range from tens
of nanometers up to several micrometers. At the moment,
popular colloidal particles are silica and polymer spheres, such
as polystyrene (PS) and poly(methyl methacrylate) (PMMA).>°
The spheres are assembled into hexagonally structured arrays
via several methods, such as drop-, dip- and spin-coating,
electrophoretic deposition and self-assembly at the gas/liquid
interface.”’ Hence, the hexagonally structured spheres can be
used as templates, known also as opal, where the desired
materials are infiltrated in the interstitial space of the spheres.
Subsequently, the template is removed, resulting into the
negative architecture of the material, also known as inverse
opal (IO). In the literature, there are numerous studies that
employ the nanosphere colloidal lithography to form hexagon-
ally structured thin films. However, these reports focus on the
syntheses of inorganic materials, such as the oxides TiO,,***?
$i0,,>*** In,0;,%° ITO*® and organometal halide perovskites,”
as well as Ag,”® Ni-p.”

In this study, we present the preparation of honeycomb-
structured CulnS, thin films via two colloidal nanosphere
lithography approaches. CulnS, is a well-studied, non-toxic,
ternary metal sulfide material*®> and macroporous structured
CulnS, films are of high interest in applications such as
(photo)catalysis for water splitting® and inorganic-organic
heterojunction solar cells.>** Regarding the solution-based
formation of CulnS, thin films, there are several studies focusing
on either salts precursors®" or metal xanthates.**** Here, in the
first investigated colloidal lithography route, a direct infiltration of
a precursor solution containing copper and indium xanthates and
an in situ thermal conversion to the metal sulfide is applied. In the
second route, novel thioglycerol-capped CulnS, nanocrystals (NCs)
were synthesised, characterized and employed for the formation of
honeycomb-structured thin films.

Results and discussion
a. Formation and characterization of the PS-NS templates

The polystyrene nanosphere (PS-NS) templates were prepared
with an air/liquid interface method using a suspension of the
PS-NS in a water/ethanol mixture. The overall preparation
process is illustrated in Fig. 1. A glass slide is placed in the
centre of a Petri dish, an amount of the suspension is dropped
on the glass slide and subsequently water is slowly added until
the PS suspension is rapidly spread on the air/water interface,
leading to the two-dimensional (2D) layer assembly. Upon the
formation of the layer, a blueish structural colour appeared at
the air/liquid interface, generated when the incident light on
the ordered structure undergoes diffraction and the wavelength
of the reflected light fulfils the Bragg’s conditions.>® Subse-
quently, the transfer of the PS-NS arrays on the substrates
(silicon wafer) was performed by inserting the substrates below
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Fig. 1 (a) Schematic illustration of the overall preparation process of the
PS-NS templates. SEM images of (b) PO, (c) P300 and (d) P600 PS-NS
templates.

the layer and lifting them from the interface. Finally, the PS-NS
templates immobilized on the substrates were dried under
ambient conditions. In Fig. 1(b) and Fig. S1 (ESIt), the SEM
images of the closely-packed PS-NS arrays on the substrate are
depicted, with the sphere diameter being 264 £+ 20 nm.

However, the 2D hexagonal packing of the nanospheres was
so tight that the interstitial space was insufficient for the
formation of stable walls made of the infiltrated material. Thus,
the PS-NS templates were modified by O, plasma etching. This
leads to a size reduction of the spheres and consequently to an
interstitial space increase between the spheres. The O, plasma
etching is an isotropic process, meaning that it is performed
not only on the surface but also into existing cavities.>® As a
result, the size of the spheres was homogeneously reduced
depending on the etching durations. In our work, we operated
an O, plasma etching for 300 and 600 s. The diameter after
300 s was at approx. 236 nm, whereas after 600 s it was further
reduced to 206 nm. In the following, the different PS-NS
templates are referred to as Px (x = 0, 300, 600 depending on
the O, plasma etching duration). In Fig. 1(b-d), the SEM images
of PO, P300 and P600 are presented.

After the successful preparation of the templates, we inves-
tigated two solution-based approaches to incorporate the metal
sulfide, which are schematically illustrated in Fig. 2. In the first
route, a solution containing a mixture of copper and indium
xanthates was infiltrated into the nanostructure followed by an
in situ thermal conversion to the metal sulfide. In the second
route, an ink containing pre-synthesized thioglycerol-capped
CulnS, NCs was employed for the infiltration. The PS nano-
spheres were removed from the film either by a thermal
decomposition process or dissolution to obtain the honeycomb-
structured thin films of CulnS,.

