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Nanostructured zinc films were prepared by electrodeposition onto templates of well-ordered regular
arrays of PS spheres on ITO and gold coated glass substrates. The deposition was carried out from an
ionic liquid (1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide) at room temperature
in an argon filled glove box. The Zn films were oxidized to ZnO when exposed to air at elevated
temperature. SEM images showed well organized nanostructures for both Zn and ZnO.
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1. INTRODUCTION

Zinc oxide (ZnO) is a semiconductor with a direct band gap of 3.37 eV (375 nm) with a
relatively large excitation binding energy of 60 meV. These properties make it a promising material for
optoelectronic applications, e.g. light emitting diodes (LEDs) [1-5]. While n-doping is easy to achieve,
reliable p-doping remains difficult. To overcome the limitations imposed by the lack of p-doping, n-
type ZnO has been combined with other materials such as p-type GaN. ZnO has also been used as a
transparent current spreading layer on GaN LEDs [6]. Our interest is in textured ZnO films, which can
favorably out couple light from the LED chip by reducing total internal reflection through increased
surface roughness and diffraction from periodic structures.

Deposition onto self-assembled colloidal crystals is a useful method for producing such
structured arrays on surfaces and the technique has attracted much attention in the last few years due to
the numerous potential applications in biomedical sciences, electronics, optics, energy storage and
electrochemistry [7-9]. The length scale of the features is typically of the same order of magnitude as
light, and can be well controlled by the size of the colloidal particles.
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Electrodeposition of macroporous zinc oxide onto templates has been widely researched.
However, it is still not easy to obtain qualitatively good films. Most of the work has been performed
with nitrate ions as the oxygen precursor. Commonly, electrodeposition has been performed from a
0.04-0.1 M zinc nitrate bath maintained at temperatures between 62-80 °C. [10-13] Ramirez and et.
al.[14] used hydrogen peroxide as an oxygen precursor to prepare macroporous zinc oxide films. It
was shown that at low H,O, concentration large ZnO grains were formed, which did not fill the
template densely, while at higher concentration, the template was densely filled with nanocrystalline
ZnO [14]. While there are many publications dealing with ZnO electrodeposition onto templates,
electrodeposition of metallic zinc have been less studied [15]. The deposition of Zinc from aqueous
solutions requires negative potentials E°=-0.76 V vs SHE and acidic conditions, and is only possible
due to the high overpotential of hydrogen reduction at the zinc surface.

lonic liquids (ILs) have become an increased field of interest because of their unique properties
and potential applications [16-18]. They are also attractive for electrodeposition of reactive metals due
to the large potential window. The ILs also offer solvation environments that are different from water,
and provide altered nucleation rates and growth mechanisms. Yavari et al. [19] studied the
morphology of ZnO prepared by a hydrothermal route in different ILs as morphology templates. The
morphology of the ZnO changes from rod-like to star-like and flower-like in different ILs. Recently,
Azaceta et al. [20] studied the influence of the Zn?* concentration and temperature on the
electrochemical reduction of O; in a solution of zinc bis(trifluoromethanesulfonyl)imide (Zn(TFSI),)
salt in 1-butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR14TFSI) ionic liquid.
ZnO nanocrystalline films were then electrodeposited, under enhanced O, reduction, at temperatures in
the 75-150°C range. The morphologies, chemical composition, structural and optical properties of
ZnO films were analysed.

In this paper, we prepare ZnO films by electrodepositing metallic Zn onto colloidal crystal
templates, then removing the template, and finally oxidizing the film in air at elevated temperatures.
Well-ordered nanostructured films of Zn were deposited onto regular arrays of 600 nm spherical
polystyrene spheres on gold and ITO substrates. The thickness of the film was optimized by changing
the deposition charge. The templates on the ITO and Au- substrates and the structured Zn films were
characterized using scanning electron microscopy (SEM JSM-7500F) coupled with energy-dispersive
X-ray spectroscopy (EDS) and X-ray diffraction (XRD).

2. EXPERIMENTAL

The substrates used were indium titanium oxide coated glass (ITO, Planar Systems Oy,
Finland) and gold coated glass (Platypus, 500 A of gold over a 25 A a titanium adhesion layer). The
substrates were cleaned in acetone (99.5%, Merck) for 1 hour and in ethanol (Etax, 99.6 %, Altia) for 1
hour and then dried under a nitrogen stream. The polystyrene sphere templates were prepared as
described previously [21]. Briefly, a small void for the polystyrene sphere solution was created by
separating the substrate from a glass slide using one layer of parafilm (Pechiney Plastic Inc.) as a
spacer. The template area was 1.0 x1.5 cm?. The void was filled with polystyrene sphere (PS) colloid
(600 nm, Thermo Scientific, 1% solids by weight) using a 1 ul micro-pipette, and the sample was
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placed into a refrigerator (Cuisinart, Hobby hall, Finland) cooled by a Peltier element at a constant
temperature of 13 °C. The template was tilted with an inclination of 15° from the horizontal plane for
about 40 hours. After the water had evaporated, the electrode area was limited by masking the template
free area with nail varnish (Malava, colourless).

