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Electronic transport studies of single-crystalline In 2O3 nanowires
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Single-crystalline In2O3 nanowires were synthesized and then utilized to construct field-effect
transistors consisting of individual nanowires. These nanowire transistors exhibited nicen-type
semiconductor characteristics with well-defined linear and saturation regimes, and on/off ratios as
high as 104 were observed at room temperature. The temperature dependence of the conductance
revealed thermal emission as the dominating transport mechanism. Oxygen molecules adsorbed on
the nanowire surface were found to have profound effects, as manifested by a substantial
improvement of the device performance in high vacuum. Our work paved the way for In2O3

nanowires to be used as nanoelectronic building blocks and nanosensors. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1534938#
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Because of its distinctive optical, chemical, and ele
tronic properties, indium oxide is attracting more and mo
attention in applications ranging from optoelectronic devic
to chemical sensors. Since the performance of such dev
can be critically dependent on the dimension or the surfa
to-volume ratio of the material, numerous studies have
cused on the preparation and characterization of lo
dimensional In2O3 structures in recent years. Parallel to t
success with In2O3 thin film chemical sensing devices use
to detect O3 ,1 CO,2 H2 ,2,3 NH3, NO2,3 and Cl2

4 zero-
dimensional In2O3 nanoparticles showing interesting phot
luminescence properties have also been thoroughly stud5

However, although some quasi one-dimensional In2O3 struc-
tures have been successfully synthesized, such as In2O3

nanowires,6,7 nanofibers,8 nanobelts,9 and nanotubes,10 their
electronic properties have been rarely reported. No electr
devices based on one-dimensional In2O3 structures have
been fabricated and studied, despite their enormous pote
to be used as nanoelectronic building blocks and senso
ways similar to other semiconducting nanowires.11,12

Here we report our transport studies on field-effect tr
sistors~FETs! made of individual In2O3 nanowires synthe-
sized via a novel chemical vapor deposition method. O
devices exhibited pronounced gate dependence and w
defined linear and saturation regimes, which were only
served in conventional silicon metal–oxide–semiconduc
FETs and carbon nanotube transistors.13,14Thermal emission
was determined to be the dominating transport mechan
through the temperature-dependent measurements. Ox
molecules adsorbed on the nanowire surface was foun
have a profound effect on the transistor performance,
manifested by a tenfold increase in conduction, one orde
magnitude increase in the transistor on/off ratio and a sign
cant shift of the threshold voltage for the device measure
high vacuum compared to in air.

In2O3 nanowires were synthesized by a laser ablat
process as described previously.15 Figure 1 shows a scannin
electron microscope~SEM! image of the In2O3 nanowires
grown on a Si/SiO2 substrate. As-grown In2O3 nanowires
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distributed uniformly across the substrate, and appeared
mogeneous and straight with lengths up to several micro
ters and diameters around 10 nm. The inset shows a tr
mission electron microscope~TEM! image of a single In2O3

nanowire with a diameter of 10 nm, where the In/Au allo
particle can be seen at the very tip of the wire. Our synthe
approach exploits two distinctive advantages of the V
mechanism: single-crystalline products and precise diam
control by using monodispersed catalyst clusters. In contr
many of the one-dimensional In2O3 structures reported pre
viously were either polycrystalline or lacking precise diam
eter control around the range of 10 nm.6,7,9,10

To make In2O3 nanowire FETs, the nanowires on th
Si/SiO2 substrate were sonicated into a suspension in iso
pyl alcohol and then deposited onto a degenerately do
silicon wafer covered with 500 nm SiO2. Photolithography
and successive Ti/Au deposition were used to pattern
source and drain electrodes to contact individual nanowi
The upper-left inset of Fig. 2 is an atomic force microsco
~AFM! image showing an In2O3 nanowire between two
Ti/Au electrodes. The channel length between the two e
trodes is 2mm. The Si substrate was used as a back g
Figure 2 shows a typical FETI –Vds characteristic curve of
the device at room temperature. SixI –Vds curves atVg

