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One of the most viable ways to grow nanostructures is electro deposition. However,
most electrodeposited samples are obtained by three-electrode electrochemical cell.
We successfully use a much simpler two-electrode cell to grow different ZnO nanos-
tructures from common chemical reagents. Concentration, pH of the electrolytes
and growth parameters like potentials at the electrodes, are tailored to allow fast
growth without complexity. Morphology and surface roughness are investigated by
Scanning Electron and Air Force Microscopy (SEM and AFM) respectively, crys-
tal structure by X-Ray Diffraction measurements (XRD) and ZnO stoichiometry by
core level photoemission spectroscopy (XPS). Copyright 2011 Author(s). This ar-
ticle is distributed under a Creative Commons Attribution 3.0 Unported License.
[doi:10.1063/1.3633476]

. INTRODUCTION

At present, much emphasis is put on the fabrication of metal oxide nanostructures due to
their potential applications in the growing technologies such as optoelectronics, photovoltaics,
electrochromic windows, chemical sensors and so on.! The ease in controlling the synthesis of ZnO
at the nanoscale and the understanding of their physicochemical properties and electronic structure
are crucial for the development of ZnO-based nanodevices.

ZnO is characterized by several useful properties. It has a wide band gap (3.3-3.4 eV), it
exhibits a large exciton binding energy (60 meV), which is higher than the one for Si (14.7meV),
GaN (26meV) and ZnS (37 meV), near UV-emission and transparent conductivity. These properties
make ZnO a promising material in photovoltaic energy conversion. It has the ability to grow high
quality film/crystal, having extremely low contents of impurities and lattice defects (e.g. stacking
faults, dislocations and grain boundaries).? Furthermore due to the non centrosymmetric wurtzite
structure of the ZnO crystal, these nanostructures have a piezoelectric character, while the net
ionic charges of the Zn>*-terminated facets and O*-terminated facets produces spontaneously a
positively charged Zn-(0001) and negatively charged O-(000-1) polar surfaces along the c-axis.
Because of these behavior they are useful in building electro-mechanical coupled sensors and
transducers.? ZnO is also a bio-safe and bio-compatible material* therefore it can be directly used
without coating. Lastly it has high-energy radiation stability which makes it very suitable for space
applications.’

With these unique properties, ZnO is one of the most important nanomaterials for integration
with microsystems and biotechnology, but the feasibility of ZnO for these applications is due also to

®
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TABLE I. Preparation conditions of samples shown in fig 2

Electrolyte Voltage Deposition
Sample (ZnO) 0.2M) Substrate pH V) Time (min)
a) corals Zn(NO3), ITO 7.01+0.1 2.50 6
b) flakes Zn(NO3); Au-Cr/Si 7.0£0.1 2.80 5
¢) nanorods Zn(NO3), Si(111) 7.0+0.1 3.20 5
d) tetrahedral net Zn(NO3); Coated Si(111) 7.040.1 3.80 11
e) nanowalls ZnCl, ITO 7.0+0.1 2.48 15

the successful synthesis of diverse nanostructures.® For instance, high surface area ZnO nanocrystals
such as nanotubes or nanorods can enhance photon-to-electron conversion efficiency.’

One of the most suitable techniques of producing nanostructures is electrochemical deposition.
In most works, three-electrode electrochemical cells, having saturated calomel electrode (SCE) as
reference electrode, have been widely employed for the growth since 1996.%° In addition, a solution
of potassium chloride (KCI) is often introduced as supporting electrolyte.'” Indeed, apart from
catalyzing the electrolytic reaction, the presence of KCl gives room for challenging the purity of the
sample.

Only a few very recent works show the possibility of obtaining ZnO nanostructures by means
of a two electrode electrochemical cell. None of them reports about the possibility of tailoring the
nanostructure formation only by changing the cell parameters and keeping constant the solution
characteristics.!*12

We report in this communication a very simple, almost costless, method to grow ZnO nanocrys-
tals synthesized by a two-electrode cell. The electrolytes are prepared from common chemical
reagents in usual way and no supporting electrolyte is used. We also investigate the influence of
substrate properties and deposition parameters on ZnO crystallinity and electronic properties, in
particular regarding the cell conditions.

