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The influence of the nature of used electrolyte as well as the applied potential in the
anodization process of polar ZnO crystals were studied. Micro- and nanostructures ob-
tained by electrochemical etching of O-face ZnO crystals were investigated by scanning
electron microscopy. The morphology selectivity depending on the nature of the electrolyte
was demonstrated. For the firs time, a columnar ZnO nanostructures obtained be electro-
chemical etching was reported. The transversal dimensions and their density depend on
applied anodization potential. The obtained results will give the possibility for develop-
ment of semiconductor nanotemplates based on anodized ZnO crystals.
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INTRODUCTION

Nowadays, for many concrete applications in electronics, photonics, sensors, the mate-
rials and devices at the nano-scale are indispensable. The nanotechnology offers the possi-
bilities to obtain nanomaterials with different morphologies and aspect ratio leading to im-
proved or even completely new material properties due to the high surface aria to volume
ratio [1]. Zinc oxide (ZnO) is a direct bandgap semiconductor compound (£, = 3.37 eV at
T'= 300 K) and is intensively studied during the last two decades due to its wide band gap,
high bond energy (60 meV), high mechanical and thermal stability at room temperatures
which make it a perfect candidate for applications in electronics and optoelectronics [2]. A
versatile of nanostructures obtained by different deposition approaches was reported [3-6].
The ZnO nanostructures are obtained via bottom-up approaches in which high tempera-
tures, sophisticated electrolytes, activation of the surface leading to the contamination are
used.

During the last three decades it was demonstrated that electrochemical etching repre-
sents a cost-effective and simple technology for nanostructuring of III-V and II-VI semi-
conductor compounds in a controlled fashion [7]. Moreover, the environmentally-friendly
electrochemical nanostructuring of InP [8], CdSe [9], GaAs [9], and GaN [10] in NaCl-
based neutral electrolyte was demonstrated. The electrochemical nanostructuring of ZnO is
less studied due to its low chemical stability. Despite this, attempts for nanostructuring of
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ZnO on O-face and Zn-face via anodization were reported recently [11]. Accordingly to the
reported data, the anodization behavior is different on anodized O-face and Zn-face of po-
lar ZnO. The obtained morphologies are characterized by micro- and nanostructures of py-
ramidal form on the O-face, and inversed pyramids or tunnels on Zn-face exhibiting a sig-
nificant enhancement of light emission in the prepared nanostructures. To mention that the
form of produced structures corroborates with reported data of wet chemical etching of
polar ZnO [12, 13]. The dependence of the morphology from the anodized polar surface
also was reported for anodized HVPE grown free-standing GaN substrates [14] and (111)
oriented GaAs substrates [9].

The goal of this paper was to investigate the dependence of obtained morphology of
anodized ZnO crystals on O-face in different electrolytes and to optimize the applied volt-
age. A systematic investigation of the morphology and chemical composition were per-
formed by means of scanning electron microscopy.

MATERIALS AND METHODS

ZnO crystals having a hexagonal structure of wurtzite type were grown by chemical va-
por transport technique. H, (2 atm) + HCI (2 atm) gas mixture was used as a transport
agent, growth temperature was 1020 °C, and undercooling was about 50 °C [15]. A post-
growth annealing in air at 1000 °C was performed to reduce Zn excess in the grown crys-
tals. This annealing decreases the concentration of intrinsic donor defects (oxygen vacan-
cies and interstitial zinc), and increases the transparency of crystals in a visible spectral
range. The concentration of free electrons, estimated from Hall effect measurement, was
3x10'™ cm™, as reported in [16]. The grown crystals were cut into plates with 1 mm thick-
ness, which were polished with 1 pm diamond paste. These polished plates were etched in
an HCl aqueous solution and annealed in air to decrease a damaged layer generated by pol-
ishing. The ¢ axis of the hexagonal structure was oriented perpendicularly to the plate sur-
face, hence the investigated surface corresponded to [0001] (O-face) planes in all cases. The
type of the surface was determined by the shape of etch pits, as presented elsewhere.

Anodization of the O-face was carried out in 5% HCI, 1M HNOs;, and K,Cr,O7 (1g
K»Cr,07:10 ml H,SO4:100 ml H,0) aqueous solutions for 2 min, in a potentiostatic mode,
under different applied voltages selected based on I-V curves. The anodization of ZnO
crystals was carried out in a common two-electrode cell, where the sample served as work-
ing electrode as described elsewhere [17]. Briefly, an electrical contact with a conductive
silver paste was made on the backside of the samples. From the top side, the sample was
pressed by an O-ring to leave a surface with an area of 0.15 cm” exposed to the electrolyte.
A mesh with the surface of 6 cm” from platinum wire with 0.5 mm diameter was used as
counter electrode. All experiments were performed inside a fume hood at room tempera-
ture. A Keithley’s Series 2400 Source Measure Unit was used as potentiostat.

A Vega Tescan 5130 MM Scanning Electron Microscope (SEM) equipped with an Ox-
ford Instruments INCA Energy EDX system operated at 20 kV was used to investigate the
morphology of anodized ZnO crystals.

RESULTS AND DISCUSSION

Figure 1a shows the current-voltage (I-V) curves of the electrochemical dissolution be-
haviors of O-face ZnO crystals in HCl, HNO; and K,Cr,07 electrolytes. The behavior of
polarization curves in HCl and HNOs electrolytes is practically the same. At the beginning
of anodization, a very low anodic current level flow through the sample till the potential
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4V is reached. In this interval the applied potentials are slower than pore formation poten-
tial. With further increase of the applied voltages an exponential increase of the current can
be observed reaching a plateau at 8 V in the case of HNOj; electrolyte.