2886 | Mater. Adv, 2022, 3, 2884-2895
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b. Formation of honeycomb-structured films via in situ
CulnS, production - precursor route

In this approach, the PS-NS template is infiltrated with a
CulnS, precursor solution consisting of a mixture of copper
and indium xanthates (copper 0-2,2-dimethylpentan-3-yl dithio-
carbonate and indium O-2,2-dimethylpentan-3-yl dithiocarb-
onate).>® The challenge hereby is that these compounds are
highly soluble in solvents such as chloroform and toluene, which
also dissolve polystyrene. Consequently, polar solvents, such
as ethanol, used in the formation of hexagonally-structured
TiO, and SiO, with PS-NS templates, would be beneficial.>***
However, ethanol does not dissolve the metal xanthates (in
particular the copper xanthate shows very low solubility in polar
solvents) and hence, according to a previous study, a solvent
mixture of ethanol:dichloromethane: ethanolamine (20:10:1,
vol. ratio) was used, in order to form a clear and stable precursor
solution, while it does not dissolve the polystyrene template.®”
The infiltration was realized by drop casting the solution onto
the template film and soaking for several seconds followed
by spinning off the excess amount of solution at a speed of
5000 rpm using a spin coater. This assures a good infiltration of
the template, without the formation of a noticeable continuous
precursor film on top of the template.

After this step, the FT-IR spectrum (Fig. 3a) shows the
vibrations of both the xanthates and the polystyrene, indicating
that the infiltration procedure does not remove the template.
Most of the vibration peaks appearing in the spectrum corre-
spond to the xanthates. The high intensity peak at 2968 cm ™"
correspond to the C-H asymmetric stretching vibration, while
the peaks at 1240 and 1214 cm ™" and at 1056 and at 1036 cm ™
correspond to asymmetric C-O-C, C-S and C-H stretching
vibrations of the xanthates, respectively.*® Regarding the poly-
styrene, lower intensity vibrations, which stem from an aro-
matic C-H stretching vibration, can be observed at 3025 cm ™.
The bands at 1601, 1493 and 1452 cm ™' correspond to aromatic
C—C stretching vibrations and the ones at 757 and 697 cm ™" to
C-H out-of-plane bending vibrations.*®

Subsequently, the metal xanthates are converted to copper
indium sulfide by heating the samples to 195 °C under nitrogen
atmosphere. The FT-IR spectrum of a sample heated to 195 °C
does not reveal any vibration peaks related to the xanthates.
All the peaks refer to polystyrene. Some were already mentioned
before, while the ones at 2925 and 2843 cm™ ' were super-
imposed by the high intensity xanthate peaks in the aforemen-
tioned spectrum.?® These vibration peaks correspond to the
methylene group of polystyrene. Finally, the decomposition of
polystyrene was accomplished at 400 °C under nitrogen. The
corresponding FT-IR-spectrum does not show any vibrations in
the range from 4000-400 cm ™', as all the organic material has
been removed from the film.

A grazing incidence X-ray diffraction (GIXRD) measurement
on the final film exhibits three broad diffraction peaks with low
intensity at 28.1, 31.2 and 46.4° 20 indicating the formation of
chalcopyrite CulnS, (Fig. 3b). To confirm this result, we ana-
lysed CulnS, powder prepared with a very similar procedure,
with the only difference that the precursor solution was placed

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic presentation of the two PS-NS template routes based on (i) precursor infiltration/conversion and (ii) nanocrystal ink infiltration for the
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(a) FT-IR spectra after infiltration of the PS-NS template with the precursor solution (grey), after CulnS, formation at 195 °C (red) and after

template removal via thermal decomposition at 400 °C (blue). (b) Powder X-ray diffraction (PXRD, brown) and grazing incidence X-ray diffraction (GIXRD,
blue) patterns of the CulnS, powder and the structured CulnS; film on a silicon substrate, respectively, obtained by decomposition of the xanthate
precursors at 400 °C with a reference pattern for the chalcopyrite CulnS; structure (ICSD-42127). The grey frame on the GIXRD pattern indicates the
silicon diffraction peaks stemming from the substrate. The IR spectra and diffraction patterns are shifted vertically for better visibility.

in a glass container, dried and annealed at 400 °C under
nitrogen atmosphere to yield a higher amount of material.
The obtained pattern exhibits also the typical diffraction peaks
of CulnS, at 28.0 (112), 32.4 (200), 46.4 (204) and 55.1° 26 (312)
(reference pattern for chalcopyrite CulnS, structure: ICSD-42127).
Furthermore, the broadness of the peaks indicates the formation
of nanosized CulnS, particles. Additionally, from a SEM-EDX
analysis of the films (Fig. S2, ESIt) an elemental composition of
Cu:In:S of 1:0.8:1.8 (atomic ratio) was obtained, which is close
to the stoichiometric 1:1:2 ratio taking also the uncertainty of
the SEM-EDX measurement of thin films into account.