Il. EXPERIMENTAL

To prepare the electrolyte, all chemicals are analytical grade (99.9% purity, Sigma-Aldrich)
and they are used as received. Two different reacting solutions are prepared as indicated in
Table I. Zn(NO3), electrolyte is obtained by dissolving 11.90 g of hydrated zinc trioxonitrate
(V) salt (Zn(NO3)2.6H20) in 200 ml standard flask. 5.45 g of anhydrous zinc chloride (ZnCl,) is
dissolved to 200 ml mark and heated at 60 °C for about 10 minutes to yield a clear ZnCl, solution.
All the reacting masses result in 0.2M solution in each case. They are then kept for at least 24hrs
before use.

Three types of conductive substrates are used for the deposition to study the influence of
different materials on the structure and morphology of the ZnO nanostructures: Indium Tin Oxide
(ITO), Si(111) and Au-Cr/Si(100). Both ITO and Si(111) are obtained from stock, but the Au-
Cr/Si(100) is prepared by vacuum evaporation under standard conditions. A 200 A thick film of
chromium is first evaporated onto a Si(100) wafer to provide adhesion and then 1000 A of gold
is deposited atop the chromium.'? Prior to deposition, all the substrates are cleaned in ultrasonic
bath, rinsed with millipore water and dried in air. After this, Si(111) wafer is treated in dilute HNO;
solution for about 10 minutes to remove the oxide layer on the surface, washed again with millipore
water and finally dried with nitrogen. The ZnO electrochemical growth is performed on ZnO coated
Si(111) too. A clean Si(111) wafer, is first coated in a solution (bath) containing 0.2M zinc acetate
dehydrate (Zn(C2H302)2 - 2H20), 0.2M acetic acid (C2H402, 99.5% Sigma-Aldrich) and 0.1M
ethanol (C2H60, 99.8% Sigma-Aldrich) in ratio 2:1:1 by volume. The coating is carried out in one
hour at a bath temperature of 62 °C. The resulting thin layer of ZnO on silicon is washed with
millipore water, dried in a tubular furnace and used for the electrodeposition.

The two-electrode electrochemical cell shown in Fig 1 is used to grow the ZnO nanostruc-
tures and all the experiments are performed at room temperature. In the cell set up, the substrate
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FIG. 1. Electrochemical cell used for ZnO growth. (1) electron holders with clamps, stainless steel, variable in height, (2)
working electrode: substrate for ZnO growth. (3) counter electrode: graphite. (4) glass container. (5) rubber gasket. (6) inlet
tubes and holes for gases and liquids. (7) screws for adjusting electrode older height. (8) aluminium stand.

acts as the working electrode while a piece of graphite (17.4 mm x 25.0mm x 39.5 mm) as the
counter electrode. The two electrodes are held firmly to the holders (separation of 32.28 mm)
with the coating surface of the working electrode facing directly the counter electrode. The elec-
trolyte in each case is filled into the cell through a steel tube and the filling level is adjusted by
a syringe. The cell is sealed by a rubber gasket held between the glass container and the stopper.
The cell is then connected to a GPS-30300 power supply and a digital multimeter used to attain
stabilized power with sensitive current and voltage modes. The deposition is carried out within
short times by selectively applying a voltage (see Table I) at the counter electrode. We do not
use any supporting electrolyte, but the growth is determined by the choice of potential and solu-
tion concentration. In a typical nucleation, when the cathodic potential is applied, hydroxyl ions
are electrochemically generated at the surface of the working electrode and ZnO is precipitated
from the reduction of molecular oxygen in the presence of Zn precursor.'* At this juncture, it is
noteworthy that we successfully avoid reference electrode (third electrode in the case of three-
electrode cell) and we also overcome the complexity that might arise due to supporting electrolyte.
Our two-electrode electrochemical cell allows good flexibility of tuning the height and the relative
orientation of the electrodes as well as selecting desired voltage to obtain fast growth and good
coverage.

