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Tungsten oxide nanowires of diameters ranging from 7 to 200 nm are prepared on a tungsten rod substrate by using

the chemical vapour deposition (CVD) method with vapour—solid (VS) mechanism. Tin powders are used to control

oxygen concentration in the furnace, thereby assisting the growth of the tungsten oxide nanowires. The grown tungsten

oxide nanowires are determined to be of crystalline W1gOy49. I-V curves are measured by an in situ transmission

electron microscope (TEM) to investigate the electrical properties of the nanowires. All of the I-V curves observed

are symmetric, which reveals that the tungsten oxide nanowires are semiconducting. Quantitative analyses of the

experimental /-V curves by using a metal-semiconductor-metal (MSM) model give some intrinsic parameters of the

tungsten oxide nanowires, such as the carrier concentration, the carrier mobility and the conductivity.
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1. Introduction

Compared with other transition metal oxides,
tungsten oxides have attracted great attention and
have been investigated extensively due to their
outstanding electrochromic, optochromic, and gas-

[1=3] With those distinctive prop-

chromic properties.
erties, tungsten oxides have been used to make
flat panel displays, photoelectrochromic smart win-
dows and gas sensors.' =3 Non-fully oxidized tung-
sten oxides (WO3_,), such as W50Oss, W13049 and
WO,, are of particular interest because of their
unique electronic characteristics, e.g. tungsten ox-
ide has been found to be a semiconductor, a con-
ductor or a superconductor in different oxidization
states.[*®! Since one-dimensional tungsten oxide nano-
materials exhibit superior properties in some promis-
ing applicationsl—8 compared with bulk materials,
much effort has been made to synthesize tungsten
oxide nanowires by using different methods,6—1°!
including a soft-chemistry approach,®! the chem-
ical vapour deposition (CVD) method,[”8:12:14,15]
hot-filament-assisted synthesis,'? flame synthesis!*"
and multistage field enhancement of tungsten oxide

nanowires.! However, the electrical transport prop-

erties of tungsten oxide nanowires, which play an im-
portant role in their potential application to electronic
nanodevices, are little reported. In the present paper,
the electrical properties of a kind of tungsten oxide,

W15049, nanowires are investigated.

In the present paper, we report on a fabrication
process of W1gO49 nanowires on a tungsten rod sub-
strate by using the CVD method with the aid of tin
powders for the first time. The role of tin powders
and the growth mechanism of the nanowires are stud-
ied. To investigate the electrical properties of the
nanowires, -V curves are measured by in situ TEM
in which a tungsten tip that is movable in three dimen-
sions, driven by piezoelectric ceramics, serves as an
electrode and the tungsten rod substrate on which the
nanowires are directly grown functions as another elec-
trode, guaranteeing good contacts between the elec-
trodes and the nanowire, so the electrical properties of
the tungsten oxide nanowires can be obtained reliably.
The experimental [-V curves are well fitted by using a
metal-semiconductor-metal (MSM) modell*?) and the
intrinsic parameters of the tungsten oxide nanowires

are retrieved.
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2. Experiment

To prepare tungsten oxide nanowires on a tung-
sten rod substrate, tungsten rods (¢ 0.3 mm) were im-
mersed in 2.5 mol/L NaOH solution for 10 h to remove
the surface oxide layer and then washed three times
in de-ionized water. The tungsten oxide nanowires
were grown by using the CVD method. A corundum
tube furnace of 4 cm diameter was used. The tung-
sten rod substrate on an alumina boat was placed in
the central part of the furnace immediately after being
washed in de-ionized water. Tin powders (> 99.5%) of
0.5 g were placed at the upstream end of the alumina
boat. The furnace was heated to 850 °C, kept there
for 2 h, then finally cooled down to room temperature.
The total process was in an Ar atmosphere (99.999%)
with a flow rate of 150 sccm (where sccm stands for
standard-state cubic centimeter per minute).