This heating process to convert the precursors into Culns,
and to remove the template is a central step in the formation of
the honeycomb structured films. Therefore, it was analysed by
time resolved grazing incidence wide and small angle X-ray
scattering (GIWAXS, GISAXS) using synchrotron radiation and
compared to the preparation of a bulk (non-structured) CulnS,
film from the same metal xanthates as starting material.
The extracted GIWAXS patterns and GISAXS images obtained
at various temperatures during the heating run from 35 to
400 °C (heating rate: 10 °C min~ ') are depicted in Fig. 4 and 5.
Moreover, the GISAXS patterns in in-plane and out-of-plane
direction are shown in Fig. S4, ESL¥

© 2022 The Author(s). Published by the Royal Society of Chemistry

The GIWAXS patterns (Fig. 4) and the corresponding surface
plots (Fig. S5, ESIT) illustrate the formation of CulnS, through
the evolution of the (112) reflection of CuInS,, which is located
at 28.0° 20. At a temperature of 35 °C, no diffraction peaks are
visible, while a broad peak appears at a temperature of
130-135 °C. This broad peak is shifted to higher 20 values
(peak maximum at 29-30° 20) compared to the position of the
(112) reflection of CulnS,. This indicates the formation of CuS
seeds (reference pattern of covellite CuS, COD ID: 9000062),
before the formation of the CulnS, nanocrystals. At approx.
150-160 °C, the peak becomes significantly narrower and the
position shifts to lower 20 values, which corresponds to the
typical peak position of chalcopyrite CulnS, nanocrystals. This
phenomenon is known for nanocrystal synthesis in solution,*®
however, has not been observed so far in solventless conversion
processes. Both the bulk and structured film display the same
behaviour regarding the nanocrystal formation, but the for-
mation of the CuS nanocrystals as well as the transformation to
the CulnS, nanocrystals occurs at slightly (5-10 °C) higher
temperatures in the structured film, most presumably due to
the presence of the PS template and the thereby decelerated
heat transfer through the film. The sharp peaks visible in Fig. 4
and Fig. S5 (ESIt) at 20 values of 27.8 and 28.9° at certain

Mater. Adv,, 2022, 3, 2884-2895 | 2887
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Fig. 5 GISAXS patterns of the bulk (top) and structured (bottom) films at different temperatures starting from 35 up to 400 °C and 15 min annealing.
Arrow A shows a semicircle like feature indicating a high order in the bulk film and arrow B points to the feature indicating the preferential near range

order of the CulnS; nanoparticles in the in-plane direction.

temperatures during the heating originate very likely from
silicon crystals (impurity due to substrate cutting and handling)
occasionally moving into the reflection conditions in these
temperature ranges and are not stemming from the investi-
gated CulnS, thin films.

Further information can be extracted from the GIWAXS
invariant and the evolution of the primary crystallite size
determined using the Scherrer formula and the FWHM of the
(112) reflection of CulnS,, as well as the GISAXS (Porod)
invariant and correlation length*" shown in Fig. 6. The calcula-
tion of the invariant values as well as the correlation length is
outlined in the ESI.}

2888 | Mater. Adv, 2022, 3, 2884-2895

The onset of the conversion and the evaporation of organic
decomposition products from the film leading to an increased
electron density are indicated by an increase in the GIWAXS
and GISAXS invariant at 114 °C (Fig. 6, arrow A) and the main
conversion process is completed at 179 °C (arrow B). At that
point, the primary crystallite size is 3.4 nm in the non-
structured as well as the structured film. This fast conversion
and nanocrystal growth are followed by a slower growth phase
until approximately 300 °C. At this temperature the growth rate
increases again and we assume that this phenomenon is based
on an Ostwald ripening-type growth mechanism. However, it is
apparent that in the case of the structured film, this step is

© 2022 The Author(s). Published by the Royal Society of Chemistry
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structured films. Arrows A, B and C indicate the thermal conversion onset,
offset and mesophase onset, respectively. The dashed lines denote the
beginning of the annealing at constant temperature (400 °C) for 15 min.