Shape and distribution of the grown ZnO crystals across the substrates are observed by mor-
phological studies using a scanning electron microscope (Zeiss Supra 40 with Gemini Column)
characterized by a nominal resolution of Inm at 10KeV and electron beam energy ranged from
0.1-30 KeV. SEM measurements are performed at the CNR-IOM national laboratory TASC, in Tri-
este, Italy. At the Nanostructure Laboratory of Sincrotrone Trieste, Italy, a complementary study of
the growth height and roughness is carried out using a PSIA XE-100 AFM microscope and all the
experiments are performed in contact mode. To determine the crystal structure and the composition
of the ZnO and to compare the results with those already reported in literature, based on different
growth techniques, XRD and XPS studies are carried out at the Sincrotrone Trieste. Diffraction mea-
surements are performed at SAXS beamline, while photoemission experiments at ALOISA beamline
and at Micro & Nano Carbon Laboratory. At the SAXS beamline the diffraction data are collected at
8 keV photon energy with a 1D (Gabriel type) gas detector covering an angular range 2 theta from
22° to 74°. At ALOISA beamline the photoemission spectra are taken by means of a hemispherical
electron energy analyzer operated at 100 meV resolution and +1° angular resolution while at Micro
& Nano Carbon Laboratory the experiments are done using a VG Escalab MKII apparatus provided
with a Mg Ko X-ray source and the XPS spectra collected with a 150 mm spherical electron energy
analyzer with a total resolution of 1.2 eV.
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FIG. 2. SEM images of corals (a), flakes (b), nanorods (c), tetrahedral net (d), nanowalls (e). Scale bar in “i” figures is 2um.
Scale bar in “ii” figures is 200nm

lll. RESULTS AND DISCUSSION
A. SEM

Table I shows a summary of the prepared samples. It reports the used electrolyte and substrate
and the growth conditions, while Fig. 2 shows the corresponding SEM images.

ZnO nanostructures shown in Fig 2(a)-2(d) are obtained using Zn(NO3), as electrolyte, while
the one in Fig 2(e) is prepared using ZnCl,. Different substrates and electrode potentials are applied
in the growth process in which the Zn(NOs), electrolyte is used (Fig 2(a)-2(d)), while the sample
shown in Fig 2(e) is prepared using the same substrate and the same growth conditions applied to
the sample in Fig 2(a), a part for the electrolyte. In any case the pH of the electrolyte solution is kept
mainly constant at 7.

As a result we obtain different types of ZnO nanostructures, confirming the feasibility to
have a lot of different growth types. They are different in structure and shapes, depending on
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the nature of the electrolyte, on the experimental conditions and on the substrate, but the choice
of equal concentration (0.2M) for all the electrolytes allows to understand the influence on the
growth of substrate’s conductivity, applied voltage and deposition rate. The two-electrode cell offers
the advantages of simplicity and flexibility of the growth conditions. The results of morphology
and structural studies show that the grown samples compare well with those reported in literature
obtained using three-electrode cells, supporting electrolyte and some other growth techniques.'> '
To simplify the discussion on the morphologies and ensure effective comparison, we classify the
samples according to the used electrolyte and then describe the growth distribution and coverage
with preference to the substrate.

Using zinc nitrate electrolyte we obtain four different ZnO nanostructures. Fig 2(a) shows
at different magnification a ZnO “coral” like structure, obtained on plain ITO substrate. At low
magnification (Fig 2(a)(i)) uniformly distributed crystalline particles are observed. When viewed
at high magnification (Fig 2(a)(ii)) it can be seen that the crystal is an agglomerate of leaves-like
structures and the neighboring particles merging to form one. A good inference that can be drawn
here is that ZnO particles grow from the solution to form corals in a continuous or repeated manner,
which fuse together to pave way for the emergence of another combination. In Fig 2(b), a “flakes”
like structure of ZnO grown on Au-Cr/Si substrate is presented. A look at the low magnification
image (Fig 2(b)(i)) reveals that also in this sample the “flakes” like objects are well distributed across
the substrate. Furthermore it can be seen in the high-resolution image (Fig 2(b)(ii)) that the structure
is filled with pores. The formation of pores can be attributed to the enhanced growth height or
roughness of the sample. However these pores do not alter the structure of the ZnO as it is visible in
the image Fig 2(b)(ii), which shows the patterned grains of the sample that are characteristics of the
wurtzite structure. Formation of pores in ZnO structures was reported by many authors. In the work
of Beek et al.,'” they observed with both SEM and AFM techniques that an increase in roughness,
due to high ZnO content, leads to formation of large pores without any change in morphology. SEM
images of “rod” like ZnO nanostructures deposited on Si(111) wafer are shown in Fig 2(c). The
closed-tip discs (Fig 2(c)(i)) are seen grown out of clusters in different geometry; these growths
are in repeated pattern. To fully obtain the dimensions of these structures an in-depth observation
is carried out. The average length is estimated to be about 1.37 um while the diameter at the tip is
found to be approximately 15.03 nm. Fig 2(d), which shows the growth on coated Si(111), presents
a “tetrahedral net” like structure of ZnO. The formation of the tetrahedral structure can be suggested
to be originated from layered ZnO (double deposition or overgrowth). The distribution of this growth
can simply be described as network of intertwined rods. Detail on the orientation of this structure is
a work for further studies.

