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Enhanced Emission Properties of Anodized Polar ZnO Crystals
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Abstract– Polar ZnO single crystals were microstructured in a controlled fashion by electrochemical etching.
Surfaces with pyramids and inversed pyramids on oxygen and zinc faces, respectively, were received. Photo-
luminescence spectra of bulk and anodized ZnO samples were investigated at room and low temperatures.
Cathodoluminescence images were also recorded from areas with different structures. A significant enhance-
ment of light emission of the prepared microstructures was achieved after anodization. This allows to use such
microstructures in light emitting devices and solar cells.
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INTRODUCTION
Zinc oxide (ZnO) is a direct bandgap semiconduc-

tor compound (Eg = 3.37 eV at T = 300 K) [1], which
is of interest due to its wide band gap and a large bind-
ing energy of exciton at room temperature (60 meV).
From the point of view of practical application, ZnO is
a much cheaper material as compared to wide-band-
gap GaN and InGaN. Nanostructures based on ZnO
find wide applications in the development of elec-
tronic devices (light emitting- and laser-diodes) for
blue and ultraviolet spectral ranges, gas sensors, and
even in spintronic devices [2]. Solar cells are devel-
oped on p-ZnTe/n-ZnO heterojunctions [3].

Comprehensive investigations of photolu-mines-
cence (PL), absorption and reflection properties of
ZnO single crystals date back to the 1960s [4–7]. Since
then, a huge amount of PL investigations of ZnO sin-
gle crystals, layers, thin films, hetero-structures, and
nanostructures have been carried out (for an overview
see, e.g., the reviews and book chapters [1, 8–10] and
references therein). Despite the comprehensive
research and a large quantity of publications, several
aspects still remain unclear and controversial. Among
those, one can mention the assigning of certain exci-
ton lines to donor or acceptor impurities, and the
identification of their chemical nature.

Usually, the single crystals with better quality and a
high uniformity of doping and electrical parameters
are grown from the vapor phase [11, 12], for example,
by chemical vapor transport (CVT). Unfortunately,
the CVT technology for ZnO is still not well devel-

oped. The use of typical transport agents, such as H2,
C, and HCl, leads to the formation of voids in the
crystals, high growth of nuclei density, and a very low
growth rate, respectively [13–15]. Recently, new
methods, based on HCl + H2/CO/C transport agent
mixtures, have been proposed for unseeded growth of
ZnO single crystals, with the growth rates up to
1.5 mm per day, controllable shapes of crystals, and
uniform doping by shallow Cl donor impurity
achieved [16–18]. The free electron concentration in
such crystals can be varied at least in a 4 × 1017–5 ×
1018 cm–3 range [19]. Complex transport agents based
on HCl can be effective for the growth of ZnO crystals
doped with many metallic impurities, including some
transition metals and rare-earth elements [20, 21].
Such crystals are expected to be prospective lumines-
cent materials for various spectral ranges.

The goal of this paper was to demonstrate a cost-
effective approach, via anodization, for controlled
micro-structuring of polar ZnO crystals with different
luminescence properties, as well as the analysis of their
light emission spectra. The present study should allow
enhancement of the emission properties of the ZnO
surface and offer a possibility to change spectral com-
position of luminescence in a wide range.

EXPERIMENTAL
Crystal Growth

ZnO crystals, with a hexagonal structure of wurtz-
ite type, were grown by the CVT method using H2
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(2 atm) + HCl (2 atm) gas mixture as a transport
agent, at growth temperature of 1020°C and under-
cooling at about 50°C [16]. The excess of Zn in the
grown crystals was minimized by a post-growth
annealing in air at 1000°C. This annealing essentially
decreases the concentration of intrinsic donor defects,
such as oxygen vacancies (VO) and interstitial zinc
(Zni), and increases the transparency of crystals in a
visible spectral range [16]. The concentration of free
electrons, measured from the temperature depen-
dence of the Hall effect, was 3 × 1018 cm–3, as reported
in [19]. The grown material was cut into plates with
1 mm thickness. Those plates were polished with 1 μm
diamond paste, followed by etching in an HCl aque-
ous solution and annealed in air to decrease a damaged
layer generated by polishing. In all of the plates, the c
axis of the hexagonal structure was oriented perpen-
dicularly to the plate surface, hence the investigated
surface corresponded to [0001] (Zn-face) or [0001]
(O-face) planes. The type of the surface was deter-
mined by the shape of pits, obtained by etching in acidic
or alkaline solutions, as presented elsewhere [22].

