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A systematic study of the deposition of single crystal ZnO
nanowire arrays from the oxygen electroreduction was performed.
The influence of deposition parameters such as the concentrations
of zinc precursor (ZnCl,) and supporting electrolyte (KCI) on the
formation of ZnO nanowire arrays, as well as on the dimensions of
the nanowires was analyzed. Mean nanowire diameters from 25 to
80 nm were obtained by only modifying the [ZnCl;] in solution,
while high [KCI] allowed to reach diameters as high as 300 nm.
The influence of [KCI] on the donor density determined from
electrochemical impedance spectroscopy of ZnO nanowires was
also shown. Carrier densities from 10'" to 10°° cm™ were obtained
depending on the deposition and annealing conditions. The results
show that electrodeposition is a cost-effective technique which
allows not only to grow ZnO single crystal nanowire arrays with
tailored dimensions, but also to act on their electrical properties in
a controlled way.

Introduction

Single-crystal ZnO nanowire arrays have attracted a lot of research interest in
recent years because they may be used as building blocks for a new generation of devices
in different technological domains such as optoelectronics (1, 2), solar cells (3, 4), gas
sensing (5), field emission (6, 7) and piezoelectrics (8). Present results confirm fairly well
the multifunctional capabilities of ZnO nanowire arrays. However, more research is
required to gain further insight into the fundamental mechanisms involved in the devices
based on ZnO nanowires, and consequently, to increase their performance. In this
framework, deposition of ZnO nanowire arrays with tailored dimensions and study of
their electrical properties seem to be crucial.

With respect to deposition methods, until now most of the work has been focused
on vapor phase techniques such as simple physical vapor deposition (9), metal-organic
vapor phase epitaxy (10), chemical vapor transport and condensation (11). However, a
method in solution such as electrodeposition not only appears as a low temperature
alternative, well suited for cheap large-scale production of ZnO nanowire arrays.

Electrodeposition of ZnO is generally based on the generation of hydroxide ions
(OH") at the surface of a conducting electrode by cathodic reduction of a precursor such
as nitrate ions (NO3) (12) or molecular oxygen (O,) (13). The electroreduction of NO3
ion is a rather intricate process with many reactions probably involved in the process (14).
Even in the most simplified interpretation (12), reduction of nitrate leads to some
byproducts such as NO; (eg. 1) that could induce some instabilities in ZnO deposition.
Although the electroreduction of O, can take place by two different reaction pathways i.e.
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four-electron (eq. 2) or two-electron processes (eg. 3) as a function of the electrolyte and
cathode properties (15), it appears as a simple and attractive process to deposit ZnO
under well controlled conditions. Pauporté et al. (16) have also studied the possibilities of
using hydrogen peroxide (H,O,) as a direct source of OH" ions (eq. 4). H,0; is especially
interesting to deposit thick layers because it presents a high solubility in water and,
therefore, it allows achieving high deposition rates (17). Molecular O, has been the most
frequently used in the deposition of ZnO nanowire arrays (18, 19). The promising
capabilities of these nanostructures to develop electronic devices such as hybrid light
emitting diodes (2) and nanostructured solar cells (3) have already been shown.

NO; +H,0+2¢& —  NOy+2O0H 1)
0, +2H,0+4e  — 4 0H ©)
0,+2H,0+2¢ —  H,0, + 20H 3)

H,O, +2 ¢ — 2 OH (4)

Nevertheless, the electrodeposition capabilities for tailoring ZnO nanowire dimensions
have not yet been fully exploited. Leprince-Wang et al (20) have attempted to control the
nanowire diameter by using commercial porous polycarbonate membranes. They
observed an important difference (> 60%) between the obtained nanowire diameters and
the nominal pore diameter of the membranes. In addition, the structural and surface
properties of electrodeposited ZnO nanowires strongly depend on the quality of the host
wall pores. The presence of defects in pore walls may result in polycrystalline ZnO
nanowires (21). Thus, template-free electrochemical methods appear to be an
advantageous option. Our previous study has shown that the use of a ZnO buffer layer
constituted of crystallites of well controlled size can be an efficient way to act on the
diameter of ZnO nanowires and on their density in the array (22). On the other hand, Xu
et al. (23) recently suggested the possible role of CI" ions as adsorbent species to stabilize
some ZnO faces, and therefore, to hind the growth along the corresponding direction.
Nevertheless, they have not investigated this strategy to control the ZnO nanowire
dimensions in the arrays.