A vertically grown 2-D “nanowall” structure is observed for ZnO deposited on ITO substrate
from zinc chloride solution (Fig. 2(e)). These nanowalls are found to be well distributed across the
substrate, but each wall gets terminated in the lateral growth direction by another intercepting wall.
These interceptions occur mostly at acute angle (less than 90°). The average thickness of the wall
is found to lie between 51 and 143 nm while the length varies from 443 nm to about 1.487 um.
The separation between the walls might not be absolutely well estimated within closed domain
because of the hindrance of the growth in the lateral direction. While some gaps are found to be
within 120nm and 300nm, some are found in excess of 700 nm. According to Pradhan & Leung
2008, these variations are within the tolerance of suitable distinct walls that can offer high surface
area appropriate for solar cell applications. Another deduction made here is the viability of zinc
chloride precursor for nanowall synthesis. Most reported work on ZnO nanowalls has indicated
the growth through zinc chloride solution or by introducing KCI (supporting electrolyte) into zinc
nitrate solution. Elias ef al., 2010° have obtained different dimensions of urchin-like ZnO nanowalls
by simply adjusting the concentration of ZnCl, and KClI solution. The nanowall structure reported
by Pradhan & Leung!? is obtained from a solution containing Zn(NOj3), and 0.1M KCI supporting
electrolyte. These evidences demonstrate the catalytic role of chloride ions in the formation of ZnO
nanowalls.

Voltages and times reported in Table I represent the voltage at which the best ZnO nanostructure
growth is obtained and the maximum time after which the reaction becomes not effective anymore.
At the used concentration (0.2M), low voltages (~1.1 V, close to the values used in common
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three-electrode cells), give no sign of ZnO nanostructures formation while at higher voltages (> 4
V) the deposition is extremely fast and not uniform, as shown by SEM not reported here. Looking
at the table we can observe that the minimum voltage to get good growth is determined by the
substrate, since using the same substrate, but changing the electrolyte, the required voltage is the
same. This potential can be related to the sample conductivity. Supposing that Au-Cr/Si thin film
resistivity is lower than the Si one because of the metal coating and that the ZnO coated Si(111) one
is higher because of the high resistivity of the ZnO, we can say that the minimum growth voltage is
determined by the conductivity of the substrate on which we want to grow the ZnO nanostructures:
the highest it is, the lowest the required voltage to activate the reaction is. Deposition times are very
similar for each preparation, except for the case in which an extra amount of Zn can be present on the
substrate (Table I, d). This suggests a time dependence from the electrolyte concentration. Actually
the only case in which the Zn amount is different is the one in which the coated Si is used. This
substrate is covered by a thin ZnO film prepared using a procedure that could leave some extra Zn
available for the ZnO production.

As a conclusion, the substrate influences the different agglomeration of the ZnO nanostructures,
giving a morphological configuration, which is characteristic of each support, even if the electrolyte
is the same. Furthermore, even changing the electrolyte, different growth morphologies are obtained
using the same substrate. We can have a net of ZnO micro-crystals (Fig 2(d)), some round-shaped
clusters (Fig 2(b)) or micro-structures all over the surface (Fig 2(a)-2(e)). Each of these structures
can present different shapes: thin 2-D flakes on ITO and Au/Cr/ Si substrates and Zn(NO)j3 electrolyte
(Fig 2(a) and 2(b)), bigger, more 3-D structures, Fig 2(c)-2(e). All of these structures have a common
base, the typical wurtzite crystal structure of the ZnO crystal.