The Zinc salt used in the electroplating solution was prepared by adding an excess of Zinc
Oxide (p.a., Riedel-de Haén) to an aqueous solution of bis(trifluoromethylsulfonyl)imide (99 %, Acros
Organics). The mixture was filtered to remove the excess ZnO, and then the water was removed with a
nitrogen purge followed by an overnight vacuum treatment in a vacuum oven before the salt was
transferred inside an Argon filled glove box (<2 ppm H,O, <2 ppm O, Vacuum Atmospheres
Company). The resulting salt Zinc di(bis(trifluorometylsulfonyl)imide), Zn(TFSI), had a purity of
93.3% (Zn basis) analyzed using flame AAS (Perkin Elmer). This indicates a slight excess of
bis(trifluoromethylsulfonyl)imide. The electroplating solution was a mixture of 1-butyl-1-
methylpyrrolidinium  bis(trifluoromethylsulfonyl)imide, PYR14TFSI (98.5%, Fluka) and the
synthesized Zn(TFSI)s.

The Zn structures were deposited in the glove box from an electroplating solution containing
49 mM Zn(TFSI),. Electrochemical experiments were carried out using a PAR263A potentiostat
controlled with in-house developed software. A three electrode setup with a zinc spiral as a counter
electrode and a zinc wire as a reference electrode was used for the electrochemical characterization. A
two-electrode setup with a Zinc spiral as a combined counter and reference electrode was used for the
deposition experiments. The templated ITO and Au substrates were used as working electrodes. Before
the deposition onto the PS template substrates, bare ITO and Au substrates were analysed using cyclic
voltammetry to determine the deposition behaviour and potentials. The temperature inside the glove
box was approximately 25 °C. Zn structures were deposited on the ITO substrate at a constant potential
of -1.6 VV vs. Zn/Zn?*, and on the Au substrate with -1.65 V vs. Zn/Zn®*. The film thickness was
optimised with the deposition charge. Charge densities of -0.095 C/cm? gave a thickness
approximately equal to half the PS sphere, which was suitable for the purpose of this study.

After deposition, the substrates were taken out from the glove box and the PS templates were
removed by immersing the samples in N,N-dimethylformamide (DMF, Fisher Scientific, 99.96%) for
45 min. The samples were analysed. Then, samples were heated in an oven at 400 °C for 20 hours.
Before heating, the colours of the deposited samples were black-grey and after heating the colour
changed to white, which indicated that Zn had been oxidized to ZnO.

Polystyrene sphere templates and the Zn and ZnO films were characterized by scanning
electron microscopy (SEM JSM-7500F) coupled with energy-dispersive X-ray spectroscopy (EDS).
The crystallinity of the Zn and ZnO was studied by X-ray diffraction (XRD; PanAnalytical X pert Pro
MPD, Cu Ka; radiation). The samples were attached to a zero sample holder and the data was
corrected for their angular shift.

3. RESULTS AND DISCUSSIONS

Cyclic voltammograms of bare gold and ITO substrates in PYR14,TFSI with 49 mM Zn(TFSI),
are shown in Figure 1. The voltammograms show typical features of a deposition process, with Zinc
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(see later for analysis) deposited when the potential is swept in the negative direction starting around -
0.7 V vs Zn/Zn**. The corresponding dissolution peak is observed at approximately 0.3 \V vs Zn/Zn*",
with the increase of the current starting already from 0 V vs. Zn/Zn** when sweeping in the positive
direction, as expected. The deposited and stripped charges agree well, indicating that current efficiency
for the deposition process is high and that all deposited material adheres to the electrode for both the
gold and ITO substrates. The differences between the voltammograms recorded at gold and ITO were
subtle and varied slightly with time. Typically the deposition on gold was shifted by 50 mV in the
negative direction. Azaceta et al.[20] have studied the deposition of ZnO from the same IL electrolyte
system at temperatures in the 50-150°C range. Our cyclic voltammograms agree well with the cyclic
voltammogram for zinc deposition on fluorine doped tin oxide shown in their supplementary
information, however, the overpotential observed here is significantly larger, which can primarily be
attributed to the lower temperature used in our study and the difference between the substrates. It
should also be noted that our experiments were performed under a nitrogen atmosphere in a dry box.
Thus, contamination by water or oxygen that may aid in the nucleation process is therefore unlikely.
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Figure 1. Cyclic voltammograms of (solid line) ITO and (dashed line) gold electrodes in 49 mM
Zn(TFSI), in PYRy4TFSI. The sweep rate was 0.01 V/s. A peak corresponding to deposition of
metallic Zinc is observed at approx. -1.0 V and the corresponding stripping peak at approx. 0.3
V. The experiments were performed at 25°C in a glove box.

