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Vapor phase methods for synthesizing metal nanowires directly
without the help of templates have not been studied extensively.
Even though there have been few reports with one dating back to
1877 on metal whisker synthesis from the vapor phase, the incon-
clusive growth mechanism did not lead to any serious developments
for nanowires.1 Recently, there are also two reports with one using
hydrogen on tungsten oxide for tungsten nanowires, and another
using decomposition of tungsten complexed organic precursors for
amorphous carbon sheathed, polycrystalline tungsten nanowires.2

In this context, we report a novel method in which nucleation
and growth of metal oxides at temperatures higher than the oxide
decomposition temperatures lead to the respective metal nanowires.
Specifically, we demonstrate this concept with the bulk synthesis
of tungsten nanowires. The chemical vapor transport of tungsten
in the presence of oxygen onto substrates kept at temperatures
higher than the tungsten oxide decomposition temperature (∼1450
°C) led to nucleation and growth of pure metallic tungsten
nanowires. The vapor transport of low-melting metal oxides is a
known procedure for metal-oxide ribbons, whiskers,3 and recently
for nanobelts and nanowires.4 It is not known for synthesizing metal
nanowires. Nanowires of transition metals could find applications
in electronic devices, sensors, and magnetic recording devices and
also show interesting structural and electronic characteristics.5

The chemical vapor transport experiments were performed using
a modified HF-CVD reactor in which substrates were placed close
to the filaments (0.5 mm diam) at a distance of 1 mm or less. O2

flow rate was varied from 0.03 to 0.1 sccm in 90 sccm of either N2

or Ar. Experiments were performed at different filament temper-
atures ranging from 1200 to 2000°C and at a pressure of 150 mTorr.

The scanning electron micrographs of the tungsten nanowires
resulting from the chemical vapor transport of tungsten from
tungsten filaments at a temperature of 1750°C with 0.03 sccm of
O2 in 90 sccm of N2 are shown in Figure 1. The tungsten filament
made contact with the substrate at the edges of region 1. The regions
(a few millimeters on either side of the filament) closest to filament
showed high densities of nanowires. In region 1 which is very close
(< ∼1 mm) to the filament, crystals of tungsten are observed as
depicted in Figure 1a. Tapered (Figure 1b) and straight (Figure 1c)
nanowires of tungsten are observed in regions 2 and 3, respectively.
In some instances, the tungsten nanowires joined together and
appeared as sheetlike structures, as seen at a few places in Figure
1c. Region 4, which is farther away from the filament on the
substrate, exhibited nanocrystalline tungsten oxide deposit. The
diameter of the resulting nanowires ranged from 55 nm at a filament
temperature of 1750°C to as low as 40 nm at 2000°C and are a
few micrometers long. The resulting density of the nanowires was
approximately 108-109 cm-2. The results did not show any
dependence on the substrate used, that is, pBN or quartz, indicating
no role of substrate material on the growth of nanowires.

A low magnification TEM image (Figure 1d) indicates no
tapering of the nanowires found in region 3. The majority of the
nanowires were straight without any apparent tapering at the end

and without any cluster at the tip. A high-resolution TEM (Figure
2a) indicates that the nanowires are single crystalline with no
amorphous or oxide sheath at the edges and that the growth direction
is [110] (Figure 2b). The XRD pattern (Figure 2c) of the
as-synthesized sample at 1750°C shows diffraction peaks corre-
sponding to two phases, metallic tungsten from regions 1, 2, and 3
and monoclinic tungsten trioxide from region 4.

The chemical vapor transport experiments onto substrates at a
temperature of 1250°C produced only polycrystalline tungsten
trioxide according to XRD and SEM analysis (no data included).
This indicates that the growth of tungsten nanowires does not occur
by the decomposition of the already formed tungsten trioxide
nanowires, but decomposition of tungsten trioxide to tungsten is a
necessary step for 1-D growth during the process. Experiments
conducted by placing a second substrate at a distance around 5-8
mm from the filament formed both tungsten trioxide nanowires and
nanotubes. No tungsten nanowires were formed on this substrate.
The temperature of this substrate, heated primarily by radiation, is
∼800 °C. Initial analysis of this sample using XRD and TEM
showed the presence of monoclinic WO3 nanowires and nanotubes.
The results with tungsten oxide nanowires are consistent with other
recent reports on treelike structures6 and nanowires,7 but nanotube
results are completely surprising. In-depth characterization is
currently being performed and will be reported later.