The use of inorganic ions as selective ZnO face stabilizers appears as a very
interesting alternative to organic capping agents (24, 25) because it may also be an
efficient strategy to act on the electrical properties of ZnO nanowires. Similar ways have
been theoretically studied to attempt the doping in semiconductor crystals (26). However,
the particular morphology of nanowire arrays makes their electrical characterization
difficult by using standard solid-state techniques. In contrast, by establishing a
semiconductor/liquid junction it is possible to investigate the electrical properties of
nanowire arrays using standard electrochemical methods such as impedance spectroscopy.
A cylindrical Mott-Schottky (MS) model has been recently developed to determine the
carrier density in ZnO nanowire arrays (27).

Here, we present a systematic study of the effect of zinc precursor (ZnCl,) and
supporting electrolyte (KCI) concentrations on the deposition of ZnO nanowire arrays
from the molecular oxygen electroreduction. The influence of both parameters on
nanowire dimensions is emphasized. The effect of the KCI concentration on the carrier
density of ZnO nanowires is also discussed, showing that it is a major parameter not only
to control the ZnO nanowire dimensions, but also their electrical properties.



ECS Transactions 6, 405 (2007)

Experimental

The electrodeposition of ZnO was performed in a three-electrode electrochemical cell
with the substrate (conducting glass) as the cathode, a Pt spiral wire as the counter
electrode and a Saturated Calomel Electrode (SCE) as the reference electrode. The
electrolyte was an aqueous solution of ZnCl, and KCI, saturated with bubbling oxygen.
The ultrapure water (18 MQ-cm) was provided by a Millipore setup. The ZnCl, salt
(Flucka, purity > 98.0 %) acts as a Zn** precursor and its concentration was varied from
5%x107° to 5x10° M. While, KCI (Flucka, purity > 99.5 %) acts, among other roles, as a
supporting electrolyte. Its concentration was in the 5x107 to 4 M range.

The substrates were commercial conducting (10 Q/square) glass/SnO,:F from Asahi
Glass Company. As a first step, they were covered by a nanocrystalline ZnO buffer layer
that was galvanostatically (J = 0.15 mA/cm?) electrodeposited using ZnCl, and KClI
concentrations of 5x10° and 0.1 M, respectively. Then, on top of the nanocrystalline ZnO
buffer layer, the ZnO nanowire arrays were electrodeposited under a constant potential (-
1V versus SCE). The deposition temperature was 25°C for the buffer layer and 80°C for
the nanowire arrays. The charge density was 0.4 and 20 C/cm? for the first and second
cases, respectively.

Cyclic voltammetry (CV) experiments were performed at 80°C. Two scans for each
cathode were carried out from solution rest potential (near zero), with a cathodic sweep to
-1.5 V vs. SCE and then an anodic sweep to +0.5 V vs. SCE. Scan rate was 10 mV/s.

Electrochemical impedance spectroscopy (EIS) measurements were performed in a
three-electrode cell using a Pt wire as counter electrode and a standard Ag/AgCl in 3M
KCI as reference electrode. A carbonate propylene electrolyte (0.1 M LiCIO,4) was used
to avoid ZnO decomposition. Each measurement was done applying a 20 mV AC
sinusoidal signal over the constant applied bias with the frequency ranging between 500
kHz and 5 mHz. After the electrochemical measurement, the as-grown samples were
annealed in air at 450°C for 1 hr at atmospheric pressure, followed by cooling in ambient
air. Note that ZnO nanowire arrays analyzed by EIS were deposited on a sprayed ZnO
buffer layer as in our previous studies (3, 19). Electrodeposition, CV experiments and
EIS data were obtained using an Autolab PGSTAT-30 with a frequency analalyzer (FRA)
in the case of EIS.

Results and Discussion

Morphology of ZnO nanowire arrays

Our previous study showed that a ZnO buffer layer can be used to act on the diameter
of ZnO nanowires and their density in the array (22). To expand the possibilities of free-
template electrodeposition, the influence of concentrations of ZnCl, ([ZnCl,]) and KCI
([KCI]) on nanowire dimensions has been analyzed.