Anodization

Electrochemical etching of the O-face or the Zn-
face was carried out in a stirred 5% HCl aqueous solu-
tion for 2 min, in a potentiostatic mode, under differ-
ent voltage biases. An electrical contact was made on
the backside of the samples using a conductive silver
paste. From the top side, the sample was pressed by an
O-ring to leave a surface with an area of 0.2 cm2

exposed to the electrolyte. The anodization of polar
ZnO crystals was carried out in a common two-elec-
trode cell, where the sample served as working elec-
trode. A mesh with the surface of 6 cm2 from platinum
wire with 0.5 mm diameter was used as counter elec-
trode. All experiments were performed inside a fume
hood at room temperature. A Keithley’s Series 2400
Source Measure Unit was used as potentiostat.

Characterization

A Vega Tescan 5130 MM Scanning Electron
Microscope (SEM) equipped with an Oxford Instru-
ments INCA Energy EDX system operated at 20 kV
was used to investigate the morphology of anodized
ZnO crystals. PL spectra were measured with a double
high-aperture spectrometer SDL-1 (aperture 1 : 2,
linear dispersion 7 A/mm), the ZnO samples being
mounted on the cold finger of a closed cryogenic sys-
tem LTS-382. The PL excitation was carried out by the
325 nm line radiation from a He-Cd laser. Cathodolu-
minescence (CL) images were collected using a Ham-
amatsu R943-02 high sensitivity photomultiplier tube
(HSPMT). CL images were generated using a 10 keV,
10 nA electron beam. Note the working distance was ~
12 mm due to the insertion of a CL paraboloidal mirror.
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RESULTS AND DISCUSSIONS
Morphology Investigations

Figure 1 illustrates the morphologies of micro-
structures received by electrochemical etching process
on the O-face (Figs. 1a, 1b) and on the Zn-face
(Figs.1c, 1d) of a ZnO crystal anodized at 5 V (Figs. 1a, 1c)
and 10 V (Fig. 1b,d). One can see that, upon anodizing
at 5 V, hexagonal pyramids with a diameter of the base
around 1–5 μm were formed on the O-face of the ZnO
crystal (see Fig. 1a). With increasing anodizing poten-
tial, the hexagonal pyramids become larger in diame-
ter (Fig. 1b). On the other hand, hexagonal pits
(inverted pyramids) are produced on the Zn-face (see
Fig. 1c). With increasing of anodization potential to
10 V, those hexagonal pits are transformed into mac-
ropores consisting of stepped hexagonal pyramids, as
shown in Fig. 1d. To note, that the formation of pyra-
midal structures and stepped hexagonal pits on O-face
and Zn-face, respectively, was so far observed on ZnO
and GaN thin films during wet chemical etching and
reported in detail elsewhere [23, 24].

The electrochemical dissolution behaviors of ZnO
on the O-face and on the Zn-face in a HCl solution
was characterized by the I–V curves presented in Fig. 1e.
Three regions with different slopes can be distin-
guished in the polarization curves for both investigated
surfaces. At the beginning of anodization, a very low
current level was registered in region I when the
applied potential was lower than the breakdown
potential or the pore formation potential estimated
approximately at 3 V. As the potential is raised above
4 V, the anodic current first slowly increases, and
above about 14 V the current rises steeply for the Zn-
face. The beginning of region II was attributed to the
formation of structures with small dimensions. A fur-
ther increase in the applied voltage leads to the forma-
tion of structures with larger dimensions. At higher
applied potentials, more than 14 V for the Zn-face (see
region III′) and more than 18 V for the O-face (see
region III′′), an isotropic electrochemical polishing
was observed. The variations of the current during
anodization depicted in Fig. 1f is explained by nucle-
ation of the etch pits at the first stage followed by an
exponential decrease of the current due to an increase
of the pore depth and diffusion limitation of chemical
species at the pore tips, especially for the Zn-face.

