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Field-effect transistors (FETs) based on individual semiconducting oxide (SnO, and ZnO) nanobelts
with multiterminal electrical contacts have been fabricated and characterized. Simultaneous
two-terminal and four-terminal measurements enable direct correlation of the FET characteristics
with the nature of the contacts. Devices with high-resistance non-Ohmic contacts exhibit a Schottky
barrier FET behavior. In contrast, low-resistance Ohmic contacts on the nanobelt lead to
high-performance n-channel depletion mode FETs with well-defined linear and saturation regimes,
large “on” current, and an on/off ratio as high as 107. The FET characteristics of such devices show
a significant modification by a 0.2% H, gas flow at room temperature. The excellent intrinsic
characteristics of these nanobelt FETs make them ideal candidates as nanoscale biological and
chemical sensors based on field-effect modulation of the channel conductance. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2338754]

Various quasi-one-dimensional (1D) semiconductor
nanostructures have received extensive recent interest,l’2 due
to their intrinsic nanoscale geometry and rich, sometimes
unique, electrical, optical, and mechanical properties.3 These
nanocomponents can be produced in large quantities with
physical or chemical vapor deposition techniques, and indi-
vidual nanowires can be readily utilized to construct nanos-
cale functional devices. One class of device structures which
has received particular attention are field-effect transistors
(FETs). While some semiconductor nanowire-based FETs
have shown promise as high-performance building blocks for
future nanoelectronics,” the more immediate applications are
likely to be in the arena of ultrasensitive chemical and
biological sensing using individual or small arrays of
nano-FETs.”

Semiconducting binary metal oxides have long been a
class of technologically important sensor materials.® Re-
cently, a wide variety of single-crystalline, quasi-1D forms
(nanobelts, nanorods, and nanowires) of ZnO, SnO,, and
In,O5 has been synthesizedl‘7 and used to produce nanoscale
FETs and demonstrate various types of gas sensing.8 Im-
proved sensitivity and response time compared to thin-film-
based sensors, especially at room temperature, were reported.
Most of the previous studies, however, were based on two-
terminal devices. It is well known that the source/drain con-
tacts could dominate the transistor action and sensing re-
sponse when Schottky barriers are present at the contacts.”
For quantitative and scalable sensing applications, it is im-
portant to establish that the signal comes predominantly from
the modulation of the channel rather than the contacts. It is
therefore necessary to carefully evaluate the origin of the
FET action in these devices.
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In this letter, we report on a study comparing the effects
of Schottky contacts and low-resistance Ohmic contacts on
the characteristics of SnO, and ZnO nanobelt FETs. We
show that while a large modulation of the source-drain cur-
rent by gating can be obtained in both cases, the FET source-
drain current (I)-voltage (V) characteristics, transfer charac-
teristics, and magnitude of the “on” current are distinctly
different. We demonstrate a direct correlation between the
different FET behaviors and the nature of the source-drain
electrical contacts with the nanobelt channel using multiter-
minal devices and simultaneous two- and four-terminal mea-
surements. Low-resistance Ohmic contacts on the SnO, and
ZnO nanobelts lead to high-quality n-channel depletion
mode FETs with well-defined linear and saturation regimes,
large on current, and on/off ratio as high as 107.

The SnO, and ZnO nanobelts were synthesized by ther-
mal evaporation of pure oxide powders under controlled con-
ditions without any catalyst.1 The as-synthesized nanobelts
are pure, single crystalline, and structurally uniform. They
have a rectangularlike cross section with a typical thickness
of tens of nanometers and width-to-thickness ratio of 5-10.
Bundles of nanobelts retrieved from the alumina substrate
were separated into individual nanobelts in an isopropanol
solution by ultrasonic agitation, and then dispersed onto a
substrate. An individual nanobelt was located and multiple
electrodes were defined via photolithography, pulsed laser
ablation and/or thermal evaporation, and lift-off. A n-type
degenerately doped (100) Si substrate (p~I1m{ cm, n
~10" cm™) was used as a back gate, and a 250 nm thick
thermally grown SiO, served as the insulating gate dielectric.
All measurements were carried out in air at room tempera-
ture unless otherwise noted.