FIG. 1. A typical SEM image of In2O3 nanowires synthesized by lase
ablation on a Si/SiO2 substrate using monodispersed 10 nm Au clusters
the catalyst. The inset is a TEM image of an In2O3 nanowire with a catalyst
particle at the tip. The scale bar is 10 nm.
© 2003 American Institute of Physics
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515, 10, 7, 0,27, and210 V are displayed in this figure
With the gate voltage varying from115 to210 V, the con-
ductance of the nanowire was gradually suppressed. F
the slopes of theI –Vds curves atVds50 V, we can see tha
the derivative conductance of the In2O3 nanowire at this bias
was reduced from 3.1331026 S at Vg515 V to 3.62
310210 S at Vg5210 V. In the positive drain-source bia
region, the device was almost fully depleted atVg527 V
and Vg5210 V. This behavior is in agreement with th
well-known fact that In2O3 is ann-type semiconductor due
to the O2 deficiency. More interestingly, all theI –Vds curves
exhibited asymmetric features with respect to the bias v
age. A case in point is the curve recorded atVg50 V. The
current changed linearly withVds in the negative bias region
and reaches saturation whenVds is greater than 0.1 V. A
similar phenomenon was observed inp-type carbon nano-
tube transistor devices.13,14 This saturation behavior is simi
lar to the pinch-off effect in conventional silicon FETs: F
an n-type semiconductor, a positive drain bias leads to
local depletion of carriers~i.e., pinch-off of the channel!
around the drain because of the enhanced electric field ac
the gate oxide, and therefore saturation of the drain curre
observed. On the other hand, a negative drain bias leads
local enrichment of carriers around the drain, and hen
more conduction can be observed under negativeVds than
positive Vds at the same gate bias. More information abo
this n-type transistor can be obtained from theI –Vg curve
shown in the lower-right inset. The curve was taken atVds

50.32 V, the current dropped dramatically from 6.5
3102 nA at Vg514 V to 3.1531022 nA at Vg529 V, in-
dicating an on/off ratio of 2.083104. We takeVt529 V as
the threshold voltage necessary to completely deplete
nanowire. The carrier concentration along the wire is e
mated to be 2.303107 cm21 following Ref. 16. The mobility
of the carriers can be obtained to be 98.1 cm2/V s. This mo-
bility value compares well with a mobility of 3.17 cm2/V s
reported for B-doped Si nanowires,12 indicating the high
quality of our nanowires.

To further explore the electronic properties of the In2O3

FIG. 2. Gate-dependentI –V curves recorded at room temperature. T
lower inset shows the current vs gate voltage atVds50.32 V. The gate
modulated the current by five orders of magnitude. The upper left inset i
AFM image of the In2O3 nanowire between two electrodes.
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nanowire device, we have measured theI –V curves as a
function of temperature, as shown in Fig. 3~a!. TheseI –V
curves were taken at 290, 180, 120, 70, 30, and 10 K,
spectively, with 0 V applied to the gate electrode. The co
ductance of this device decreased monotonically by sev
orders of magnitude as the temperature decreased. The
rent saturation at high source-drain bias was present thro
out the temperature range we used; however, a new fea
appearing as a gap around zero bias can be clearly see
I –V curves taken under 30 K. This suppression of cond
tion under smallVds can be better viewed in Fig. 3~b!, where
theVds was swept within a small range (20.10– 0.10 V). We
found that the conductance atVds50 V was monotonically
reduced with the decrease of temperature, fromG57.08
31027 S at 290 K toG53.7310210 S at 10 K. Figure 3~b!
inset shows the zero-bias conductance versus 1/T, where the
dots are experimental data and the solid line is a fit cal
lated according to the formulaG;exp(2Ea /kBT), with a
thermal activation barrierEa;6.90 meV. This indicates tha
the transport through our device was dominated by ther