B. AFM

To complete the morphology studies on the grown ZnO nanostructures, we have observed some
of our samples by AFM, for a direct evaluation of surface roughness.

In particular, in Fig 3, AFM images on corals (a), nanowalls (b) and nanorods (c) structures
are shown. The statistical analysis of the images returns the following values regarding the average
height (h) with respect to the substrate’s surface and the roughness (RMS): h = 0.5 um and RMS =
187.8 nm for corals, h = 120 nm and RMS = 19.1 nm for nanowalls, h = 0.7 um and RMS = 333.3
nm for nanorods. The highest roughness is measured in the case of nanorods like sample, which
forms a not so dense pattern as it is the case of the nanowalls. The nanorods agglomerates form a
net leaving deep and wide holes in between the ZnO macro-structure in which the substrate is still
visible. On the contrary the nanowalls sample, even if the walls are standing up with respect to the
substrate, they are very dense packed and form a compact layer, making the substrate almost not
accessible by the AFM probe, reducing in this way the resulting roughness of the surface.

Even if the minimum voltage to get ZnO nanostructures seems to be determined by the conduc-
tivity of the substrate, the applied voltage and deposition time play a major role on growth structures.
If we compare samples obtained from zinc nitrate solution under approximate equal conditions in
concentration and pH, we see that samples in Fig 2(a)-2(c) are obtained at nearly the same depo-
sition time, but with varying applied voltage. As the applied voltage increases the growth height
increases. This trend is also observed in samples prepared using the zinc sulfate as electrolyte, results
not shown here, though considerably higher voltage are required, probably because of a different
potential necessary to activate the reaction. We cannot determine the height of the nanostructures
in Fig 2(d) due to its excessive roughness. Looking at ZnO nanowalls in Fig 2(e) we see that the
deposition takes a longer time (see Table I) when compared with the formation of corals in Fig 2(a),
where the same voltage and substrate are used. This can be attributed to the nature of the electrolyte.

C. XRD

To examine the purity and crystallinity of the samples, we selectively carry out XRD experiments
on two samples (corals (Fig 2(a)) and nanorods (Fig 2(c))) prepared under the same conditions. This
enables to compare without ambiguity our observations with literature. The diffraction patterns for
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FIG. 3. AFM images of corals (a), nanowalls (b), nanorods (c)
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FIG. 4. XRD measurements of “corals” and “nanorods” samples shown in Fig 2. The diffraction peaks are sharp and strong
and well indexed to the hexagonal phase of the wurtzite structure (space group P63mc), according to the values of standard
XRD ZnO pattern found in the International Centre for Diffraction Database (ICDD)

both samples are shown in Fig 4. It can be seen immediately that the diffraction peaks are sharp,
strong and well indexed to the hexagonal phase of wurtzite structure (space group P63mc), according
to the values of standard XRD ZnO pattern found in the International Centre for Diffraction Database
(ICDD).'8 No peaks of any other phase were detected, indicating that the ZnO samples are highly
pure. The sharp peaks indicate furthermore that the samples are well crystallized. From the full width
at half maximum (FWHM) of each peak, which is obtained by fitting them with Gaussian functions,
and using the Scherrer’s formula'® we can give an average value of the size of the crystalline particles.
The result is somewhat under-estimated because we did not correct the data for the instrumental
broadening. But still we can say that the crystallite size is, both for the building units of the corals
and the nanorods, ~ 5 nm. This result corresponds very well with the ZnO crystallite sizes obtained
by other production techniques.?*>? The interplanar spacing dp, were determined for plane (101)
using the principle of Bragg’s reflection. The values obtained for each crystal, ~2.47 A compare
well with the values of ICDD (2.47 A). These data confirm the good quality of the grown sample
from the point of view of crystallinity.