As-synthesized nanowires were characterized by
using a scanning electron microscope (SEM) (JEOL
JSM-6301F), an energy-dispersive x-ray spectroscope
(EDS) and a transmission electron microscope (TEM)
(JEOL JEM-2010F). The in situ electrical prop-
erties of the nanowires were measured by using
a Nanofactory TEM-scanning tunneling microscope
(STM) specimen holder inside the TEM.

3. Results and discussion

Figure 1 shows an SEM image and an EDS spec-
trum of the nanowires on the tungsten rod sub-
strate. Their diameters range from 7 to 200 nm and
are uniform along their lengths, which range from 1
to 5 pum. The EDS spectrum shows that there is
only tungsten and oxygen in the region where the
nanowires are grown, which indicates that the syn-
thesized one-dimensional nanomaterials are tungsten
oxide nanowires. The nanowires were scraped from
the tungsten rod substrate, dispersed in ethanol and
then dripped onto a copper grid for TEM analysis.

TEM images shown in Fig.2 reveal that the tung-
The se-

lected area electron diffraction (SAED) pattern inset

sten oxide nanowires are single-crystalline.

in Fig.2(b) was indexed as crystalline W;5O49 accord-
ing to JCPDS card No.71-2450. The spacings between
the two perpendicular planes in the high resolution
TEM (HRTEM) image shown in Fig.2(b) were mea-
sured to be 0.38 nm and 0.37 nm and the lattice planes
could be best indexed as (010) and (103) of monoclinic

Wi18049, respectively, which confirms the index of the
SAED pattern. The growth direction of the nanowires
is the [010] direction of monoclinic W15O49 crystalline,
which is reasonable because the close-packed planes of
monoclinic W15049 are {010}.
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Fig.1. (a) SEM image and (b) EDS spectrum of the

nanowires on the tungsten rod substrate. In the EDS spec-
trum, W and O signals come from the nanowires and Cu
and C signals originate from the specimen holder and the
contamination in the SEM column, respectively.

According to the TEM and the SEM observa-
tions, tin nanoparticles are not observed at the top
of the W1gO49 nanowires, which implies that the tin
Therefore, the
nanowire growth is unrelated to the vapour-liquid—

powders do not act as a catalyst.

solid (VLS) mechanism in which the nanowire grows
from a liquified metal catalyst nanoparticle. To ex-
plore the growth mechanism of the nanowires and the
role of the tin powders, a series of experiments with
and without tin powders at different Ar flow rates were
carried out (see Table 1). All of those experiments
were carried out after the furnace had been heated to
850 °C and kept there for 2 h.
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Fig.2. TEM images of a W1gO49 nanowire: (a) Bright field image, (b) HRTEM image. The
inset in Fig.2(b) shows the corresponding SAED pattern.

Table 1. Experimental results with and without tin powders, at different flow

rates of Ar.

flow rate of Ar /sccm

with 0.5 g tin powders

without tin powders

50
100
150
200

No
No
Yes
No

No
No
No
No

Yes (No) means the W1gO49 nanowires were (not) grown in experiment.

It can be seen from Table 1 that the W;gOyg
nanowires grew on the tungsten rod substrates in the
experiment only with tin powders of 0.5 g and at an
Ar flow rate of 150 sccm but not in the experiments
without tin powders, no matter what the flow rate
of Ar used was as shown in Fig.3. According to the
previous studies,(©712 W 3049 nanowires were pre-
pared on tungsten substrates in an atmosphere con-
taining an extremely low oxygen concentration (about
107! scem) or in vacuum. It should be noted that
the oxygen leakage of our system was found to be
about 3 sccm. Due to the high oxygen level, the
tungsten oxide nanowires are not expected to form
without the aid of tin powders. When the tin pow-
ders were added into the furnace, they tended to re-
act with oxygen to form tin oxide, which would signifi-
cantly lower the oxygen concentration in the furnance.
Experimentally, the tin oxides were found in the up-
stream zone of the area where the W;1gO49 nanowires
grew. Based on the above analysis, it is highly pos-
sible that the role of the tin powders in our experi-