n

FIG. 3. ~a! I –V curves obtained at different temperatures atVg50 V. The
corresponding temperatures were 290, 180, 120, 70, 30, and 10 K.~b! I –V
curve recorded in a small bias range (Vds520.1 V;10.1 V). Suppression
of conduction around zero bias was observed in the curves forT520 K and
T510 K. Inset: Conductance~in log scale! vs inverse temperature (1/T).
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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activation of electrons across the metal–semicondu
Schottky barrier. The barrier height of 6.90 meV was su
ciently low to produce ohmic behavior at room temperatu
however, below the temperature of 20 K, wherekBT,Ea ,
thermally activated transport through the system w
quenched and therefore a gap appeared in the small
region aroundVds50 V. At T510 K, for an example, a gap
betweenVds5240 and 50 mV was observed and the sam
was virtually insulating within this region under a zero ga
bias. LargeruVu brought the device into a conductive sta
again. The electron transport here is suggested to be d
nated by the quantum-tunneling effect. Similar mechanis
were reported before.13

The sample was also loaded into a high vacuum cham
to study the effects of adsorbed molecules since this ca
important for using In2O3 nanowires as chemical sensor
The gate-dependentI –V curves taken in a vacuum of 6
31026 Torr are shown in Fig. 4. Surprisingly, all the curve
became linear, and the conductance was dramatically
hanced in the high vacuum environment. For instance,
current atVds50.5 V, Vg50 V measured in air was abou
100 nA, as shown in Fig. 2; however, the current measu
in vacuum exceeded 1mA at the sameVds andVg , as shown
in Fig. 4. To get the carriers fully depleted, we had to us
Vg as high as255 V, compared to the threshold voltage
29 V obtained in air. An on/off ratio;105 can also be de-
rived from the same curve, compared to 2.083104 obtained
in air. Using the data obtained from theI –Vg curve shown in
the inset and the same calculation method described p
ously, the conduction electron density and the mobility w
estimated to ben51.413108 cm21, m546.9 cm2/V s, re-
spectively. We believe that this ‘‘vacuum effect’’ is related
the O2 in air. As mentioned in many semiconductor-oxid
gas sensor references,17,18 the oxygen molecules can adso
on the In2O3 surface and undergo the following reaction wi
the conduction electrons: O21e2→O22.19 This process

FIG. 4. Room temperatureI –V curves measured in a vacuum environme
of 631026 Torr. The inset shows theI –Vg curve.
Downloaded 06 Jan 2003 to 128.125.4.17. Redistribution subject to AI
or
-
;

s
ias

e

i-
s

er
be
.

n-
e

d

a

vi-
e

takes electrons away from the material, generate a deple
layer at its surface and therefore suppresses the conduc
of the nanowires. By loading the device into a high-vacuu
environment, O2 molecules were pumped away from th
In2O3 surface and, hence, higher carrier concentration
conduction were observed. Finally, we emphasize that
have measured several In2O3 nanowire transistors made us
ing our synthesis and fabrication approach, and the data
sented here including the gate dependence, the temper
dependence and the oxygen response are typical for all t
devices.

In conclusion, we have made In2O3 nanowire transistors
and studied their electronic properties. Our nanowires w
confirmed to ben-type doped and exhibited nice transist
characteristics with well-defined linear and saturation
gimes. On/off ratios as high as 2.083104 and an electron
mobility of 98.1 cm2/V s were observed in air at room tem
perature. Temperature-dependent measurements rev
thermal emission as the dominant transport mechanism
an activation barrier of 6.90 meV. We have also found t
high vacuum can dramatically improve the conduction of o
In2O3 nanowires due to the desorption of oxygen molecul
Our results indicate that In2O3 nanowires have great poten
tial to be used as nanoelectronic building blocks and ul
sensitive chemical sensors.
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