Low-resistance Ohmic contacts were realized on both
SnO, and ZnO nanobelts and verified via direct comparison
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FIG. 1. (Color online) (a) Four-probe (red circle) and two-probe (black
square) I-V curves of a SnO, nanobelt device with RuO,/Au contacts. Inset:
SEM micrograph of the device. (b) Source-drain I-V characteristics of the
SnO, nanobelt FET at increasing gate voltage (=30 to +30 V) in steps of
1 V from bottom to top. (c) Transfer characteristics of the SnO, nanobelt
FET at Vpg=1 V. Inset: Linear plots of Ipg—Vgs and gp—Vgg at Vpg=1 V.
(d) Transconductance of the device at Vpg=1 V. Inset: Semilog plot of g,
—Vgs at Vpg=1 V.

of two-probe and four-probe I-V measurements. In order to
achieve low-resistance Ohmic contacts consistently on SnO,
nanobelts, we used pulsed laser deposition to deposit a coat-
ing of metallic RuO, (~200 nm) at room temperature, fol-
lowed by a layer of Au (~100 nm) by thermal evaporation in
order to ease wire bonding. Figure 1(a) shows the four-probe
and two-probe (two center contacts) I-V characteristics of a
SnO, nanobelt device with four RuO,/Au contacts, as shown
in the scanning electron microscopy (SEM) image in the
inset. Both /-V curves are linear and the contact resistance is
less than 1% of the channel resistance. The consistent forma-
tion of Ohmic contacts here is likely due to the limitation of
interfacial diffusion and reaction at the SnO,/RuO, inter-
face. In contrast, direct metallization with Cr/Au and espe-
cially Ti/Au on SnO, nanobelts often results in poor electri-
cal contacts. For ZnO nanobelts, Ti/Au metallization
showed a high degree of reliability in producing low-
resistance Ohmic contacts, although in some rare cases
Schottky contacts were observed. Cr/Au, on the other hand,
often lead to non-Ohmic contacts on ZnO nanobelts.

The nature of the contacts has a significant impact on the
FET characteristics of the nanobelt devices. Figures
1(b)-1(d) display the room temperature FET behavior of the
device shown in Fig. 1(a). The two middle leads were used
as the source and drain electrodes. Since the contact resis-
tance was determined to be at least two orders of magnitude
smaller than the channel resistance, the measured FET char-
acteristics reflect the intrinsic response of the SnO, channel.
Figure 1(b) shows the source-drain I-V curves at various gate
voltages from —30 to +30 V in steps of 1 V. In the on state,
the I-V curves have a well-defined linear regime at low bi-
ases, and the drain current saturates upon further increase in
the bias. The saturation behavior is similar to the pinch-off
effect in conventional silicon FETs due to a local depletion
of carriers around the drain electrode. The channel can be
turned off with a negative gate voltage of —14 V, which is
demonstrated more clearly in the transfer characteristic
shown in Fig. 1(c). The Ipg vs Vg plot in semilogarithmic
scale at a constant Vpg=1 V (in the linear regime of the
source-drain I-V) shows clearly a threshold voltage of —14 V
and on/off ratio as large as 10”. The inset of Fig. 1(c) shows
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FIG. 2. (Color online) n-channel depletion mode FET based on a ZnO
nanobelt: (a) Ing Vs Vpg at different gate voltages (V) in steps of 1 V from
—17 V (bottom) to +17 V (top). (b) Transfer characteristics of the FET at
Vps=0.3 V. Inset: A SEM image of the ZnO nanobelt contacted by a Ti/Au
electrode.

that Ipg and conductance gp=dlpg/ ‘9VDS|VG:const increase
with increasing gate bias and reach their maximum values of
2.5 pA and 2.5 uS, respectively. The FET has an “off” state
current of ~10713 A, which remains constant below Vin- The
typical gate leakage current is measured to be at least two
orders of magnitude smaller than /g in the off state and is
gate bias independent. The subthreshold swing,10 S
=dVgs/ dlog(lpg), is 1.02 V/decade for this device. Al-
though for conventional Si metal-oxide-semiconductor field-
effect transistor, the typical S value is 70—100 mV/decade,
the subthreshold swing in our devices can be easily improved
by reducing the thickness of the gate oxide layer (250 nm
SiO, was used). Figure 1(d) and the inset show the transcon-
ductance, g,,=dlpg/ Vs, at Vpg=1 V in the same range of
gate voltages. The effective field-effect carrier mobility .
of the FET can be estimated' by g,,=Zperr CoVps/ L, where
Z is the channel width (corresponding to the nanobelt width
of 150 nm), L the channel length (corresponding to the elec-
trode separation of 4 um), and C, the oxide capacitance per
unit area (for the 250 nm thick SiO, substrate, Co=1.4
X 10 F/m?). u.; shows a maximum value of around
334cm?/V's at V5s=30 V and a value of 26.1 cm?/V's at
Vgs=0 V. We emphasize that since the FET action in the
device is channel limited, the calculated mobility is intrinsic
to the SnO, nanobelt. The device also showed an excellent
stability. Measurements before and after six month storage in
ambient air yielded the same transistor behavior with identi-
cal transfer characteristics and consistent transconductance
values.

