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ZnO nanowire �NW� growth mechanism was investigated in a nonvapor and noncatalytic approach
for the controlled NW synthesis in a second time scale. The experimental results showed what
ZnO NW growth was determined by migration of zinc interstitials and vacancies in a ZnO layer,
which should be also considered in other synthesis techniques and mechanisms. The mechanism of
the ZnO NW growth was explained as due to the advantageous diffusion through grain boundaries
in ZnO layer and crystal defects in NWs. Additionally, on the basis of photoluminescence
measurements, a feasible application of as-produced wires for optoelectronic devices was
demonstrated. © 2009 American Institute of Physics. �doi:10.1063/1.3258074�

Nanostructured ZnO materials have received broad at-
tention due to their distinguished performance in electronics,
optics, and photonics.1 In particular, ZnO nanowires �NWs�
are regarded as promising candidates for optoelectronic
applications such as room temperature UV laser diodes due
to their wide band gap energy of 3.37 eV and high exciton
binding energy of about 60 meV.2,3 Common ZnO NW
synthesis methods include metal-organic chemical vapor
deposition,4 vapor synthesis,5 hydrothermal,6,7 and chemical
solution route.8 Typically, the NW growth has been ex-
plained by vapor-liquid-solid9 or vapor-solid10 mechanisms.

Here, we synthesized ZnO NWs and investigated the
growth mechanism on the basis of proposed synthesis
method.11,12 High crystallinity ZnO NWs are produced with-
out catalyst and dominant role of Zn and ZnO vapors, in a
second time scale. Based on experimental results we show
that ZnO NW growth is determined by zinc interstitial mi-
gration in a ZnO layer. This growth mechanism should be
also considered in other synthesis techniques.13,14 Addition-
ally, on the basis of photoluminescence �PL� measurements,
we demonstrated feasible application of the as-produced
NWs for optoelectronic devices.

The detailed description of the ZnO NW synthesis
method is given elsewhere.11 ZnO NW synthesis was carried
out by resistive heating of a Zn wire under ambient air con-
ditions in the range of 673–1123 K, i.e., at temperatures near
or higher than the melting point of zinc �692 K�. During the
synthesis a protective 0.5–1 �m thickness of ZnO layer
forms on the surface of Zn wire �Fig. 1�a��, which preserves
the shape of the liquefied wire. ZnO NWs grow on the sur-
face of the ZnO layer and have typical diameters in the range
of 6–30 nm and lengths between 1 and 5 �m. At specific
conditions, when Zn wire is heated too quickly, the ZnO
layer breaks, and the NWs can grow up to 40 �m, by vapor
growth mechanism �Fig. 1�b��. In order to avoid this, synthe-

sis conditions were reached by gradually heating zinc wire
and carefully controlling the temperature by an IR pyrom-
eter.

Transmission �TEM� and scanning �SEM� electron mi-
croscopic studies were performed. Figures 1�c� and 1�d�
show the results of TEM investigations of the structures of
the ZnO NWs grown at 803 K. Importantly, ZnO NWs syn-
thesized at higher temperatures had fewer defects, while low
temperature samples usually contained stacking faults �Fig.
1�c��. An inset of Fig. 1�c� is an electron diffraction pattern
revealing extra weak spots resulting from the stacking faults

that periodically appear along �11̄0� direction. Figure 1�d�
shows a crystalline ZnO NW without stacking faults, as de-

a�Authors to whom correspondence should be addressed. Electronic ad-
dresses: simas.rackauskas@tkk.fi and albert.nasibulin@tkk.fi.

FIG. 1. �Color online� Electron microscopic studies of ZnO NWs: SEM
image of �a� typical ZnO NW forest �inset shows ZnO layer formed on the
surface of Zn wire at 1023 K� and �b� NWs up to 40 �m long. ��c� and �d��
High resolution TEM images of ZnO NWs, insets are corresponding elec-
tron diffraction patterns.
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termined by rotation of the NW in TEM. The electron dif-
fraction pattern from the ZnO NW was indexed as hexagonal
ZnO lattice structure with the crystallographic parameters of
a=0.325 and c=0.521 nm. In all cases the growth direction
of the ZnO NW was determined to be �110�.

Chemical composition of the wire surface after the
synthesis was examined by Raman spectroscopy measure-
ments �Fig. 2�a��, using Wintech alpha300 spectrometer ��
=532 nm power 160 �W�. The peak centered at 438 cm−1

corresponds to E2 mode of ZnO and the peak at 561 cm−1 is
related to the oxygen deficiency in ZnO.15,16

Room temperature PL measurements were made using a
He–Cd laser ��=325 nm, power 10 mW�. PL spectra �Fig.
2�b�� of the ZnO NW samples reveal two peaks with a vari-
able intensity. One peak, referred to as the excitonic emission
or band gap emission, is located around 380 nm. The other
deep trap emission peak in the visible region, centered at
510 nm, is due to impurities or defects, which have elec-
tronic energy levels within the band gap of ZnO.17,18 Typi-
cally, both peaks are present in the synthesis temperature
range of 723–923 K �Fig. 2�. In samples grown at higher
process temperature �923–1023 K�, the band gap emission
dominates. This can be attributed to higher crystallinity and
lower amount of defects at higher temperatures.