ments is to control the oxygen concentration in the
furnace by the reaction of the tin with oxygen and
to assist the nanowire in its growth. With the in-
crease of the Ar flow rate, more liquid tin reacted
with oxygen. An appropriate oxygen concentration for
the growth of tungsten oxide nanowires was reached
at an Ar flow rate of 150 sccm, and the tungsten on
the substrate surface reacting with the residual oxygen
formed the W15049 nanowires mainly through the VS
mechanism.!'” When the Ar flow rate was increased to
200 sccm, the formed tin oxide covered most of the sur-
face of the tungsten rod substrate, leading to the fail-
ure of the VS mechanism. As a result, few nanowires
were found on the substrate. Zinc powders which also
have low melting point were used, too. Zinc oxide
nanowires, unlike tungsten oxide nanowires, grew on
a tungsten rod substrate at an Ar flow rate of 150
sccm, which may result from the fact that zinc ox-
ide has good crystallization compared with tungsten
oxides and this affects the growth of tungsten oxide
nanowires.
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Fig.3. Typical SEM images of the tungsten rod substrate
surface in the experiment without tin powders, and the
inset is an SEM image with low magnification.

To investigate the electrical properties of the syn-
thesized Wi1gO49 nanowires, in situ I-V measure-
ments were carried out inside the TEM. Figure 4
shows a TEM image of the electrical measurement
geometry of a W1gOy9 nanowire. A movable tungsten
tip electrode driven by piezoelectric ceramics is in con-
tact with one end of the nanowire, and the tungsten
rod substrate on which the nanowire is directly grown

200
W rod substrate e

Fig.4. TEM image of in situ two-terminal -V measure-
ment of a W1g0O49 nanowire.

serves as another electrode. The chemical connection
of the tungsten rod substrate with the nanowire is
much better than the physical contact, realized by van
der Waals force, between the platinum rod electrode
and the zinc oxide nanowire in the previous work.!®
Therefore, good contacts between the electrodes and
the tungsten oxide nanowire are achieved. True -V
response can thus be acquired easily. Note that the
resistance of the tungsten oxide layer on the surface of
the tungsten rod substrate can be neglected because
the tungsten oxide layers on the surface of the sub-
strate and the tungsten rod in the central section of
the substrate are connected in parallel in the circuit,
and the resistance of the former is much larger than
that of the latter.

Generally, the -V characteristics of nanowires
are linear,['8:19] rectifying,20=23 asymmetric!?4=26] or
symmetric.[?427:28] The characteristics of I-V curves
are determined by the contacts between the two
metal electrodes and the nanowire rather than by
the nanowire itself.'8! The contact between a metal
electrode and a nanowire can be either a Schottky
barrier or an Ohmic contact. In turn, the character-
istics of I-V curves can reveal the type of contacts
between the metal electrodes and the nanowire. A
linear I-V curve indicates that both of the contacts
between the two metal electrodes and the nanowire
are Ohmic contacts. A rectifying I-V curve shows
that one contact is an Ohmic contact and the other
is a Schottky barrier. A symmetric or an asymmet-
ric I-V curve reveals that both of the contacts are
Schottky barriers. Figure 5 shows the symmetric -V

—— d=24nm, [=2.5pum
50— d=51nm, {=1.5um
——d=85nm, [=4.1 um
—— d=46 nm, [=2.5 ym
——d=100nm, [=4.5 pm
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Fig.5. Symmetric I-V curves of five W1gO49 nanowires,
where d and [ represent the diameter and the length of the
nanowire, respectively.
curves of five tungsten nanowires with different diam-
eters in our experiments, while linear, rectifying and
asymmetric curves are not observed. The symmet-
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ric I-V curves exhibit the existence of Schottky bar-
riers between the metal electrodes and the WigOyg
nanowires. Therefore, the W13049 nanowires synthe-
sized in our experiments are semiconducting. Two
tungsten electrodes and a Wi3049 nanowire in be-
tween constitute an MSM structure. The MSM struc-
ture will be depicted in detail below.

