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Supersensitive, Fast-Response Nanowire Sensors by Using

Schottky Contacts

By Youfan Hu, Jun Zhou, Ping-Hung Yeh, Zhou Li, Te-Yu Wei, and Zhong Lin Wang*

A Schottky barrier can be formed at the interface between a metal electrode
and a semiconductor. The current passing through the metal-semiconductor
contact is mainly controlled by the barrier height and barrier width. In
conventional nanodevices, Schottky contacts are usually avoided in order

to enhance the contribution made by the nanowires or nanotubes to the
detected signal. We present a key idea of using the Schottky contact to

was to construct non-symmetrical Schottky
contact devices. The electrical property of
the device was then dominantly controlled
by the characteristics of the Schottky con-
tact. The greatly enhanced sensitivity and
response speed of the device indicated that
this was a new methodology in the design
of nanosensors.

achieve supersensitive and fast response nanowire-based nanosensors. We
have illustrated this idea on several platforms: UV sensors, biosensors, and

gas sensors. The gigantic enhancement in sensitivity of up to 5 orders of
magnitude shows that an effective usage of the Schottky contact can be very

beneficial to the sensitivity of nanosensors.

1. Introduction

Because of their large surface-to-volume ratios, one-dimensional
nanostructures have been regarded as one of the best candidates
for realizing ultrasensitive sensors. The most typical configu-
ration for gas, chemical, and biochemical nanosensors uses a
nanowire (NW)['-*l or nanotube (NT)®'% as the essential building
block, bonding two ends of the NW or NT to a solid substrate to
fabricate a field-effect transistor (FET). The molecules (detecting
target) adsorbed on the surface of the NW or NT may change
the device’s conductance by modification of the surface charges
and states, disturbing the gate potential, changing the local work
function and band alignment, changing the gate coupling, and
altering the carrier mobility. All of these can be regarded as a
floating gate effect on the conducting channel of the FET, as
shown schematically in Figure 1a, which is designed to enhance
the contribution made by the nanowire to the final detected
signal. In order to furthest enhance the sensitivity of the conduct-
ance from the NW or NT, the contacts of the devices are always
chosen to be ohmic, for maximizing the gate effect. Typically,
thin and usually short nanowires have a higher sensitivity.
Recently, the idea of using the Schottky contact to realize
supersensitive and fast-response nanowire sensors has been
demonstrated in our group for detecting UV light,M charged
bio-molecules,'? and different gases.'*l The key to this approach
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2. Working Principle of the
Non-Symmetrical Schottky
Contact Device

The non-symmetrical Schottky contact

device contains a Schottky barrier (SB)

contact at one side of the device and
an ohmic contact at the other side. The entire device can be
regarded as a nanowire connected with a SB diode in series, as
shown schematically in Figure 1b. The Schottky contact area is
the bottleneck for the current transport in the device. Figure 1c
is the energy-band diagram for the Schottky barrier that is
formed at the metal-ZnO interface. The original SB height ¢gp
is determined by the work-function difference between the
metal and ZnO, and the interface states. Under a forward bias,
the current passing through this barrier can be described by the
thermionic-emission theory as:!'*

\%4
Ig = SA*T? exp (— q:;B) |:exp (%) — 1] (1)
and,
. Amgmk?
A= 13 (2)

in which S is the area of the Schottky contact, A* is the effective
Richardson constant, T is the temperature, g is the unit elec-
tronic charge, k is the Boltzmann constant, and V is the applied
voltage. Under reverse bias, the current can be described by the

thermionic-emission-diffusion theory (for V > 3kT/q ~ 77 mV)
as:14

qdse
Irgp = SA™T? -
TED exp( kT )

(WNDW + Voi — kT/q)/SnZss)
X exXp kT

and,

Wi = ¢sg — (Ec — Ey) (4)
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(a)

_1 Floating gate

Figure 1. Schematic diagram of the working principle of a nanowire-
based nanosensor for a) a conventional FET configuration and b) the
Schottky-gated structure. c) The energy-band diagram at the interface of
the metal-ZnO contact, where a Schottky barrier is formed. The barrier
height and width can be tuned in response to the change in the sur-
rounding environment around the contact area.