much more pronounced (see Fig. 6a and b). This behaviour
originates most likely from the combination of the Ostwald
ripening-type mechanism and the decomposition of the poly-
styrene, which also starts at approximately 300 °C.*> We assume
that polystyrene acts as a matrix for the CulnS, at least in
interfacial regions, which hinders the crystal growth, while
upon its removal, the crystallite size remarkably increases. This
assumption can be supported by the SEM images in Fig. S6
(ESIt) showing the structured film after the CulnS, formation
at 195 °C and before the polystyrene removal. The images
illustrate a rather planar surface, where a hexagonal structure
is distinguished underneath. Clear polystyrene sphere structures,
however, are not visible after heating the film to 195 °C because
the glass transition temperature of polystyrene has been
exceeded.” At 400 °C, primary crystallite sizes of 5.3 nm and
6.3 nm are obtained in the bulk and the structured films,
respectively. The larger crystallite sizes in the structured film
can be ascribed to the extended second growth phase (Ostwald
ripening, growth after removal of polystyrene).

Moreover, the GISAXS images (shown for the bulk and
structured films at different temperatures in Fig. 5) reveal
additional information. In the bulk film, upon the xanthate
conversion, an ordered mesophase is formed at approximately
150 °C by the decomposition products. This is indicated by a
low intensity semicircle like feature (arrow A in Fig. 5), which is
characteristic for an ordered phase, and also by the distinct
minimum in the in-plane correlation length in Fig. 6(a) (bottom
row, arrow C). While a minimum in the in-plane correlation
length can also be recognized in the structured film, it is much
less pronounced. Based on a previous study on a closely related

© 2022 The Author(s). Published by the Royal Society of Chemistry
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materials system,** we ascribe this mesophase to an ordered
structure formed by the decomposition products of the metal
xanthates during the first stage of the nanocrystal growth.

Additionally, the GISAXS image of the bulk film at 400 °C
(arrow B in Fig. 5) indicates a preferential near range order of
the CulnS, nanocrystals in the in-plane direction. On the
contrary, in the structured film, this preferential near range
order is not observed.

In general, the concentration of the precursor solution, the
spin coating speed and the drying process of the films are very
important parameters in the formation of the CulnS, honey-
comb nanostructure. As an example, in Fig. S7 (ESI{) the FT-IR
spectra and SEM images of films prepared with too high
precursor concentration and too low spin coating speed are
presented. The FT-IR spectrum before annealing shows both
the PS-NS template and the xanthates, but the film was still not
completely dry, as it is also indicated by the vibration peak at
3358 cm ! corresponding to the OH-group of ethanol.*> This
also significantly affects the final nanostructure, as the SEM
images of these films only partly reveal the expected negative of
the PS-NS template and also larger areas of compact CulnS,
films are formed on top of the template.

Based on these considerations, the reduction of the pre-
cursor concentration and the insertion of an additional drying
step of the films at 90 °C for several minutes, between the
infiltration and the decomposition step (heating ramp to
400 °C, 15 min holding time), led to well-defined honeycomb
structures in case of the P300 and P600 templates. The
SEM images in Fig. 7 illustrate the successful formation of
honeycomb-structured CulnS, films, which are in the follow-
ing referred to as CIS-Px depending on the used nanosphere
array template. In case of CIS-P300 and CIS-P600, homoge-
neous and ordered hexagonally-structured CulnS, arrays were
achieved. In the case of the CIS-P0O sample, no formation of a
well-defined honeycomb structure could be obtained as still
areas of CulnS, films were formed above the honeycomb
structure, leading to an inhomogeneous film surface (Fig. 7b).
This is due to the tightly hexagonally packed PS nanospheres,
which hinder the infiltration of sufficient amounts of the pre-
cursor solution.

As it can be clearly seen from the values in Table 1, the
results of plasma etching have a pronounced impact on the
dimensions of the nanostructures in the films. The wall thick-
ness is higher for CIS-P600 (approx. 70 nm compared to 59 nm
in the CIS-P300 sample), where a longer plasma etching process
was applied leading to larger interstitial space between the
spheres for the infiltration of the precursors and consequently
also to smaller cell diameters. While in the CIS-P300 film cell
diameters of 315 nm are observed, cell diameters of 234 nm are
generated in the CIS-P600 sample.

Alternative methods to remove the template at lower tem-
peratures did not lead to the expected result. For example,
while thermal annealing of the sample at 280 °C in air resulted
in the removal of the PS nanospheres, the remaining honey-
comb structure was significantly oxidized. Moreover, soaking of
the sample in chloroform after the conversion of the metal
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Fig. 7 SEM images of (a) bulk-CIS (b) CIS-PO, (c) CIS-P300 and (d) CIS-
P600 after annealing at 400 °C.