SEM images of the PS templates can be seen in Figure 2 for the gold and ITO substrates. The
bright coloured areas are due to charging artefacts of the non-conducting PS spheres in the electron
beam, and do not reflect different composition, morphology or ordering of the templates. The quality
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of the template is crucial to obtain optimal films [14], since the local order affects the current
distribution and subsequently film deposition. A well organized, uniform monolayer of PS spheres can
be observed. No areas of multilayers could be observed on the electrode area, however, point defects
constituted of vacancies are observed, see Figure 2.
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Figure 2. SEM images of 600 nm PS template on a) ITO and b) on Au- substrates.
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Figure 3. The current transients reduced by peak current and time obtained for electrodepostion Zn
through a 600 nm sphere template on (solid line) ITO and (dashed line) Au coated substrate at -
1.6 and -1.65 V in 49 mM (Zn(TFSI),) in the (PYR4TFSI) based electrolytes at 25 °C. The
experiment was performed in the glove box.
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Due to limitations on cell design the deposition experiments were carried out in two electrode
mode with a zinc spiral as a counter electrode. The two electrode setup has several drawbacks
compared to the three-electrode setup, particularly the high iR-drop in the electrolyte solution due to
uncompensated solution resistance. The combined zinc counter and reference electrode works
satisfactorily in the deposition experiments since already small polarization of the counter/reference
electrode in the positive direction leads to large currents resulting from the dissolution of Zinc ions
from the wire, however, care has to be taken when relating the deposition voltage to the
voltammograms. Several voltages were tested and the best deposits were obtained with -1.65 V and -
1.6 V for the gold and ITO substrates, respectively. At lower voltages no zinc deposits were observed
at the electrode surface or the adhesion was poor. This trend was independent of the electrode
substrate.

The experimentally determined optimal deposition potentials were higher than the peak
currents in the cyclic voltammograms. This is attributed to the uncompensated solution resistance,
which in ionic liquids [22] easily reaches a few hundred millivolts. Higher deposition potentials
resulted in uneven films, while at lower potentials the coverage was incomplete The current-time
transients for electrodeposition of Zn onto 600 nm PS sphere templates on gold and ITO substrates are
shown in Figure 3 in reduced format. Typical features of nucleation can be seen, i.e. after the initial
capacitive charging peak, the magnitude of the current slowly increases corresponding to nucleation
and growth of a new phase at the electrode surface, followed by a slow decrease in current due to the
development of a linear diffusion regime [23]. While this type of phenomena has been widely studied
and modelled at bulk solution-electrode interfaces, the mass transfer in the polystyrene matrix must be
accounted for, before quantitative models can be applied here.

1mm  MC 12/10/2011 08/11/2011
X 5,000 10.0kV SEI  SEM WD 7.4mm  14:54:20 X 5,000 10.0kV SEI  SEM WD 7.9mm  14:30:31

Figure 4. SEM images of Zn nanostructured films from 49 mM (Zn(TFSI),) in (PYR14TFSI) ionic
liquids at 25 °C, on a) on ITO and b) on Au-substrates after the PS beads were dissolved in
DMF.
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SEM images of the deposited zinc structures after removal of the PS template are shown in Figure 4.
The white areas correspond to deposited zinc and the dark areas to the voids left by the PS spheres.
The insets in the figure show the structure at higher magnification. In addition to the electrodeposition
parameters, such as potential, deposition time and temperature the structure of the substrate affects the
morphology of the deposited films [24, 25]. The Zn films obtained on gold were more even than on
ITO. The difference observed here probably follows from the favourable lattice match between zinc
and gold, compared to the rather large structural difference between zinc and ITO. The ITO films used
here were crystalline, as evident from the XRD analysis shown in the Supplementary information.

The thickness of the film can be estimated from the width of the ridge between the holes using
simple geometric considerations when the bead size is known. Here, we attempted to limit the
thickness of the film to equal the radius of the PS spheres. This was obtained with a charge density of -
0.095 C/cm? on both substrates. As can be observed, the width of the ridge is very narrow on both
substrates, and hence the film is approximately 300 nm thick. The theoretical deposition charge
required to obtain 300 nm a dense film onto the template is -0.330 C/cm? Comparison to the
experimentally observed value indicates that the film is rather porous.