in which A" is the effective Richardson constant, Np is the
donor impurity density, V}; is the built-in potential, and &5 is
the permittivity of ZnO. The depletion layer formed at the SB
area has a width of:

we_ 2 <v- y kT) .
D = qND bi q ()

Considering Equation 1, 3, and 5 we can conclude that the
current passing through the Schottky contact is very sensitive to
the Schottky barrier height and barrier width, especially under
reverse-bias conditions. Light irradiation, adsorbed charged
biomolecules, adsorbed gases, etc., at or near the SB area can
change the local electric-field distribution, and thus the varia-
tion of the SB height and width, resulting in a detectable cur-
rent change. This is the working principle of our new device
design. We refer to it as a Schottky-gated nanosensor, as sche-
matically shown in Figure 1b.
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3. Device Construction

The ZnO NWs used in these experiments were grown by a
vapor-solid process.!’l ZnO powder was used as the precursor
and loaded in an alumina boat located at the center of an
alumina tube (75 cm), which was placed in a single-zone
horizontal tube furnace serving as the reaction chamber. An
alumina substrate with a length of 10 cm was loaded 20 cm
downstream from the precursor. Argon gas was used as the
carrier gas at a flow rate of 50 standard cubic centimeters per
minute (sccm) throughout the experiment to transport the ZnO
vapors downstream for the ZnO NW growth. The furnace was
heated to 1475 °C and held at this temperature for 4.5 h under
a pressure of 25 mbar. Then the tube was cooled down to room
temperature under an argon flow.

For the fabrication of non-symmetrical Schottky contact
devices patterned Pt microelectrode arrays were first fabri-
cated on the SiO,/Si substrate by UV lithography and e-beam
evaporation. Then, a single-crystal ZnO NW was placed on a
Pt electrode pattern. Finally, a focused ion beam (FIB) system
(FEI Nova Nanolab 200 FIB/SEM) was used to deposit Pt-Ga
at one end of the ZnO NW on the electrode to make the ohmic
contact. The other end formed a natural Schottky contact. The
length of the conducting channel between the two electrodes
was sufficiently long to minimize the effect from FIB contami-
nation. Figure 2a shows an SEM image and the I-V characteris-
tics of a typical Schottky contact device. In order to exhibit the
role of the Schottky contact more clearly, devices with an ohmic
contact at both ends were also fabricated for comparison, these
devices are referred to as ohmic-contact devices. There are two
ways to obtain this kind of device. For the following biomolecule-
and gas-sensor tests, we used FIB to deposit metal at both ends
of the NW to achieve ohmic contacts. For the UV-sensor test,
Ti/Au electrodes were deposited on both ends of the NW. The
typical I-V curve and a schematic picture of the devices are
shown in Figure 2b.

4, UV Sensors

The direct bandgap of 3.4 eV and the large exciton binding
energy of 60 meV at room temperature make ZnO a very good
candidate for photonics devices working in the UV range.

Various optical applications based on this material have
been realized on the nanoscale, including the UV photon
detector,1181 optically pumped laser,!*?% and light-emitting
diodes.?!l For the application of UV photon detectors, a fast
response and recovery speed, high responsivity, and high sen-
sitivity are commonly desired properties.l??! Previous research
on UV-sensors based on ZnO nanowires have been mostly
focused on improving the sensitivity?>* and investigating
the working mechanism.?>2l Our experiments'l intro-
duced the use of non-symmetrical Schottky contact devices,
through which the responsivity, response, and recovery speed
were greatly improved compared to conventional ohmic-
contact devices, which is very important for high-frequency
applications.

The photoresponse of the ohmic-contact and Schottky-contact
devices are shown in Figure 3 for comparison purposes. Under
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Figure 2. Two types of devices were built for comparison: a) a device
with ohmic contact at one end and Schottky contact at the other end,
which is called a Schottky-contact device. The upper-left inset shows the
SEM image of a typical device after FIB deposition. b) A device with an
ohmic contact at both ends of the nanowire, called an ohmic-contact
device. The inset shows the two routes to ohmic-contact devices.
Reproduced with permission."""13l Copyright 2009, American Institute
of Physics.