D. XPS

To further substantiate the quality of our samples, we perform core level photoemission spec-
troscopy experiments on few samples (samples shown in Fig 2(a), 2(c), and 2(e)) to check the
stoichiometry and the purity of the ZnO nanostructures. Survey spectra, not shown here, are col-
lected at Micro & Nano Carbon Laboratory. They present no contaminants due to residuals from the
electro-deposition process for the samples where the Zn(NOj3), electrolyte is used, while for those
where the ZnCl, is used, a low amount of Cl is present on the surfaces. In general only oxygen, zinc
and a low amount of amorphous carbon is detected. At ALOISA beamline, high-resolution spectra
are collected for Zn2p and Ols signal on corals and nanorods (Fig 2(a) and 2(c)). XPS spectra are
shown in Fig 5. The binding energy alignment of all spectra is done by fixing the Zn2p;,, at 1022.5 eV
according to the value found in literature.?

The Ols spectrum of both samples clearly presents at least two components. To understand
the origin of these components, the spectra are fitted using Gaussian functions. Fig 5(a) shows the
Ols spectrum of the nanorods and the relative fitting curves. A major component appears at binding
energy 531.3 eV, which is peculiar of the O-Zn bond (ZnO), while a small shoulder appears at higher
binding energy, 532.7 eV. A second component is observed also by Pradahan et al.,*> which they
associate to the zinc hydroxide, Zn(OH),, and by many other authors.>*?> The energy difference
between the two components in our case is 1.4 eV, which represents a smaller value than the ones
reported in literature between 1.5-2 eV. In our case it is unlikely that the component is related to
the hydroxyl groups because the sample is annealed at 300 °C, in sifu, before the photoemission
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FIG. 5. Zn2p and Ols XPS spectra of “nanorods” (a, ¢) and “corals” (b, d). Both samples are annealed at 300°C, in situ,
before XPS measurements. Both of them present two Ols components, but only the major one can be certainly assigned to
the ZnO.

measurements, causing desorption of these groups, which happens at 200 °C.?® We perform also
a quantitative analysis by calculating the total areas of Zn2p (Fig 5(c)) and Ols signal. Taking
into account element cross sections and analyzer transmissions at the different kinetic energies at
which the two signals are collected, it results in a Zn : O = 1 : 4.7 ratio, suggesting the presence
of an extra amount of oxygen. The right stoichiometry should be Zn : O = 2 : 3, considering
both ZnO and the hydroxyl Zn(OH), since it’s not possible to distinguish in the Zn2p spectra the
Zn0O and hydroxyl components. Further photoluminescence experiments on these nanostructures are
necessary to confirm the presence of extra oxygen and its origin. Actually according to the literature
the energy emission range is different depending on the defects, like excess of oxygen at interstitial
defects, and hydroxyl groups.?®?’

The corals Ols spectrum (Fig 5(b)) shows at least two components. If we fit the spectrum in
the same way done for the nanorods and we do the same quantitative analysis, we don’t get a Zn :
O = 2 : 3 ratio, as it should be in presence of ZnO and hydroxyl, but Zn : O = 1 : 4.9. This means
that a further extra amount of oxygen is present also on this sample. As in the previous case the
sample is annealed at 300 °C, in situ, before the photoemission experiments, therefore the Zn(OH),
component should not be present. Even if in this case another component could be present on the
spectrum, i.e. the oxygen from ITO substrate at 532 eV,?® we believe that this oxygen component is
not detected during the measurements shown in Fig 5. Actually, the ALOISA beamline has a very
grazing photon beam setup (6° of incidence angle), which allows an extremely surface sensitive
measurements. All of this brings to the conclusion that the grown ZnO, even if it shows a good
crystallinity, is characterized by defects where extra oxygen atoms can be trapped.

IV. CONCLUSION

A simple two-electrode electrochemical cell is used to grow zinc oxide nanostructures at room
temperature. The results and analysis of the morphology demonstrate the ease and flexibility of this
cell to grow diverse nanostructures based on semiconducting compounds on conductive substrates
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from electrolytic solution. The growth distribution reveals the influence of substrate properties on
the morphology of the ZnO clusters. It is found that high concentration of the starting solution
(above 0.01M mostly earlier reported) with non-catalytic process can be adopted to produce stable
ZnO at fast growth rate, while relative high voltages are required at the cathode to compensate for
the non-inclusion of the third electrode in our cell arrangement. Diffraction data have shown a good
crystallinity of the samples: the typical hexagonal wurtizite structure of ZnO according to ICDD,
while photoemission experiments have shown the purity of the sample from a chemical point of
view, but the presence of defects characterized by an oxygen excess.
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