3
5.0 x105 7

4050 3 - K2Cr207

Figure 1. (a) The polarization curves measured with a slope 10 mV-s” at the beginning
of the electrochemical anodization of ZnO substrates on O-faces in different electrolytes.
SEM images of anodized O-face ZnO crystals in HCI (b), HNO; (¢)
and K,Cr,0; (d) electrolytes at applied potential of 5V

The situation is quite different for K,Cr,O5 electrolyte, where a small current is registered
at the beginning of the I-V curve. One can see that with applied low voltages current increase
reaching a maximum value at nearly 8 V, the further decrease of the current after the peak is
usually explained by the oxide formation making difficult the current flow. At a certain
threshold voltage, a reduction of oxide occurs leading to an increase of current. This behavior
is characteristic for another III-V and II-VI semiconductor compounds, e.g. InP [8], GaAs
[9], CdSe [18]. It is proposed that the anodization of ZnO in a strong oxidizing media can
occurs via the following chemical reaction K,Cr,O; + ZnO = Zn(Cr,07) + K,0. At higher
anodization potentials an isotropic electrochemical polishing of ZnO substrates was observed.

For anodization the potentials of 5 V and 8 V was chosen based on the results from the
I-V curves and to compare the obtained results with early reported data of anodization in
HCl electrolyte [11]. As can see from the Figure 15, the anodization at 5 V in HCI electro-
lyte results in formation of microstructures consisting from hexagonal pyramids with a base
of 1-5 um. Anodization in HNOj; electrolyte results in morphology with submicrometric
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islands as can be seen from Figure 1, ¢, while a sponge like morphology is obtained at ano-
dization in K,Cr,05 electrolyte (Figure 1, d).

To mention that applied voltage 5 V is close to the pore formation potential estimated at
about 3.3 V. In order to investigate the evolution of the morphology at higher applied voltage,
the anodization was performed at 8 V. One can see from Figure 2, a that the large hexagonal
pyramids with a base 10-20 um are formed for anodization in HCI electrolyte. The obtained
results corroborate with previously published results [11]. It is well known that the nature of
electrolyte attacks the semiconductor crystals surface in a different way. In our case, the ano-
dization in HNO; electrolyte substantially change the obtained morphology. As can be seen
from Figure 2, b, a columnar morphology is observed rather than hexagonal pyramids, and is
reported for the first time for electrochemical etching of ZnO. The ZnO columns possess a
diameter from 400 nm up to 1-2 pm and a length about 5 um as was estimated from the SEM
images. At the same time, no essential changes in the morphology occurs during the anodiza-
tion in K,Cr,0; electrolyte. An increase of etching pits and density of pores at anodization
potential 8 V can be observed in Figure 2, c. The elemental chemical composition analysis
performed before and after electrochemical etching demonstrated stoichiometric composition
of the nanostructured ZnO crystals (see Figure 2, d).

zh As-grown ZnO d
Element Weight% Atomic% ( )
OK 19.90 50.37
ZnK 80.10 49.63
Totals 100.00

Anodized ZnO in 5% HCI
Element | Weight% Atomic%

OK 18.28 51.28
ZnK 81.72 48.72
Totals 100.00
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Figure 2. SEM images of anodized O-face ZnO crystals in HCI (¢), HNO; (b) and K,Cr,05 (¢)
electrolytes at applied potential of 8 V. (d) EDX spectrum and elemental analysis for the as-grown
and anodized in HCI electrolyte O-face ZnO crystal

In contrast to O-face, our preliminary results of anodization on Zn-face demonstrated no
to strong influence of the nature of electrolyte upon the obtained morphology demonstrat-
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ing porous structure like in Figure 2, c. Beside this, the formation of hexagonal tunnels,
their growth and dissolution at the same time was observed. A further optimization of the
electrolyte concentration will be performed for the porous morphology optimization.

CONCLUSIONS

The micro- and nanostructures with controlled morphology of anodized O-face ZnO is
demonstrated in a controlled fashion via cost effective and simple technology. As was
demonstrated, the nature of electrolyte strongly influences the shape of obtained ZnO
nanostructures, while the applied anodization voltage influences their geometrical dimen-
sions and nucleation density. For the fist time, a columnar morphology obtained by electro-
chemical etching in HNOj electrolyte was reported. The preliminary results of anodization
on Zn-face ZnO showed not so strong influence of the electrolyte upon morphology. In all
three electrolytes the hexagonal tunnels were obtained with their subsequentially dissolu-
tion. The further optimization of the electrolyte concentration will be performed. The
chemical composition analysis demonstrated stochiometric composition of the nanostruc-
tured ZnO. An enlargement of the surface after anodization of the ZnO crystals will give
the possibilities to increase the area of their application in gas sensors, optoelectronic and
photovoltaic.
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In this paper, the technological approach for diameter modulated GaAs nanowires fab-

rication via electrochemical etching representing simple and cost-effective technology is
demonstrated. At optimized applied potential, in the same technological process, the
growth of GaAs nanowires oriented perpendicular to the crystal surface occurs. At the
same time, simultaneously growing tilted pores penetrate the nanowires resulting in modu-
lation of nanowires along the whole length. In 40 min of anodization the as long as 200 pm
nanowires were obtained. A selective modulation of nanowires via anodization at two dif-
ferent applied potentials is demonstrated. The tree-dimensional modulation of diameter will
give the possibility to increase the area of their applications.

Key words: gallium arsenide; porous GaAs; electrochemical etching; morphology; current

line oriented pores; perforated nanowires.
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