Table1l The cell diameter, wall width and film thickness of the CIS-P300,
CIS-P600 and bulk-CIS, derived by the precursor route

Precursor route CIS-P300 CIS-P600 Bulk-CIS
Cell diameter (nm) 315 + 35 234 + 21 —

Wall thickness (nm) 59 £+ 21 70 + 14 —

Film thickness (nm) 98 £ 5 101 £ 5 26 + 1

xanthates to CulnS, at 195 °C led to an incomplete removal
of the template. Details to these processes are summarized in
the ESL¥

c. Formation of honeycomb-structured films via stabilized
CulnS, NCs - nanocrystal ink route

To realize the formation of honeycomb-structured CulnS, films
at low temperatures, we followed a second approach, which is
based on the idea of forming the strctured thin films by
employing already prepared capped CulnS, NCs. Thus, a pre-
synthesized and stabilized CulnS, nanocrystal ink is used for
infiltration of PS-NS templates. This provides an advantage
during the formation of the CulnS,-scaffold in comparison to

—

Oleylamine
Oleic acid

Hot injection process

- x& /f o

NW Ligand exchange HO S
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the in situ decomposition of the xanthates, in which a large
amount of the decomposition products are leaving during the
formation of the metal sulfide structures.

The synthesis of the NCs was carried out by using copper
and indium xanthates as precursors according to a previous
study via a hot injection process and dioleamide (oleyl olea-
mide, N-((Z)-octadec-9-en-1-yl)oleamide) as capping ligand.*?
The dioleamide is formed from the reaction of the oleylamine
and oleic acid,® while it stabilizes the NCs through the amide
group. The dioleamide-capped CulnS, NCs give stable disper-
sions in solvents, such as chloroform and toluene. However, the
problem with these solvents is, as mentioned earlier, that they
are not suitable for the infiltration of PS-NS templates. As the
nature of the capping ligand plays an important role on the
solubility of the nanocrystals, we modified the nanocrystals by a
ligand exchange. Thiols are known as good capping ligands for
the metal sulfide nanocrystals, specifically for quantum dots
(QDs) due the crystal-bound ability, which means that the
sulfur can actively participate in the surface of the crystal."’
Due to the strong binding, the thiol ligands cannot be easily
replaced by other ligands, but they can easily replace other
ligands, such as amine-based ligands.*® Thus, we exchanged
the bulky dioleamide ligand by 1-thioglycerol (TG) via a ligand
exchange procedure at 90 °C for 24 h. The thioglycerol-capped
NCs form stable colloidal dispersions in solvents such as DMSO
and DMF. Hence, we prepared NC inks in DMSO, which can
be used for infiltration of the templates. Fig. 8 represents the
process of the dioleamide-capped CulnS, nanocrystal for-
mation via hot injection and the subsequent ligand exchange
with the thioglycerol.

The FT-IR spectra of the dioleamide-capped NCs show
vibrations at 1648 and 1563 cm™ ', which correspond to C=0
group stretching and N-H group bending vibrations, as well as
at 3307 and 3009 cm ™ that belong to the N-H group stretching
vibration and to the amide group, respectively. Additionally, the
XRD results reveal the typical diffraction peaks of the CulnS,
chalcopyrite crystal structure (ICSD-42127), while from the peak
broadening and the Scherrer equation, a nanocrystal size of
approximately 3.6 nm was determined, which also fits with
previous studies.**?*

s
—Ho S

Dioleamide-capped
CulnS, nanocrystals

Thioglycerol-capped
CulnS, nanocrystals

Fig. 8 Representation of the dioleamide-capped NCs synthesis and ligand exchange with 1-thioglycerol.
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Fig. 9 (a) FT-IR spectra before (red spectrum) and after the ligand exchange (blue spectrum) and free 1-thioglycerol (green spectrum). The spectra are

shifted vertically for better visibility. (b) X-Ray diffraction pattern of the CulnS, nanocrystals after ligand exchange, with reference patterns for chalcopyrite

CulnS; (ICSD-42127).

In order to investigate the success of the ligand exchange,
an FT-IR measurement was performed. The FT-IR spectra in
Fig. 9(a) illustrate the results before and after the exchange, as
well as the free 1-thioglycerol. The spectrum after the exchange
fits quite well with the free 1-thioglycerol, indicating the
successful replacement of the dioleamide ligand. Specifically,
the broad peak at 3331 cm™ ' corresponds to the stretching
vibration of OH-group, while the absence of the peak at
2554 cm™ ', which belongs to the stretching vibration of the
SH-group, reveals that there is no unbound thioglycerol
present. Simultaneously, the XRD pattern after the ligand
exchange resembles the one before the exchange (Fig. S11,
ESIt), while the crystal size is determined to be also approxi-
mately 3.6 nm, meaning that the process does not influence the
size. Lastly, the UV-vis absorption spectra of the NCs before and
after ligand exchange in Fig. S12 (ESIY), illustrate the typical
absorption curve of the CulnS, nanocrystals with an absorption
onset at approximately 850 nm, corresponding to an optical
band gap of 1.45 eV.