Photoluminescence Investigations

Figure 2a illustrates PL spectra of the ZnO samples
anodized at 5 and 10 V on the O-face in comparison
with those of the bulk ZnO O-face measured at room
temperature. It can be clearly seen that the intensity of
a spectrum is strongly influenced by the applied volt-
age during anodization. In the PL spectra measured at
room temperature, two bands dominate. The first
band is situated at 3.3 eV and can be associated with
exciton recombination [9]. The broad band at 2.56 eV is
LIED ELECTROCHEMISTRY  Vol. 57  No. 1  2021
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Fig. 1. SEM images of O-face (a, b) and Zn-face (c, d) of ZnO plates anodized in 5% HCl electrolyte at 5 V (a, c) and 10 V (b, d),
respectively. The polarization curves measured at the beginning of the electrochemical etching of ZnO on both faces are presented
in (e). Variations of the etching current during anodization of ZnO crystal on both faces at 5 V are in (f).
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due to a typical for ZnO green luminescence [8, 9].
Usually this green luminescence is associated with
uncontrollable impurities (Cu) and intrinsic defects
(VO) in ZnO [9]. Figure 2b illustrates the behavior of
PL of the bulk and the anodized ZnO sample on the
O-face at a low temperature (10 K). The observed pic-
ture is very similar to the case of the room temperature
spectra. The most intensive band at 3.35 eV is situated
in the ultraviolet region and can be attributed to the
emission of excitons bound with neutral donors (D0X)
[10]. Another band, observed at 2.5 eV, is wider and is
associated with the emission from uncontrollable
defects [9].

The total efficiency of PL can be essentially
enhanced after anodization (Fig. 2). It happens due to
decreasing of nonradiative recombination canals gen-
erated by polishing and formation of surface micro-
structures of suitable size. The near edge emission
dominates in the spectra of the morphology with small
SURFACE ENGINEERING AND APPLIED ELECTROCH
pyramids (see Fig. 1a), while green emission remains
relatively weak. The morphology with big pyramids
from Fig. 1b is characterized by relatively intensive
green luminescence, but the near edge emission is
weakened. Such influence of the surface morphology
on PL spectra and on share of various bands is similar
for both room and low temperatures.

ZnO demonstrates a great variety of photolumines-
cence lines covering almost the all visible and near
ultraviolet spectral range from 2.0 to 3.5 eV. The most
powerful PL is usually observed near the fundamental
band edge with diverse lines especially at low tempera-
tures. The PL spectrum in the excitonic region at 10 K
of the anodized O-face at 5 V is shown in detail in Fig. 3.
Four bands of PL due to excitons are situated at ener-
gies of 3.356 (D0X1), 3.360 (D0X2), 3.366 (D0X3), and
3.371 (FXA) eV. FXA is a well-known PL band of free
excitons [9]. The most intensive D0X1 band is
EMISTRY  Vol. 57  No. 1  2021
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Fig. 2. PL spectra measured at: (a) room temperature and
(b) at 10 K from O-face of ZnO plates before anodization
(curve 3), and after anodization at 5 V (curve 1), and at
10 V (curve 2).
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Fig. 3. PL spectra of ZnO crystal anodized at 5 V on O-face
measured at 10 K.
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attributed to excitons bound with dominating Cl
donors with the activation energy of 38 ± 6 meV [10].
Positions of D0X2 and D0X3 lines correspond to photo-
luminescence associated with excitons bound with
uncontrollable donors, which is usually observed in
ZnO single crystals [25] and epitaxial layers [26]. Such
donors can be In, Al, Ga, or Zni [27]. A broad band
DA at 3.31 eV is one of those usually observed in high-
quality ZnO epitaxial layers [28–32] and nanocrystal-
line films [33]. Different recombination channels were
taken into account in order to explain this band. Ini-
tially, it was associated with a LO phonon replica of
free excitons luminescence [26, 28–32] or with exci-
tons bound at a neutral acceptor [28]. It is possible that
the origin of these lines differs from a sample to a sam-
SURFACE ENGINEERING AND APP
ple depending on the manufacturing technology. This
DA band is associated with a donor–acceptor recom-
bination as stated in [1, 8–10]. As reported in [19], this
band is caused mainly by excitons bound with deep
acceptors (600 meV), related to zinc vacancy-donor
complex defects (Cl), which were predicted earlier in
[34]. Other bands observed in a spectral range 3.1–3.3 eV
can be attributed to longitudinal phonon replicas of
bound excitons with the energy spacing of 72 meV.