Low temperature PL measurements �Fig. 2 inset� at 10K
�laser �=266 nm, 2nd harmonics power 6 W� showed emis-
sion in UV region consisting of up to four peaks, which were
considered to originate from excitons, acceptor-exciton com-
plexes, and phonon replicas.19 The dominating bound exciton

peak is located at 375 nm, free exciton emission peak is
observed at 368 nm. Other peaks on the lower energy side,
can be attributed to phonon replicas of either donor or accep-
tor bound excitons.19

In order to investigate the kinetics of the NW growth, we
prepared samples at different temperatures with a fixed
growth time of 1 min. The lengths of the NWs obtained from
SEM images were used for the calculations of the average
growth rate �Fig. 2�c��. Two regions can be clearly distin-
guished in this plot: kinetic and constant growth rate. In the
kinetic region, the average NW growth rate increases with
the temperature rise until 803 K. At higher temperatures NW
growth rate remains nearly constant. It is worth noting that
the surface density of the NWs significantly decreases at
higher temperatures. ZnO NW shape also undergoes a
change from rodlike �at temperatures �803 K� to swordlike
shape at temperatures above 850 K.

Also, we examined the kinetics of ZnO NW growth at
the fixed temperature of 803 K, where the growth rate is the
highest. It is known that during Zn oxidation ZnO layer
thickens according to the parabolic law,20,21 which is associ-
ated with diffusion of Zn vacancies and interstitials.22 The
vacancy and interstitial migration rate rm can be expressed as

rm = A�−0.5, �1�

where A is a coefficient of proportionality, � is time. Plotting
the kinetic data of the ZnO NW growth rate rg at 803 K in
the coordinates ln rg−ln � gives a similar linear dependence
�Fig. 3�a��,

FIG. 2. �Color online� �a� Raman spectrum of ZnO NWs grown at 773 K; �b� Room temperature PL spectra of ZnO nanowires. Inset shows low temperature
PL spectrum of ZnO NWs grown at 773 K; �c� growth rate dependence on the process temperature and SEM images of ZnO NWs at indicated temperatures
�scale bar 500 nm�.

FIG. 3. �Color online� Kinetic data of ZnO NW growth: �a� growth rate ��m /s� dependence on time �s� in a double logarithmic scale; �b� kinetic region
�673–803 K� data of the growth rate in the Arrhenius coordinates; �c� schematics of ZnO NW growth mechanism.
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ln rg = − 0.4721 – 0.5095 ln � . �2�

Consequently it can be concluded that the NW growth rate rg
has also parabolic time dependence. This indicates that ZnO
NW growth is determined by migration of Zn vacancies or
interstitials.

The rate of ZnO NW growth can be expressed by
Arrhenius dependence,

rg =
dL

dt
= k0 exp�−

Ea

RT
� , �3�

where L is the length of NW, k0 is the pre-exponential coef-
ficient, Ea is the activation energy of the NW growth, R is the
gas constant, and T is the absolute temperature. Furthermore,
plotting the kinetic region �673–803 K� data of the growth
rate in the Arrhenius coordinates ln rg−1 /T gives a linear
dependence �Fig. 3�b��, from which the activation energy
was found to be Ea=83.8 kJ /mol. This value can be attrib-
uted to the migration energy of Zn interstitials and vacancies
�77 and 88 kJ/mol, respectively�.23 Migration of oxygen in-
terstitials is less probable because of larger oxygen size. In-
deed, oxygen interstitial and vacancy migration energies are
118 and 124 kJ/mol, respectively.23 The activation energy for
ZnO lattice diffusion is as high as 305 kJ/mol20,22 and, as a
result, cannot be attributed to the limiting stage of the NW
growth. Therefore, it can be deduced that the growth of ZnO
NWs complies with the parabolic law and determined by
zinc interstitial and vacancy migration.

Based on the oxidation mechanism and our investiga-
tions, ZnO NW growth mechanism can be proposed. Accord-
ing to the metal oxidation mechanism20,23,24 zinc oxidation
involves Zn diffusion from Zn–ZnO interface to the surface
�Fig. 3�c��. Advantageous diffusion through grain boundaries
comparing to lattice diffusion20,23 creates sites on the surface,
from which ZnO NWs grow. Rodlike shape of ZnO NW is
created through anisotropic Zn diffusion in the direction of
energetically favorable crystal growth �110�. The optimum
growth conditions for dense ZnO NW “forest” occur at
803 K. At temperatures �850 K, the size of ZnO grains
becomes larger,25 so that there is less grain boundary space
for rapid diffusion to occur. This is confirmed from SEM
images as density of ZnO NW on the surface at temperatures
above 803 K is lower.

The growth of the NWs is also determined by the pres-
ence of defects such as stacking faults. The amount of the
synthesized NWs was drastically decreased when the tem-
perature was above 803 K, which is likely explained by the
formation of the NWs with higher crystallinity. TEM and PL
investigations confirmed the presence of fewer defects and
less surface NW density at higher synthesis temperatures.
However, the annealing of ZnO NWs at high temperatures
should not be neglected, since NWs appear on the surface
already after 10 s.

To conclude, ZnO NW growth mechanism was investi-
gated in a NW growth method based on resistive heating in
the temperature range of 673–1123 K. The highest ZnO NW
growth rate was observed at 803 K. It was found that the

direction of the ZnO NWs occurs along �110�. The growth
rate had parabolic dependence, which was explained by Zn
interstitial and vacancy migration. ZnO NW growth activa-
tion energy Ea=83.8 kJ /mol, obtained from the Arrhenius
plot, confirmed this result. Zinc interstitial and vacancy mi-
gration were deduced to be the limiting stage of the ZnO
NWs growth. The mechanism of the ZnO NW growth was
explained as due to the advantageous diffusion through grain
boundaries in ZnO layer and crystal defects in NWs. Room
temperature PL spectra show band gap emission located
around 380 nm and deep trap emission peak centered at
510 nm. High synthesis temperature ZnO NWs show lower
intensity of deep emission, which confirms higher NW crys-
tallinity. Low temperature PL spectrum shows peaks, origi-
nating from excitons, acceptor-exciton complexes and pho-
non replicas.
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