In the next step, the PS-NS template P600 was infiltrated
with the CulnS, nanocrystal ink in DMSO. Specifically, the
CulnS, ink with a concentration 100 mg mL " was infiltrated
via a few seconds of soaking followed by spin coating with
1000 rpm rotation speed. After a drying process of the samples

at 90 °C, the samples were immersed in toluene for the
template removal. The FT-IR spectra in Fig. 10(a) display the
characteristics before and after immersion. In both spectra,
only the vibration bands of the polystyrene are identified.
A potential explanation for the absence of vibrations, which
correspond to the thioglycerol-capped CulnS,, could be the low
intensity signals of the initial material, as it can be seen in
Fig. 9(a) in comparison to the signals of the free 1-thioglycerol.
This, in combination with the usage of a low concentration of
the ink, leads to the lack of vibrational bands corresponding
to the stabilized NCs. Moreover, after the immersion of the
samples in toluene, it is noticed that polystyrene remains on
the film. However, the intensity of the signals is significantly
reduced, indicating that the template is widely removed.
The remaining bands in the IR spectrum can be attributed to
trapped polystyrene among the NCs. The SEM image in
Fig. 10(b) shows that the procedure was successful, resulting
in well-defined hexagonal-structured thin films. Information
regarding the pore diameter, wall and film thickness are
summarized in Table 2. The cell (~264 nm) and wall sizes
(~78 nm) fit well with the values obtained for the CIS-P600
with the precursor route, as in both cases the P600 PS-NS
template was used. Moreover, the GIXRD pattern of the struc-
tured film (Fig. S14, ESIT) reveals a broad peak around 28° 20

(a) Wm T

N

c

kel

2

£

2

S At S » “’l]' T
—— Before toluene immersion
——— After toluene immersion

3500 3000 2000 1500 1000 500

Wavenumber / cm”

Fig. 10

(a) FT-IR spectra of thin films before and after immersion of the infiltrated thin films in toluene. The spectra are shifted vertically for better

visibility. (b) SEM images of the honeycomb-structured CulnS; thin films after template removal.
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Table 2 The cell diameter, wall width and film thickness of the structured-
CulnS; thin film, derived by the nanocrystal ink route

Nanocrystal ink route

Cell diameter (nm) 264 + 30
Wall thickness (nm) 78 £ 17
Film thickness (nm) 75+ 2

stemming from the 112 reflection of the chalcopyrite crystal
structure of the CulnS, nanocrystals. Similar to the structured
films prepared via the precursor route, these samples also
display a structural colour. After the infiltration of the NCs,
the films do not appear coloured, because there is no defined
structure. On the contrary, when the template is removed, the
inverse structure of the CulnS, NCs remains and hence, the
films appear blue (see Fig. S13, ESIT).

Conclusion

In summary, we developed two novel, cost-efficient and scalable
routes towards the formation of honeycomb-structured CulnS,
thin films via nanosphere colloidal lithography. A mixture of
copper and indium xanthates, as metal sulfide precursors was
used in the first route for the in situ formation of CulnS,. For
the second route pre-synthesized thioglycerol-capped CulnS,
NCs were employed. The PS-NS template layer was fabricated
via an air/liquid interface method and subsequently modified
with O, plasma etching. The plasma etching was essential
for increasing the interstitial space between the spheres and
hence, facilitating the infiltration process.

In the first route, the infiltration of the template with the
metal xanthate solution was followed by the in situ formation of
the nanocrystalline CulnS, through the thermal decomposition
of the xanthate mixture at 195 °C. The conversion to the metal
sulfide starts already at 114 °C, a temperature at which the
PS-NS template is stable. By further heating to 400 °C, the PS
template is removed, resulting in a well-defined honeycomb-
structured CulnS, film.

For the second approach, dioleamide-capped CulnS, NCs
were first synthesized via a hot injection synthesis followed by a
ligand exchange leading to thioglycerol-capped CulnS, NCs.
The thioglycerol ligands enabled the infiltration of the PS-NS
templates with a DMSO based nanocrystal ink, which was not
possible with the dioleamide-capped CulnS, NCs, as they are
only soluble in solvents, which also readily dissolve polystyrene.
In this route, an annealing step after the infiltration could be
omitted and thus a good solubility of the template is retained.
After dissolving the template at room temperature in toluene,
the honeycomb structured metal sulfide film is obtained.

