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The ability to control oxide nanowires via vapor-liquid-solid �VLS� mechanism remains an
important challenge to explore various applications of oxide nanowires. Here we demonstrate the
crucial roles of surrounding oxygen on VLS grown SnO2 nanowires. When the partial pressure of
surrounding oxygen is relatively low, the oxygen mainly acts as an oxygen source, promoting VLS
growth. While for relatively high oxygen partial pressures, vapor-solid �VS� growth emerges,
suppressing nanowire growth. The findings as to the roles of surrounding oxygen on the inherent
competition between VLS and VS growths are in principle rather universal for VLS grown
nanowires of various oxides. © 2010 American Institute of Physics. �doi:10.1063/1.3474605�

Metal oxide nanowires formed by vapor-liquid-solid
�VLS� mechanism are promising building blocks toward
nanodevice applications due to their fascinating physical
properties.1–4 The VLS growth in principle allows us to de-
sign the size and location of oxide nanowires by controlling
the metal catalysts. Within the framework of nanowire
growth by VLS, controlling a competition between VLS and
vapor-solid �VS� growths is quite important and suppressing
VS growth realizes the growth of well-defined nanowire
structures. Generally it has been controlled by the growth
temperature and the partial pressure of the source gas. This
means that oxygen gas in surroundings plays an important
role on the formation of oxide nanowires because it is a
major constitute of oxides. Thus understanding the roles of
surrounding oxygen on VLS and VS growths of oxide nano-
wires is rather essential to design the microstructures and
properties of oxide nanowires. Most previous studies5–8 have
dealt with various VLS grown oxide nanowires without con-
trolling intentionally the surrounding oxygen, frequently
only using the residual oxygen. Although a few reported the
importance of oxygen partial pressure on oxide nanowire
morphologies,9–12 understanding the role of surrounding oxy-
gen on VLS grown oxide nanowires is far from comprehen-
sive. Here we demonstrate the crucial roles of surrounding
oxygen on VLS grown oxide nanowires. We introduce the
comparison between VLS grown nanowire experiments and
conventional VS grown thin film experiments, which allows
us to extract quantitatively each contribution of VLS and VS
growths on oxide nanowires.

SnO2 nanowires were grown on Al2O3 �110� oriented
single crystal substrate by Au catalyst-assisted pulsed laser
deposition technique.13 The background pressure of the
chamber was 10−6 Pa. Sn metal powders or SnO2 powders
were used as the target. Oxygen and argon mixed gas was
introduced into the chamber to keep the ambient total pres-
sure of 10 Pa with varying the ratio of oxygen and argon.
The typical growth temperature was 700 °C. The nanowire

morphology was characterized by field emission scanning
electron microscopy �FESEM�. High-resolution transmission
electron microscopy was used to evaluate the diameter, and
the composition of the fabricated nanowires.

Figure 1 shows the FESEM images, the growth rate, and
the number density of SnO2 nanowires when varying the
oxygen partial pressure PO2

with the constant total pressure
of 10 Pa. Sn metal target was used in these experiments.
There are several interesting features in the results. Below
10−5 Pa of PO2

, only droplets on the surface were observed.
We confirmed by an electron probe microanalysis that the
droplets consist of Au–Sn alloy. Such droplets were not de-
tectable at all in the absence of Au catalysts. This is due to
the lack of oxygen in surroundings. Above 10−5 Pa of PO2

,
nanowire morphology emerged, and the growth rate in-
creased with increasing PO2

. In this region, the partial pres-
sure of surrounding oxygen enhances the VLS nanowire
growth via supplying more oxygen. The trend was observed
below PO2

of 10−2 Pa, and then the growth rate showed the
maximum around 10−2 Pa of PO2

. Above PO2
of 10−2 Pa,
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FIG. 1. �Color online� FESEM images, the growth rate, and the number
density of SnO2 nanowires when varying the oxygen partial pressure PO2
with the constant total pressure 10 Pa.
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the growth rate decreased with increasing PO2
. Here we ex-

amine what causes the maximum of the growth rate as a
function of PO2

. Within the framework of VLS, the precipi-
tation rate at the liquid-solid �LS� interface underneath cata-
lysts determines the growth rate of VLS nanowires. In other
words, the ability to supply adatoms into metal catalysts
plays an important role on VLS growth. In this scenario, a
VS growth is detrimental because the supplied adatoms on
the substrate tend to crystallize before incorporating into
metal catalysts. Thus to know the behavior of the growth
mode, it would be important to understand the competition
between VLS and VS growths during nanowire formations.
We have performed experiments as to SnO2 thin films to
measure the VS growth rate. Figure 2 shows the growth rate
of SnO2 thin films deposited under 700 °C �the same tem-
perature of VLS experiments� as a function of PO2