A schematic diagram of our MSM structure and
its equivalent circuit for Fig.4 are shown in Fig.6. An
Ohmic contact can be regarded as a Schottky barrier
of zero barrier height. Therefore, the MSM structure
is equivalent to two back-to-back Schottky barriers
each connected with one end of a resistor in between
(see Fig.6).

: w
semiconductor nanowire rod

T — »}-N --------- 00

Var Ww Vo2

Fig.6. A schematic diagram of our MSM structure and
its equivalent circuit (dash line)

When a negative voltage V is applied to the left
electrode — the tungsten tip, the left Schottky bar-
rier is reverse biased and the right Schottky barrier
is forward biased. The voltages on the reverse-biased
Schottky barrier, the forward-biased Schottky barrier
and the W;g049 nanowire are denoted as V51, Vo and
Vnw, respectively as shown in Fig.6. Then

V =V + Waw + Via. (1)

According to the thermionic-emission theory, 2!
the reverse current of an ideal Schottky barrier should
saturate at a very low value which is usually negligible.
Therefore, a Schottky diode is regarded as being “off”
at a reverse bias. However, for symmetric -V curves,
the reverse current is comparable with the forward
current, indicating that the current tunneled through
the reverse-biased barrier, which could be explained
by thermionic-field emission theory,[2-3% while the
current transport of the forward-biased Schottky bar-
rier still obeys the thermionic-emission theory.

According to the thermionic-field emission theory,
the reverse tunneling current density through the left

Schottky barrier is expressed as[?”]

Js1(Var, op1) = —Js(Var, 1)
1
<o |3z 5)] @

where Js varies slowly with applied bias and is given

as
_ A*T(mqEg)"/? ®b1
Js = . exp | — o
1/2
qdb1
x q(V1—§)+} :
[ ° cosh?(qEoo/kT) (3)
and
qFoo
Ey=F th 4
0 = Egoco ( T ) (4)
with )
hoONg Y2
Ey = = 5
00 2[m;‘15550] (5)

Here, ¢p1 is the effective Schottky barrier height in-
cluding the effects of image force, surface state and
field penetration on it; £ is the distance from the Fermi
energy to the bottom of the conduction band; ¢ is the
magnitude of electronic charge; k is the Boltzmann
constant; A* = 4rmiqk®/h3 is the Richardson con-
stant of the semiconductor; T is the absolute temper-
ature; h and h are the Planck constants; Ny is the
donor density in the metal/semiconductor interface;
m, is the effective mass of electron of the semiconduct-
ing nanowire; € is the relative dielectric coefficient of
the semiconducting nanowire; ¢ is the dielectric coef-
ficient of free space.

According to the thermionic-emission theory, the
forward current density across the right Schottky bar-

rier is expressed as(29

Js2(Vaa, dr2) = A*T? exp (qu'2> exp < - q¢b2>

nkT kT

x{1_exp(_q]£2>}, (6)

where ¢y is the effective Schottky barrier height in-

cluding the effects of image force, surface state and
field penetration on it, and n is the ideality factor for
describing the deviation of the diode from an ideal
Schottky barrier with n = 1.

The currents through the reverse-biased Schottky
barrier, the nanowire and the forward-biased Schottky
barrier should be the same, i.e.

I = 51Js1(Vs1,¢p1) = Vaw/R = SaJs2(Vas2, Pn2), (7)
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where S; and Sy are the contact areas of the reverse-
biased Schottky barrier and the forward-biased Schot-
tky barrier, respectively, and they are assumed to be
equal to the cross sectional area of the nanowire.