UV illumination, in the ohmic-contact case, the photocurrent
increases only by about 15%, while a 1500-fold enhancement is
observed in the Schottky-contact devices. It must be mentioned
that when the Schottky contact is reversely biased the device
is more sensitive. Checking the more detailed response process
it can be seen that after 260 s of illumination the photocurrent
is still not saturated in the ohmic-contact device, whereas a cur-
rent change from 0.04 to 60 nA under UV irradiation already
occurs within 0.6 s in the Schottky-contact devices. The reset
time T can be used to evaluate the speed of the recovery process,
which is defined as the time need to recover to 1/e of the max-
imum photocurrent. In the ohmic-contact case, the reset time
is about 417 s, and in the Schottky-contact case, it is about 0.8 s.
Considering all of the above, we can conclude that by utilizing
a Schottky contact, the UV sensitivity and response/recovery
speed are dramatically enhanced. The strong local electric field
at the reversely biased Schottky barrier area will quickly sepa-
rate the photon-generated electrons and holes, which reduces
the electron-hole recombination rates, resulting in an increase
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Figure 3. a) Photoresponse of a ZnO nanowire ohmic-contact sensor.
The inset shows the corresponding |-V properties in the dark and under
UV illumination. b) Photoresponse of a ZnO nanowire Schottky-contact
sensor. The inset shows the corresponding |-V properties in the dark and
under UV illumination. Reproduced with permission.["l Copyright 2009,
American Institute of Physics.

in free carrier density. Also, the UV-illumination-induced
desorption of oxygen at the SB changes the barrier height
and narrows the barrier width. Both of the above account for
the improved UV sensitivity. The more rapid photocurrent
response and recovery is related to the fact that when the UV
light is turned on or off, the photon-generated electrons and
holes in the interface region change quickly, and to modify the
SB height the oxygen only needs to be desorbed or readsorbed
in the interfacial region, instead of over the whole surface of
the nanowire as is the case for ohmic-contact devices. These
results demonstrate an effective way for building high-sensitivy
and fast-response UV sensors.

5. Biosensors

There is a wide range of applications for biosensors, such as
the detection of pathogens, protein engineering, glucose moni-
toring in diabetes patients, etc. In order to identify the target
molecule, a bioprobe is always used, such as the antibody to the
antigen and virus, enzyme to the substrate.?”] In our work, by
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Figure 4. a) The electrical signal of a ZnO nanowire ohmic-contact biosensor when positively charged or negatively charged molecules are introduced.
The conductance shows almost no change. b) The response of a Schottky-contact biosensor to negatively charged molecules for a series of concentra-
tions. The current variation is quite significant and the response is fast. c) The repeatability of the biosensor. All adapted from the literature.['?

introducing a ZnO nanowire, non-symmetrical Schottky-contact
device, a probe-free nanosensor can be realized. We used hemo-
globin as the sensing molecule. The pH was adjusted to control
the molecule to be positively (pI = 7.4 > pH = 5.6) or nega-
tively (pl = 7.4 < pH = 8.4) charged. First, we tested the ohmic-
contact device. There is no obvious signal when the positively
or negatively charged molecules were introduced at a concen-
tration of 800 ug mL~}, as shown in Figure 4a. This means that
these surface-adsorbed charged molecules do not change the
nanowire’s conductance at a detectable degree. Figure 4b shows
the fast response and distinct current variation of the Schottky-
contact device to the negatively charged molecules for a series
of concentrations. In this case, the negatively charged mole-
cules that are adsorbed around the SB area do increase the bar-
rier height, which results in the observed current decrease. The
lowest concentration we have tested is 2 fg mL™L. In contrast,
when positively charged molecules are introduced, a current
increase was observed. The reproducibility of the device was
tested as shown in Figure 4c. The operation of this biosensor
is thus largely controlled by the characteristics of the Schottky
barrier, and it is very straightforward to differentiate between
positively and negatively charged molecules. The sensitivity
is high, because only a few adsorbed molecules are needed in
the SB area to effectively tune the current passing through the
device. We have created a probe-free and highly sensitive NW-
based biosensor.