Experimental section

All chemicals and solvents were used as purchased without any
additional purification: dichloromethane (>99.8%, Fisher
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Chemical), dichlorobenzene (CHROMASOLV®, 99%, Sigma-
Aldrich), toluene (>99%), methanol (VWR), ethanol (>99.8%,
Sigma-Aldrich), dimethyl sulfoxide (DMSO, <0.02% water,
Sigma-Aldrich), hexane (>99%,), polystyrene nanospheres
(Latex beads, LB3, 0.3 um mean particle size), sodium dodecyl
sulfate (SDS, >95%, ROTH), ethanolamine (>99%, Sigma-
Aldrich), oleylamine (approximate C18-content 80-90%, ACROS
ORGANICS), oleic acid (technical grade 90%, Sigma-Aldrich)
and 1-thioglycerol (>97%, Sigma-Aldrich). Copper and indium
xanthates (copper and indium 0-2,2-dimethylpentan-3-yl
dithiocarbonate, respectively) were synthesized according to a
previous work.>?

a. Preparation of the polystyrene nanosphere templates

The polystyrene nanosphere templates (PS-NS) with sphere
sizes of approximately 300 nm were prepared by a self-
assembly approach at the air/water interface, according to
previous work.”> The detailed process is described below.
A 1:1 volume ratio of an aqueous PS colloidal suspension with
ethanol was prepared and was dispersed for 10 minutes in a
sonication bath. Subsequently, the suspension was dropped
(~100 pL) onto a glass slide (1.5 x 1.5 cm), which was placed in
the centre of a glass Petri dish. Deionized water was slowly
added until a convex shape was formed around the glass slide,
where the PS suspension was rapidly spread on the water/air
interface, leading to the two-dimensional layer assembly. In
order to closely-pack the polystyrene layer, a few drops of 2 wt%
SDS aqueous solution were added. A large area of a blueish PS
layer (structural color) at the air/liquid interface was observed,
which indicated the formation of the closely-packed layer.
To transfer the PS closely-packed layer on the substrate (glass
and Si substrates), the latter was inserted beneath the floating
layer and carefully lifted off from the water. Finally, the wet
layers were dried at room temperature for several hours. After
drying, PS-NS layers were transferred into an O, plasma reactor
chamber (FEMTO, Diener Electronic) for size modification. The
O, plasma etching was performed for 0, 300 and 600 s under an
excitation frequency of 40 kHz, a power of 100 W and a gas flow
of 20 scem.

b. Preparation of honeycomb-structured films via in situ
CulnS, formation

The honeycomb-structured CulnS, films were fabricated by
spin coating of the CulnS, precursor solution. The solution
was prepared by dissolving copper 0O-2,2-dimethylpentan-3-yl
dithiocarbonate (16.1 mg mL ™', 1 equiv.) and indium 0-2,2-
dimethylpentan-3-yl dithiocarbonate (73.9 mg mL ", 1.7 equiv.)
in a solvent mixture of 1000:500:50 pL ethanol:dichloro-
methane: ethanolamine. The solution is stable for approxi-
mately 4 h, thus the infiltration should be completed directly
after its preparation. The infiltration of the PS-NS templates
was performed by spin-coating of the precursor solution
(5000 rpm rotation speed, 60 s). The infiltrated samples were
then dried on a hot plate at 90 °C under ambient atmosphere
for 10 min. Finally, the samples were annealed at 400 °C
(heating rate 10 °C min~") for 15 min under inert atmosphere,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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in order to form the CulnS,, decompose the PS-NS and result
the honeycomb-CulnS, films. Additionally, bulk CulnS, films
were prepared following the same procedure, but a lower
amount of solvent in a slightly adjusted mixture was used
(700:350:50 pL ethanol: dichloromethane : ethanolamine) for
dissolving the copper and indium xanthates (16.1 mg and
73.9 mg, respectively) to obtain higher film thicknesses.

c. Nanocrystal synthesis

5 mL oleylamine and 5 mL oleic acid were placed in a three-
neck round bottom flask with a stirrer and heated to 200 °C
under inert conditions. A total amount of 0.5 mmol of the
copper and indium O-2,2-dimethylpentan-3-yl-dithiocarbonate
(Cu(Hep) and In(Hep)s, respectively) in a ratio of 1:1.7 were
dissolved in 3 mL dichlorobenzene and injected in the hot
reaction mixture and kept for 30 min. Subsequently, the
mixture was left to cool down naturally to room temperature.
By addition of methanol, the nanocrystals were precipitated
and collected by centrifugation. The solid material was redis-
persed in toluene, precipitated with methanol and collected
again by centrifugation. The clean solid was finally dispersed in
toluene.