ZnCl, concentration effects. In order to study the influence of [ZnCl;] on the growth
of ZnO nanowire arrays, their morphology was analyzed for different concentrations in
the 5x10°-1x10" M range.

The electrodeposition of nanowires was performed on the nanocrystalline ZnO buffer
layer, the electrochemical parameters being hold constant (V = -1.0 V vs SCE, [KCI] =
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0.1 M, T = 80°C and Q = 20C/cm?), except for [ZnCl,]. For [ZnCl,] lower than 5x10° M,
no ZnO deposition was obtained. [ZnCl,] greater than 1x10° M resulted in close-packed,
thick (> 200 nm) vertical nanorods that constituted a compact ZnO layer, without
however exceeding 1x10% M that promotes the deposition of zinc hydroxychloride (13).

Figure 1. Plan view SEM images of ZnO nanowire arrays electrodeposited using
different ZnCl, concentrations: a) 5x10° M, b) 1x10“ M, c) 5x10* M and d)
1x10° M.

Figure 1 shows that the nanowire diameter increases with [ZnCl;]. This is not
surprising because an increase of particle size is generally expected, in solution
techniques, when the precursor concentration increases (28, 29). Nevertheless, to gain a
further insight into the diameter variation, average values were calculated from a
statistical analysis of the SEM images. The average diameter evolution as a function of
ZnCl; is summarized in Fig. 2, underlining that the nanowire diameter is more sensitive
to [ZnCl,] at low (<5x10 M) than at high concentrations. Apparently, for the lowest
[ZnCly] the most important part of Zn®* reacts with OH" ions adsorbed on the nanowire
tips because they are more easily accessible. The lateral growth of nanowires is very slow,
resulting in thin nanowires of ~ 25 nm in diameter that matches considerably with the
crystallite size of nanocrystalline ZnO buffer layer (22). As [ZnCl,] increases, there are
not enough OH" ions adsorbed on the nanowire tips to react with all Zn®* ijons close to
them, promoting an increase of Zn®* concentration around the entire nanowire surface,
enhancing the lateral growth. The increase of [Zn?*]/[OH] ratio smoothes the effect of
[ZnCl;] on the nanowire diameter, as can be observed for high [ZnCl,] values (higher
than 5x10™ M). We can conclude that the ZnO nanowire growth is mainly limited by
Zn*" ions in the low [ZnCl,] regime. As [ZnCl,] increases, the oxygen reduction becomes
important, being probably determined by the preferential adsorption of OH" ions on
(0001) ZnO face due to its polar nature (30). The nanowire length was measured from
cross section SEM images (not shown here). A similar behavior of the variation of
[ZnCl;] on the nanowire diameter was also observed for the length. This similarity
supports the above discussion.
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Figure 2. Nanowire diameter as a function of ZnCl, concentration.

With respect to the density of nanowire arrays, Fig. 1 shows that the lowest packing
corresponds to the highest ZnCl, concentration (1x10° M). Although precursor
concentration is a major parameter in nucleation step of solution methods (28, 29), other
electrodeposition parameters (besides [ZnCl;]) must be considered for analyzing the
nanowire density trend. All samples of Fig. 1 were deposited using a charge density of 20
C/cm?. This implies that the amount of OH" ions produced during the deposition process
is the same for all samples. Nevertheless, the ZnO amount may be different because the
Zn®* precursor concentration varies from one sample to other. As discussed before, the
samples electrodeposited from more concentrated ZnCl, solutions result in longer
nanowires. The differences in nanowire length could also contribute to the differences in
array density. To check this point we electrodeposited several samples with [ZnCl;] =
5x10* M using different charge densities. We observed that the nanowire density
decreases with the length of individual nanowires, especially for values lower than 500
nm. This observation suggests that there is a selective process during nanowire growth.
Likely the growth of the best vertically oriented nanowires is preferred because the Zn**
ions react with the OH" ions adsorbed on their top faces, while the Zn** ions do not reach
the tips of the more inclined nanowires, quenching their growth. Otherwise, the
deposition efficiency, defined as the ratio between the OH" that reacted with Zn** and
total amount of OH’, was very low (the highest one corresponds to [ZnCl,] = 1x10° M
and is < 2 %). This could be induced by a poor Zn** transport in the solution. To gain a
further insight into this phenomenon the role of KCI concentration is analyzed in the next
section. KCI, may act as a supporting electrolyte, determining the ionic conductivity of
the solution. However, it can also act on the oxygen reduction due to high adsorption of
CI" on the cathode surface, being in competition with OH" adsorption.