----------------------
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6. Gas Sensors

For gas-sensing based on nanomaterials, many methods have
been investigated to improve the sensitivity, including surface
modification,?® using functional material networking,?’! and
designing electrical properties during synthesis.% By using our
ZnO NW, non-symmetrical Schottky-contact device, we achieved
an enhancement in the sensitivity of several orders of magni-
tude over ohmic-contact devices.['?l For oxygen detection an O,
atmosphere was introduced as 10 wt% O, in N,. The response
curves to the oxygen at different temperatures, ranging from
150 to 300 °C, were recorded for the ohmic contact device and
reversely biased Schottky-contact device, as shown, respec-
tively, in Figure 5a and 5b. The sensitivity was defined as AI/I,,
where Al is the current change induced by the exposure of the
device to the target gas atmosphere, and I is the original cur-
rent. The oxygen molecules adsorbed at the ZnO NW surface
will capture the electrons in the NW, and reduce the conduct-
ance of the NW. The highest sensitivity of only 4.8% for the
ohmic-contact device was achieved at 275 °C with a response
time constant of 209 s. This indicates that the surface adsorp-
tion of negatively charged oxygen ions only results in a minor
change in the inherent conductance of the ZnO NW. For the
reversely biased Schottky-contact device, the highest sensitivity
is 3235%, which was achieved at 250 °C, with a response time
constant of 30 s. The sensitivity is 1085 times higher than that

Adv. Mater. 2010, 22, 3327-3332
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Figure 5. The response current of the oxygen detection recorded at dif-
ferent temperatures for a) a ZnO NW ohmic-contact device, and b) a
reversely biased Schottky-contact device. The blue and pink backgrounds
represent the N, and O, atmosphere, respectively, in which the devices
were kept. c) Comparison of the sensitivity with different concentrations
of carbon monoxide at different temperatures for the ohmic-contact
device and the Schottky-contact device. d) The magnification of the low-
sensitivity region detected by the ohmic-contact device. All adapted from
the literature, with permission.l'3l Copyright 2009, American Chemical
Society.
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for the ohmic-contact case, and the response speed is also much
faster. The oxygen adsorbed at the SB area increases the bar-
rier height, and plays a key role for the greatly improved sensor
performance. We also tested these devices for CO sensing. The
experimental results are summarized in Figure 5c¢ and d. The
Schottky-contact device achieved a maximum enhancement
in sensitivity that was 4 orders of magnitude higher than that
of the ohmic-contact device. In addition, the response time was
also shortened by a factor of 7.

The use of fine nanowires in our devices is necessary for
achieving the high sensitivity. Using a nanowire, the contact
area between the NW and the electrode is rather small, so that
the ratio of the contact circumference to the contact area is
large, which amplifies the influence of the molecules adsorbed
at the junction to the local Schottky barrier height. As the total
conductance is dominated by the contact inside the contact
area (core area) and the areas near the outer surface, the use
of nanowires suppresses the relative contribution of the former
factor.

7. Conclusions and Outlook

A new device design concept has been demonstrated for
achieving highly sensitive and fast-response nanosensors by
using the non-symmetrical Schottky contact. The key idea is
that the current passing through the Schottky barrier formed
at the contact area is dominantly controlled by the barrier char-
acteristic, which is very sensitive to the environment around
this small area, such as light irradiation, molecule adsorption,
etc. We have demonstrate this idea for UV sensors, biosensors,
and gas sensors based on ZnO nanowires. This SB-modulation
based sensing principle can be applied and extended to other
materials and sensing systems.

The demonstrated approach could be effective toward single-
molecule detection, because the adsorption of a few molecules
at the junction region could significantly change the local bar-
rier height. In such a case, there is no need to use a nanowire
of very short length.
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