Figure 2 shows the FET characteristics of a similarly
constructed ZnO nanobelt device with Ti/Au Ohmic con-
tacts. Compared with the SnO, nanobelts, the ZnO nanobelts
are normally wider [a close-up view of the device is shown
in the inset of Fig. 2(a)] and less resistive. While these dif-
ferences lead to some modification of the details of the FET
characteristics of the ZnO nanobelt device, the overall be-
havior remains similar to that of the SnO, FET. The source-
drain I-V curves show well-defined linear and saturation re-
gimes [Fig. 2(a)]; Ins—Vgs and gp— Vs at a drain bias of
0.3 V [Fig. 2(b) and the inset] show a threshold voltage of
—14 V, maximum conductance of 18 uS, and on/off ratio
approaching 10*. The calculated effective mobility peaks
at ~1.35X10°cm?/Vs at Vgg=17V and is 4.40
X 10? cm?/V's at Vgg=0V, which is significantly larger
than that in the ZnO thin film FETs."

The electrical characteristics and performance of the
FET devices are sensitively dependent upon the nature of the
electrical contacts to the nanobelts. The source-drain I-V
characteristics of a ZnO nanobelt device with non-Ohmic
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FIG. 3. (Color online) ZnO nanobelt asymmetric Schottky barrier FET: (a)
Ins—Vps plot with Vg from =22 to 22 V in steps of 1 V. Inset: n-channel
enhancement mode transfer characteristics of the FET in forward (Vpg=
+0.5 V) and reverse (Vpg=-0.5 V) directions.

Cr/Au contacts are shown in Fig. 3. The source-drain /-V at
Vgs=0 shows a strong rectifying behavior, clearly indicating
Schottky source-drain contacts of different barrier heights.
Ins—Vps at different Vg (from +22 to =22 V in steps of
1 V) shows a large gate modulation typical of a directionally
dependent Schottky barrier FET. The inset shows the transfer
characteristics at drain biases of Vpg=+0.5 and —0.5 V. In
the forward direction, the maximum conductance g, of the
on state is about 7X 1077 S and the off state is ~107'2 S,
with an on/off ratio greater than 10*. The maximum trans-
conductance g,, is about 107 S. In the reverse direction,
these parameters are suppressed by more than two orders of
magnitude. The directionally dependent behavior of the ZnO
nanobelt FET closely resembles that in an intentionally fab-
ricated asymmetrical carbon nanotube FET with one Ohmic
contact and one Schottky contact.'? Clearly, in this device the
FET behavior is determined predominantly by one contact. A
similar rectifying behavior was recently reported in ZnO
nanobelt devices with structurally symmetrical contacts." In
our case, the characteristics of these nanobelt Schottky bar-
rier FETs showed large variations in the degree of asymme-
try and gate modulation from device to device. This is in
contrast to the channel-limited nanobelt FETs with Ohmic
contacts in which the FET characteristics are highly system-
atic and reproducible. These observations can be attributed to
the fact that the Schottky barrier formation here is due to
surface states.* Although the Schottky barrier FETs may
have some advantages over normal FETs in certain electron-
ics applications, precise control and reproducibility of the
Schottky barrier contacts must first be obtained. Most impor-
tantly, for quantitative and scalable sensing applications with
the nano-FETs, it is necessary to clearly establish that the
FET action is from the channel rather than the contacts.
With clear identification of the channel-limited nanobelt
FETs, we are able to evaluate the potential of the devices for
sensor applications by examining the intrinsic response of
the nanobelt channels. We have carried out a systematic
study of the response of a channel-limited SnO, nanobelt
FET (with RuO,/Au contacts) to 0.2% H, balanced with N,
at room temperature. Figures 4(a) and 4(b) show two series
of Ing— Vpg plots in ambient air and in 0.2% H,, respectively,
at different gate voltages (=30 to +30 V). The FET charac-
teristics show a significant modification upon exposure to
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FIG. 4. (Color online) I'ng—Vpg at various gate voltages (=30 to+30 V) in
steps of 2 V for a SnO, nanobelt FET with Ohmic RuO,/Au contacts (a) in
air and (b) in 0.2% H, balanced with N, at room temperature.

0.2% H,. The channel conductance (in the linear regime)
increases by around 17% at all gate voltages. The hydrogen
reacts with and removes the oxygen adsorbed on the metal
oxide surface and thus increases the electron concentration
and the conductance of the nanobelt channel. This also
makes the pinchoff at the drain contact more difficult, which
is evidenced by the fact that the linear region in the Ipg
—Vpg now extends to much higher drain biases. The dramatic
response of the SnO, nanobelt FET to hydrogen at room
temperature without any catalyst demonstrates great promise
of such devices in chemical gas sensing under ambient con-
ditions. Details of the hydrogen sensing experiments and re-
sults are described elsewhere.'’
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