KCI concentration effects. ZnO nanowire arrays were electrodeposited on ZnO
nanocrystalline buffer layers, varying the KCI concentration from 0.05 to 4 M. The
remaining electrochemical parameters were held constant (V = -1.0 V vs SCE, [ZnCl;] =
5x10* M, T = 80 °C and Q = 20 C/cm?).
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Figure 3. Cross section SEM images of ZnO nanowire arrays electrodeposited
using different KCI concentrations: a) 0.05 M, b) 1 M, ¢) 2 M and d) 4M. Inset of
Fig. 3c shows a high magnification image of ZnO nanowire tips.

Fig. 3 shows SEM cross section images of ZnO nanowire arrays obtained with
different [KCI] values. Note that the bar scale length is different for figures 3a,b and 3c,d.
A jump in nanowire diameter for concentrations higher than 1 M is clearly observed.
From plan view SEM images (not show here), a mean diameter value in the range of 80-
100 nm was estimated for samples electrodeposited for [KCI] <1 M, while [KCI] >1 M
resulted in larger mean diameters up to 300 nm. This observation agrees with the role
proposed by Xu et al. (23) for CI as a stabilizer of (0001) ZnO faces. Nevertheless,
taking into account that preliminary structural characterization showed that ZnO
nanowires grow along (0001) direction (31), the expected hint of growth along the c-axis
is not observed in our case. In fact, nanowire length increases with [KCI] (Fig.4).
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Figure 4. Nanowire length as a function of KCI concentration.

In order to gain a further insight into the mechanism that promotes the variation of
nanowire length, the current density was dynamically analyzed during the
electrodeposition process for different KCI concentrations (Fig. 5).
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Figure 5. a) Current density during ZnO nanowire array electrodeposition and b)
cathodic current-potential scans on SnO,:F electrode for different KCI
concentrations. The legend is the same for both figures.

Fig. 5a shows a clear decrease of the current density when [KCI] increases. This may
indicate that the electroreduction of O, takes place more slowly. In other words, the time
necessary to reduce the same amount of O, augments with [KCI] (Fig. 5a). This could be
due not only to differences in the mechanism of O, electroreduction, but also to the
modification of the electrode surface due to the ZnO nanowire growth. To exclude the
latter point, CV scans were performed on conducting glass substrates in solutions with
different KCI concentrations. Only the cathodic forward sweeps of second CV scan are
shown in Fig. 5b for the sake of clarity. The second scan was chosen because the ZnO
deposition may cover the SnO,:F surface during the first CV scan. Then, the second scan
is more representative of the O, reduction process during the ZnO nanowire deposition,
which was performed on ZnO buffer layers.

Fig. 5b reveals that even on flat cathodes the current density decreases when [KCI]
increases, pointing out that KCI concentration appears as the major parameter in the
current decrease. This could be due to a competition of adsorption between OH™ and CI
on cathode surface. Other authors found that the presence of CI" modifies the oxygen
reduction mechanism on metallic substrates such as silver (32) and nickel (33), inducing
the formation of H,O, as an intermediate species by a two-electron reduction process (eg.
3). A similar phenomenon may also occur in our electrodeposition experiments. Goux et
al. (34) have recently studied the O, electroreduction on ZnO electrodes. Unfortunately,
they did not report the influence of [KCI] on the process and a direct comparison with our
results cannot be fully established. However, they found that for [KCI] = 0.1 M that the
total number of exchanged electrons during O, reduction is ~ 3.2. This may indicate that
a four-electron process is dominant under these conditions. Nevertheless, the two-
electron process may become more important when [KCI] increases as observed on metal
cathodes (32, 33).