. It can be
seen that below 10−2 Pa of PO2

, the VS growth rate was
found to be almost zero, indicating the absence of VS growth
and the re-evaporation of supplied adatoms. On the other
hand, above the threshold value, the VS growth rate in-
creased with increasing PO2

. There is a consistency between
the maximum of VLS growth rate in Fig. 1 and the threshold
value of VS growth in Fig. 2. This infers that the emergence
of VS growth suppresses the VLS nanowire growth. Since
the present VS growth experiments were performed for thin
films in the absence of metal catalysts, it is necessary to
validate the trend of VS growth in nanowire formations.
Here we focus on the microstructural information of fabri-
cated nanowires since it has been reported that the coexist-
ence of VS and VLS growths makes the oxide nanowire
morphology a tapered-shape due to the VS sidewall
growth.10 We have analyzed the nanowire sizes at the tip and
the bottom �measured at 500 nm from the tip� when varying
PO2

. Figure 2 shows the data of sizes. The size at the bottom
increased with increasing PO2

while the tip size remained
almost constant, indicating the presence of tapering. This in-
dicates the occurrence of VS sidewall growth of nanowires
above 10−2 Pa of PO2

. In Fig. 1, the growth rate tends to be
constant with increasing PO2

above 1 Pa. This can be inter-
preted in terms of the competing two effects based on the
following formula RNW�PO2

�� �Ftotal−Feva�PO2
��x�VLS�PO2

�
/NNW�PO2

�, where RNW is the growth rate, Ftotal is a total
impinging flux, Feva is a re-evaporation flux, NNW is a nano-
wire density, �VLS is a percentage of VLS. The competing
two effects, namely, “the increase in impinging flux for a

single nanowire” and “the decrease in VLS rate due to the
occurrence of VS growth,” should be responsible to result in
the observed constant RNW. The impinging flux for a single
nanowire corresponds to �Ftotal−Feva�PO2

�� /NNW�PO2
�, and

the VLS rate is related to �VLS�PO2
�. If the increase in im-

pinging flux: �Ftotal−Feva�PO2
�� /NNW�PO2

� is cancelled by
the decrease in VLS growth rate: �VLS�PO2

� for certain PO2
region, RNW can be constant.

Compared with previous studies as to VLS grown oxide
nanowires, the major feature of the present study is an inten-
tional control of surrounding oxygen with the low backpres-
sure of 10−6 Pa, which allows us to identify the competing
effects of VLS and VS growths. One of unique trends in the
data of Fig. 1 is the presence of the lower limit of surround-
ing oxygen to emerge VLS growth, which is around between
10−5–10−4 Pa of PO2

. This indicates that the present SnO2

VLS growth requires only 10−5–10−4 Pa of PO2
in surround-

ings, which can be supplied from residual oxygen in the
cases of low vacuum circumstance. This might also explain
some previous reports5–8 as to the occurrence of oxide VLS
growth even without supplying an oxygen source. We have
examined this issue by using oxygen contained source
material-SnO2 target instead of Sn metal target. Since the
supplied flux contains oxygen in this case, the threshold
value of PO2

for SnO2 VLS growth and the PO2
pressure with

the maximum VLS rate are expected to become lower. Fig-
ure 3�a� shows the growth rate and the number density of
nanowires with varying PO2

with the constant total pressure
of 10 Pa. Except for target material, these experiments was
performed under the same conditions of experiments in Fig.
1. As expected, the VLS growth occurred even in pure Ar
atmosphere due to supplying oxygen from the source, and
the maximum of the VLS growth rate was shifted to lower
PO2

around 10−3 Pa from 10−2 Pa in Fig. 1. In the same
manner as Fig. 2, we have extracted the VS growth effects by
performing thin film experiments and analyzing nanowire
sizes at the tip and the bottom. Figure 3�b� shows the thin
film VS growth rate and the data of nanowire sizes at the tip
and the bottom when varying PO2