There is no significant difference between PL spec-
tra measured on both the O- and Zn-faces, only a very
weak one was registered in the intensities of spectra.
The PL spectrum from the O-face is a bit more inten-
sive than that of the Zn-face as is illustrated in Fig. 4.
Two bands with almost similar intensities (a green
band located at ~2.5 eV and a red band at ~ 1.9 eV)
dominate in these PL spectra at room temperature.
The red emission shows the creation of charged oxy-
gen vacancies ( ), as stated in [35]. The green emis-
sion can be associated with oxygen vacancies (VO)
[36], zinc interstitial (Zni) [37], uncontrollable Cu [9],
or surface defects [38]. A sharp intensive line observed
in the spectra at ~1.9 eV is due to the second order of
the excitation laser line.

Cathodoluminescence Investigations

In the presented here PL measurements, a sample
with a special design was prepared by anodization of
bulk ZnO on the O-face. First, a window with a large
surface entering into a contact with the electrolyte was
prepared, and the sample was subjected to anodization
at 5 V. After that, a half of the window was covered by
chemically stable epoxy and the remaining unpro-
tected part of the window was etched at 10 V. As a

+
OV
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Fig. 4. Green and red bands from Zn- and O-faces of: (a)
bulk ZnO crystals, and (b) those anodized at 10 V, both
measured at room temperature.
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Fig. 5. CL emissions for: (a) O-face, and (b) Zn-face, both
of 3.25 eV (blue) and of 2.35 eV (green) overlaid with sec-
ondary electron image of investigated area.
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result, the sample with two areas containing small and
large pyramids was obtained.

In the measured CL emission, the observed rela-
tionship is the same. Monte Carlo simulations using
CASINO [39] indicate that CL is generated down to a
depth of ~500 nm within the ZnO specimen; the
majority of the signal is generated in the first ~250 nm
of the specimen. The color composition of CL images
(blue for 3.25 eV emission and green for 2.35 eV emis-
sion) and the corresponding secondary electron image
topography were measured and presented in Fig. 5.
One can see that blue emission dominates for the area
with small pyramids (bottom of the image in Fig. 5a)
while in the case of large pyramids, the green emission
predominates (top of the image in Fig. 5a).
SURFACE ENGINEERING AND APPLIED ELECTROCH
A similar situation is observed for the anodized Zn-
face of the ZnO crystal. If produced micro-structures
on the O-face have a pyramidal form, then those
obtained via anodization on the Zn-face have an
inversed pyramid form, as was discussed in Morphol-
ogy Investigations section. The measured CL spectra
for microstructures electrochemically etched on the
Zn-face demonstrate a similar dependence on the
produced structures sizes. The areas with deep
inversed pyramids have an essential share of the green
luminescence, in comparison to areas of shallow ones
having a more share of the blue luminescence. Figure 5b
reveals that the blue luminescence comes from the
porous skeleton, and the green one is associated with a
microstructured surface. The observed features of the
luminescence spectra, obtained from surfaces with
different morphology, can be associated either with
some surface defects appeared in anodized structures,
or with the size of microstructures produced by anod-
ization. The change of the size of surface microstruc-
tures results in the change of the density of non-equi-
librium charge carriers, generated by an excitation
EMISTRY  Vol. 57  No. 1  2021



122 ZALAMAI et al.
source of luminescence, which affects the probability
of various recombination channels.

The abovementioned luminescent measurements
suggest a prospective application of the obtained
microstructures in different optoelectronic devices.
The emission efficiency enhancement allows using
ZnO nanostructures as a good material with control-
lable luminescent properties for light emitting diodes
and lasers. An enlargement of the surface after anod-
ization of the bulk material also allows its use for solar
conversion.

CONCLUSIONS
Selectivity of obtaining of ZnO microstructures

with different shapes via anodization on different
polar crystal surfaces was demonstrated. The obtained
microstructures have a pyramidal form on the O-face,
and inversed pyramids or tunnels were produced on
the Zn-face. The obtained morphologies corroborate
with previously reported results for wet chemical etch-
ing [23, 24]. Moreover, the size of the formed micro-
structures can be tuned with an applied potential
during anodization. The anodization of ZnO does not
generate new luminescence centers: three emission
lines (red one located at 1.9 eV, and green at 2.5 eV and
near edge at 3.25 eV) were observed in PL spectra.
Increasing of light emission was achieved by electro-
chemical etching of polar ZnO crystals. For the first
time, a possibility has been offered here to change the
share of exciton and long-wavelength luminescence in
a wide range. The received results allow concluding
that the microstructured ZnO is a good material with
controllable luminescent properties for light diodes
and lasers.
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