As already discussed, the ZnO deposition efficiency was very low for 0.1 M. KCI. It
increases as a function of [KCI] and an efficiency of ~ 15 % was roughly estimated for
ZnO nanowire arrays deposited using the highest KCI concentration (4 M). Higher
deposition efficiencies could also be obtained using a bigger electrochemical cell,
because in the present case the ZnO deposition was limited by the total amount of Zn*
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inside the used cell. The lack of Zn** induced some growth discontinuities at the end of
electrodeposition experiments with [KCI] as high as 2 and 4 M, promoting some defects
on nanowire tips (Inset of Fig. 3c).

As a partial summary, playing with KCI concentration appears to be an efficient way
to act on O, reduction rate. This results in an increase of the efficiency of ZnO deposition
process; and therefore, in longer nanowires while generating the same amount of OH’
ions. This is the major role played by the concentration of KCI on the electrodeposition of
ZnO nanowire arrays from O, reduction. A considerable increase of ZnO nanowire
diameter was also observed for high [KCI] (>1 M). This can be due to the stabilization of
top face of nanowires due to a selective CI" adsorption on (0001) ZnO face. CI" ions
adsorbed ions may also act on the electrical properties of ZnO nanowires. In this
framework, EIS study was performed to analyze the effects.

Electrical properties of ZnO nanowire arrays

A Mott-Schottky (MS) model, taking into account the particular morphology of
nanowire arrays, has been recently developed to determine the carrier density in
electrodeposited ZnO samples. The details of the model can be found elsewhere (27).
Here, we only discuss the evolution of the donor density as a function of [KCI] in
solution. Fig. 6 summarizes the donor density of electrodeposited ZnO nanowires for as
deposited samples and those annealed in air at 450°C for 1 hour.
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Figure 6. Donor density of ZnO nanowires as a function of KCI concentration.

For the as deposited samples, the donor density increases as a function of [KCI]. On
the contrary, after annealing, the donor density decreases with [KCI]. Variations in donor
densities from 10" to 10°° cm™ were obtained as a function of the deposition and
annealing conditions. This indicates that [KCI] plays a major role not only on ZnO
nanowire dimensions, but also on their electrical properties.

As preliminary comments, we would like to note that the increase of [KCI] may result
not only in a higher adsorption of CI" on ZnO nanowires, but also in an increase of the
[Zn**]/[OHT] ratio close to the cathode. Since the energy formation of ZnO intrinsic
defects with an electrical donor behavior, such as oxygen vacancies (Vo) or zinc atoms in
interstitials positions (Zn;) decreases in zinc rich conditions (35, 36), the increase of the
[Zn**]/[OH] ratio may result in a higher amount of donor defects in ZnO nanowires. This
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could explain the increase of donor density as a function of [KCI] in the as deposited
samples. The concentration of intrinsic donor defects (especially Vo) should decrease
after annealing in air, giving more relevance to the electrical role of Cl atoms placed in
ZnO lattice. If Cl atoms are placed in interstitial positions they may play an electrical role
as charge-acceptors, inducing some compensation effects. A stronger compensation due
to a higher concentration of Cl atoms could be the origin of the decrease of the donor
density with [KCI] increase for air annealed samples.

However, this is only a possibility and other situations cannot be excluded. Some
structural characterization is now undertaken to gain a further insight into the position of
Cl atoms in ZnO lattice because it may be crucial for their electrical behavior.

Conclusions

A systematic study of the role of ZnCl, and KCI concentration on the deposition of
ZnO nanowire arrays from oxygen electroreduction is reported. The variation of [ZnCl,]
appears as an efficient way to control the ZnO nanowire diameter. Meanwhile, the [KCI]
not only acts on the diameter of nanowires, but also plays a major role on their growth
rate. This is discussed in the frame of the differences induced by CI ions in the O,
reduction mechanism. The carrier density of electrodeposited ZnO nanowires was
determined from electrochemical impedance spectroscopy by using a cylindrical Mott-
Schottky model. Carrier densities from 10*’ to 10?° cm™ have been obtained as a function
of the KCI concentration and annealing conditions. This work not only shows the high
potentiality of the electrochemical techniques in the deposition of ZnO nanowire arrays
with tailored dimensions, but also in the study of their electrical properties.
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