Energy dispersive X-ray spectroscopy (EDS, Supplementary information) show the presence of
zinc on both gold and ITO. Both samples have oxygen present in significant amounts, which is
expected since the samples have been exposed to air prior to analysis. The resolution of the technique
does not allow for conclusions regarding the extent of oxidation.

XRD analyses were also made for the samples. Prior to oxidation at elevated temperatures the
deposited film was grey, and the XRD analysis, see Supplementary information, revealed three
additional reflections compared to a pure ITO glass measured for background.
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Figure 5. SEM images of Zn nanostructured films from 49 mM (Zn(TFSI),) in (PYR14TFSI) ionic
liquids at 25 °C, on a) on ITO and b) on Au-substrates after PS have dissolved out in DMF and
heating at 400 °C for 20 hours.
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These Bragg peaks account for the 101, 002 and 100 reflections, i.e. the most intensive ones, of
hexagonal metallic zinc (reference card # 04-014-0235).

When the samples were heated in an oven at 400 °C for 20 hours, the color of the deposited
samples changed from black-grey to white, which indicated that the Zn had been oxidized to ZnO. The
SEM images and XRD analysis of the oxidized samples are shown in Figures 5 and 6. The SEM image
shows that the heating process did not damage the structure of the film. We believe that the porous
nature of the film allows for the 60 % increase in molar volume between Zn and ZnO. The XRD
patterns were measured for the plain ITO substrate, and for the oxidized samples on ITO and Au(111)
surfaces. The Bragg reflections originating from the ZnO phase were detectable, while metallic Zn
could no longer be observed after the oxidation. The patterns were compared to bulk ZnO. Figure 6
presents the experimental XRD patterns and a simulated pattern of hexagonal ZnO (P6smc, a = 3.2533
A, ¢ =5.2073 A) for reference. The additional reflections of the ZnO-1TO sample are easily identified
as ZnO whereas some discrepancy is observed in the case of the ZnO-Au(111) sample; the 002 and
101 reflections are somewhat shifted with respect to the reference zincite and ZnO-1TO material (note
that we have corrected the experimental shift due to sample holder preparation).

Au(i11) | \

Intensity (a.u.)

100

Figure 6. XRD patterns of (a) calculated bulk ZnO (P6smc, a = 3.253 A, ¢ = 5.207 A), (b) ITO
substrate (la-3, a ~ 10,2 A), (c) ZnO deposited on ITO substrate and (d) ZnO deposited on
Au(111) substrate. The Miller indices are presented to aid the identification.

There are a few possible explanations for this phenomenon: either it is caused by the strains in
the films that are known to shift the Bragg peak positions or the fact that non-stoichiometry introduced
by cation vacancies (i.e. Zn1.xO) is present in the sample which inevitably affects the lattice parameters
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(see e.g. refs. [26, 27]). In fact, there are several reference patterns in the ICDD database for ZnO
whose ¢ axes differ even by 0.5 %, possibly due to the non-stoichiometry effect on the crystal lattice.
Depending on which one is chosen, the reflections can be explained.

4. CONCLUSIONS

We have shown here that regularly structured films of Zn metal and ZnO can be deposited onto
gold and ITO substrates templated with polystyrene beads. The depositions were carried out with 1-
butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide based ionic liquid at room temperature
in an argon filled glove box. Deposition of metallic zinc films onto polystyrene bead templates in a
ionic liquid media have not been reported previously. Subsequent oxidation of the films at elevated
temperature yielded structured ZnO films. The results of this work showed that high quality template
Zn and ZnO films can be electrodeposited from ionic liquid onto both semiconductor and metallic
substrates.
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Figure sl. Energy dispersive X-ray spectroscopy spectrum shows the presence of zinc on ITO
substrate.

ZnO films were characterized by scanning electron microscopy (SEM JSM-7500F) coupled with
energy-dispersive X-ray spectroscopy (EDS). The samples were placed onto the sample holder by
using carbon tape.
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b

Figure s2. Energy dispersive X-ray spectrosco%y spectrum shows the presence of zinc on Au
substrate.
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Figure s3. XRD pattern measured for the non-oxidised sample on ITO substrate. Additional Bragg
reflections were identified as metallic hexagonal Zn (P6s/mmc, a = 2.659 A, ¢ = 4.869 A)
whereas no reflections of ZnO were noticed. The sample was packed into an air-tight sample
holder under Mylar® sheet in a glove box and measured immediately.