Substituting expression (2) into expression (7)
yields

I'= Sl{_JS(Vslad)bl)xeXp {%1(&—;0)] }, (8)

thus
Il =108 —InJu(Vas o)+ Var [ L — 2. (9)
- 1 s Vsl ¥bl sl kT EO .
Because J; is insensitive to applied bias Vi1, In I—Vy;

1
is linear and the slope is <qu — Eo)

I-V curve of a Wig0y9
nanowire with 19.2 nm diameter and 2.5 pym length
was fitted by using the MSM model as indicated in
Fig.7. In the MSM mode, the majority of the volt-
age drop is attributed to the reverse-biased Schot-

The experimental

tky barriers at medium bias, whereas the majority
of the voltage drop is ascribed to the nanowire it-
self at high bias as shown in Fig.7(a). Therefore,
the initial value of the significant tunneling parame-

ter Ey was calculated by using the slope of the In -V

(a)

VNw]

[Varl, [Vazl, [Vawl|/V

1000 " " "
— fit (b)
o experiment
500
R
~
~
—500
—1000 . . :
—10 —5 0 5 10
V/V
Fig.7. (a) Variations of |Vsi|, |Vaw| and |Vs2| with

applied voltage |V|, where resistance of the nanowire is
10 M2 and contact barrier heights are both 0.31 eV, and
(b) measured and fitted I-V curves.

1
curve, (k({f_EO>’ at medium bias 2V < |[V]| < 3V)

to be 26.41 meV, i.e. Ey = 26.41 meV and the resis-
tance of the nanowire, R, was primarily determined
from R = i—‘; to be 9.32 MQ, i.e. R = 9.32 MQ,
at large bias, |V| > 8V, where the current varies
linearly with voltage. Ey, R, ¢p1 and ¢po were fur-
ther retrieved precisely by the MSM model through
using the non-linear least-squares method and the sim-
ulated annealing approach.l?”l We have obtained the
following results: FEy = 26.11 meV, R = 7.63 MQ,
db1 = ¢p2 = 0.31 eV. It can be seen from Fig.7(b)
that the fitted I-V curve is satisfactorily consistent
with the experimental I-V curve. The conductivity
of the nanowire, o, was calculated according to its ge-

ometrical parameters of 19.2 nm diameter and 2.5 ym

1 l
length, to be 0 = - = RS = 11.32 S/cm. Using

m*BU and £,32 of bulk W1gO49 as the corresponding
constants of the nanowire, the carrier concentration
Ng was calculated according to expressions (4) and
(5) to be Ng = 1.77 x 1018 em~3. The carrier mobil-

ity p was calculated from p = NL and obtained as
dq

p=239.92cm? -V~ 1!.g71
The intrinic of other Wjig0y9

nanowires were also extracted precisely from their ex-

parameters

perimental I-V curves by using the MSM model. The
average carrier mobility, the carrier concentration and
the conductivity of the W15049 nanowires were de-
termined to be 70£30 cm?.V—1.S71 3x10'7 — 2 x
10*® em™3 and 4-11 S/cm, respectively. Note that
the variations in carrier concentration and conductiv-
ity are primarily due to the fluctuation of the ratio
between surface area and volume of nanowires.

4. Conclusions

The W13049 nanowires are synthesized on the
tungsten rod substrate by the CVD reaction in which
tin powders are used to control oxygen concentration
in the furnace and to aid the nanowires to grow. An
appropriate flow rate of Ar and an extremely low
oxygen concentration are essential for the WigQOyg
nanowire formation, which is still in the framework
of the VS mechanism. The I-V curves of the W1gO49
nanowires measured by using an in situ TEM are sym-
metric. The experimental I-V curves are well repro-
duced by using the MSM model and the intrinsic pa-
rameters of the nanowires are retrieved at the same
time. Our data show that the W1g049 nanowires may
have potential applications in electronic nanodevices.
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