d. Ligand exchange

The CulnS, nanocrystals capped with the dioleamide (product
of oleylamine and oleic acid at high temperatures) ligand were
put in 4 mL of 1-thioglycerol and heated to 90 °C under
nitrogen atmosphere. After 24 h stirring, the solution was
cooled down to room temperature and purified by a dichloro-
methane/hexane mixture. The precipitated material was collected
by centrifugation. Subsequently, the solid was redispersed in
DMSO, precipitated and centrifuged. The final material was
dispersed in DMSO.

e. Preparation of honeycomb-structured films via stabilized
CulnS, NCs

The honeycomb-structured thin films were formed by using the
thioglycerol-capped CulnS, nanocrystals in DMSO. The disper-
sion with a concentration of 100 mg mL " was infiltrated in the
PS-NS templates by spin coating at 1000 rpm for 60 s. The
infiltrated samples were then dried on a hot plate at 90 °C
under ambient atmosphere for 10 min. Finally, the template
was removed via immersing the samples in toluene for 5 min in
order to produce the structured thin films.

f. Characterization

FT-IR spectra were measured on a Bruker Alpha FT-IR spectro-
meter in transmission mode (layers on silicon wafers). All
spectra were recorded in a range between 3600 and 500 cm "
with 24 scans and a blank silicon wafer as background. UV-Vis
absorption spectra were recorded on a Shimadzu spectrophoto-
meter UV-1800 (300 to 1000 nm).

The grazing incidence X-ray diffraction measurements were
performed on a Rigaku SmartLab II X-ray diffractometer, which
features the PhotonMax high-flux 9 kW rotating anode X-ray
source, with a D/teX Ultra 250 detector. The measurements

© 2022 The Author(s). Published by the Royal Society of Chemistry
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were performed in an incidence angle of 0.8°. The powder X-ray
diffraction (XRD) measurements were taken on a RIGAKU
Miniflex 600 with D/Tex Ultra detector using CuK, radiation
(A = 1.5418 A). The measurements were performed on a zero-
background sample holder. The diffraction patterns were eval-
uated with the SmartLabStudiollygaya 5 599 SOftware.

Scanning electron microscopic images were acquired on a
TESCAN MIRA3 Field Emission Scanning Electron Microscope
(FESEM) using an In-Beam secondary electron (SE) detector.
The microscope was operated at 5 kV, with a working distance
of about 4 mm and an electron beam spot size of 4 nm. Samples
for FESEM characterisations were coated with a 5 nm thin
chromium layer by thermal evaporation. Energy Dispersive
Spectroscopy (EDX) investigations were carried out with a Super
Octane detector with a 60 mm?® active area (EDAX AMETEK,
Mahwah, NJ, USA), using a working distance of 10 mm and an
acceleration voltage of 15 kv.

Simultaneous GISAXS and GIWAXS measurements were
performed at the Austrian SAXS Beamline 5.2 L of the electron
storage ring ELETTRA (Italy).”® The setup had been adjusted to
a g-range (g = 4n/Asin(20/2)) between 0.1 and 2.4 nm™ ' in
in-plane and between 0.6 and 4.3 nm ™' in out-of-plane direc-
tion (GISAXS) as well as to resolve the angular range (20)
between 20.3 and 40.0° in the GIWAXS characterizations. The
measurements were performed at a photon energy of 8 keV. The
samples were mounted on an Anton Paar DHS 1100 heating
cell equipped with a specially designed dome having Kapton
windows to provide high X-ray transmissivity and low back-
ground. The GIWAXS signal was monitored using a Dectris
Pilatus 100k detector and the GISAXS signal with a Dectris
Pilatus3 1M detector. The angular calibration of the detectors
was carried out using p-bromo benzoic acid and silver behenate
powder (d-spacing of 58.38 A), respectively. The sample cham-
ber was purged with nitrogen during the whole experiment. The
temperature range used was from 35 up to 400 °C with a heating
rate of 10 °C min~’. A temperature resolution of 1 °C could
be obtained by having one frame every 6 seconds (5 seconds
exposure). All measurements have been performed with a grazing
angle of 0.23°. The off specular out-of-plane integration was done
in a grange between —0.06 to 0.03 nm™' and the in-plane
integration between 0.21-0.48 nm ™" (Fig. S3, ESI{) with the data
evaluation software SAXS DOG.”!
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