We hypothesize that the nucleation and growth of tungsten nano-
wires occurs by the following mechanism. The WO2 vapor phase
species is formed in the presence of oxygen. Nucleation of WO2

on the substrate occurs due to supersaturation of WO2(v) in the
gas phase. For condensation of the vapor phase species, the critical
nuclei diameter,dc, depends on the supersaturation by the relation8

Figure 1. SEM images showing (a) formation of tungsten crystals in region
1, (b) formation of tapered nanowires in region 2, (c) formation of straight
nanowires in region 3, and (d) low magnification TEM micrograph of a
straight nanowire from region 3. The regions on the substrate where they
are formed are also indicated.

dc ) 4σΩ/[RT ln(p/p*)] (1)
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whereσ is the interfacial energy,Ω is the molar volume,T is the
temperature of the substrate,p is the partial pressure of the growth
species, andp* is the vapor pressure of the growth species at
equilibrium. Bothp and p* are functions of temperature. As the
filament temperature increases, the supply of the participating vapor
phase species, that is,p, increases along with the increase inp*.

To determine the effect of temperature, we performed several
experiments at different filament temperatures ranging from 1500
to 2000°C. The temperature of the substrate that is less than 1
mm distance from the filament is considered to be equal to that of
the filament. Preliminary evidence suggests that, as the temperature
is increased from 1500 to 2000°C, the diameter of the nanowires
reduced from 70 to 40 nm, while increasing the nucleation density.
As the temperature is increased, the ratiop/p* seems to remain
constant. So the critical nuclei diameter is inversely proportional
to temperature, leading to the formation of wires of smaller diameter
at higher temperatures. An increase in the amount of oxygen from
0.03 to 0.1 sccm increased the growth rates from 1 to 10µm/h.
The analysis using the thermodynamic data from NASA database9

suggests that the formation of WO2(v) species is quite spontaneous.

Similarly, tungsten trioxide vapor phase species could also be
formed simultaneously. Yet, the gas-solid equilibrium calculations
in the presence of tungsten oxide solid phases indicate that tungsten
dioxide is the primary vapor phase species. The condensation of
the tungsten dioxide species takes place both in the nucleation stages
and in the further growth process as adatoms. The adatoms undergo
subsequent decomposition to tungsten at high temperatures (closer
to the filament).

Farther away from the filament, tungsten dioxide adatoms
transform into tungsten trioxide species. Because of the lower
temperature, further decomposition is absent, thus giving tungsten
trioxide 3-D nanocrystallites.

The growth in 1-D is accomplished by the preferential condensa-
tion of tungsten oxide on preexisting tungsten oxide at the tip of
the nanowire and the subsequent decomposition of tungsten oxide
to tungsten. At high temperatures (very close to the filament), the
net rate of decomposition is higher than the rate of condensation,
giving rise to the tapering observed in nanowires found in region
2 (Figure 1b). Similarly, at slightly lower temperatures (slightly
away from the filament), but higher than the decomposition
temperature, the net rate of decomposition is similar to the rate of
condensation, allowing uniform diameter (Figure 1c). At regions
far away from the heat source, where the temperature is below the
decomposition temperature, WO3 does not decompose as observed
in the XRD pattern and deposits as nanocrystalline tungsten oxide
powder. The synthesis temperature may be lowered in the presence
of a reducing agent like H2.

In conclusion, we have successfully demonstrated a vapor phase
technique in which condensation of oxide species above their

decomposition temperatures leads to the growth of metal nanowires.
Increasing temperatures beyond the decomposition temperature
reduced the diameter of the nanowires. This technique may be
extended to the synthesis of other metal nanowires such as Fe, Ta,
Ti, Cu, etc.
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Figure 2. Diffraction patterns from the obtained nanowires. (a) and (b)
TEM diffraction pattern showing BCC crystal structure corresponding to
tungsten. The growth direction is [110]. (c) XRD diffraction pattern showing
primary reflections corresponding to that of tungsten (WO3 reflections are
from parts of the substrate at low temperature).

W + O2 f WO2(v) ∆G ) -40.08 kJ/mol K (1450°C) (2)

WO2(v) f W(s) + O2

∆G ) -267.33 kJ/mol K (1500°C) (3)

WO3(v) f W(s) + 3/2O2

∆G ) -360.32 kJ/mol K (1500°C) (4)

WO2(s) + 1/2O2 f WO3(s)

∆G ) -108.24 kJ/mol K (1000°C) (5)
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