. The growth rate of nano-
wires in Fig. 3�a� was found to be nearly double of the cases
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FIG. 2. �Color online� Sizes at the tip and the bottom of nanowire and the
VS growth rate of thin films when varying PO2
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FIG. 3. �Color online� �a� Growth rate and the number density of nanowires
when varying PO2

with the constant total pressure 10 Pa. �b� Thin film VS
growth rate and the data of nanowire sizes at the tip and the bottom when
varying PO2

. �c� Correlation between the VS growth rate of thin films and
the lateral growth rate of nanowires in various oxygen partial pressures.
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in Fig. 1, and this is due to the increase in impinging flux
when using SnO2 target as seen in the data of thin film
growth rate. The VS growth rate and the nanowire size at the
bottom consistently increased above around 10−3 Pa of PO2

.
These results are clearly consistent with the maximum of the
VLS growth rate in Fig. 3�a�. Thus the role of surrounding
oxygen on both VLS and VS growths is rather universal even
varying the source materials. The trend of PO2

dependence of
the nanowire density seems to be closely related to the oc-
currence of VLS growth, e.g., both the maximum nanowire
density and the maximum nanowire growth rate were found
at the same PO2

. We consider several factors to explain this
phenomenon, including a distribution of the nanowire
growth rates and a competition between VLS and VS
growths. Below PO2

at the maximum nanowire density,
where VLS growth dominates and VS growth is negligible,
the nanowire density can increase by increasing PO2

due to
the increase in the nucleation probability for VLS growth.
Above PO2

at the maximum nanowire density, VS growth
tends to dominate and the competition between VLS and VS
becomes significant. Since there is a distribution of nanowire
growth rate, the nanowire density can decrease by increasing
PO2

if the growth rates of some nanowires are less than the
VS growth rate. In addition, the universality of this mecha-
nism can be seen in some previous experimental trends of
various oxide nanowires, including MgO,10 In2O3,11 and
ZnO,12 where the tapered shape of nanowires due to the VS
sidewall growth emerged when the oxygen partial pressure
increased. The present approach is also capable of designing
and controlling the tapering of nanowires �i.e., the sidewall
growth�. We analyzed the lateral growth rate of nanowire RL
via RL= �Dbottom−Dtip� / �2td�, where Dbottom is the nanowire
size measured at 500 nm from the tip, Dtip is the nanowire
size at the tip and td is the deposition time. As shown in Fig.
3�c�, there is a good correlation between the VS growth rate
of thin films and the lateral growth rate of VLS grown nano-
wires, indicating the possibility to predict and control the
tapering prior to nanowire formation experiments, which had
been unfeasible. The approach proposed herein, which com-
pares the VLS nanowire growth with thin film VS growth,
suggests a strategy to explore and design oxide VLS
growths. Since the competition between VLS and VS
growths inherently exists in any oxides, an oxygen partial
pressure must be an important controlling factor to realize a
nanowire growth for various oxides. This study proposes that
such appropriate atmospheric conditions can be estimated by
performing thin film experiments prior to nanowire forma-
tion experiments. Since the occurrence of VS growth is det-
rimental for VLS growth, it is essential to find the conditions
where only VLS growth occurs. In most of the oxides where
the nanowire growths occur �SnO2, MgO, ZnO, and so on�,
metal elements in their oxides have high vapor pressure or
low melting temperature compared with the oxides. For this
reason, we can expect that VS growth of such oxides is sup-

pressed under lower oxygen pressure and appropriate sub-
strate temperature, where the metal elements just on the sub-
strate can solidify only accompanied by oxidization and
nonoxidized metal atom must re-evaporate. In order to pro-
ceed with VLS nanowire growth under such condition, the
oxygen partial pressure required for crystal growth at LS
interface should be lower than that for the growth at VS
interface. Such conditions to promote preferentially VLS
growth might be realized by the higher concentration of
metal atoms within liquid catalysts compared with that in
vapor phase.
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