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One-dimensional nanostructures have been demonstrated as
outstanding materials for fabricating ultrasensitive nanosensors
because of their large surface-to-volume ratio. Using a nanowire
(NW)[1–6] or nanotube (NT)[7–14] as a fundamental unit and
bonding its two ends on a solid substrate will form a field-effect
transistor (FET), which is the most typical configuration for gas,
chemical, and biochemical sensors. The contacts at the two ends
are mostly chosen to be ohmic in order to enhance the surface
effect of the NW/NTon themeasured change in conductance. The
mechanisms for these nanosensors with ohmic contacts have
been suggested to arise from various sources. First, surfa-
ce-adsorbed charged molecules may change the NWconductance
by modification of the surface charge and states.[1–5] Second,
biomolecules may lead to a change in device conductance by
disturbing the gate potential, which is referred to as the
electrostatic gating effect.[6–9] Third, the local workfunction and
thus the band alignment are changed when biomolecules are
adsorbed onto the surface, which is denoted as the interfacial
contact effect.[7,9–12] Fourth, a change in gate coupling is possible
due to the low permittivity e of biomolecules in comparison to that
of the electrolyte.[7,13] Finally, biomolecules can slightly reduce the
carrier mobility of NTs.[7,14] Moreover, these nanodevices usually
use a bioprobe to recognize the molecules that are to be detected,
such as antibody to antigen and virus, enzyme to substrate.[15,16]

In the work reported in this Communication, we deliberately
introduced a nonsymmetrical Schottky contact at one end of a
ZnO NW nanodevice and studied its response to biomolecules.
The results show its much-enhanced sensitivity in comparison to
ZnO NWs with ohmic contacts. The operation of the nanosensor
is largely determined by the behavior at the Schottky junction and
it can clearly differentiate between positively and negatively
charged molecules; this is a major difference from nanosensors’
characteristics as reported in the literature. The electrical
response comes from the variation of the Schottky barrier height
(SBH) and barrier width as a result of biomolecule adsorption at
the Schottky contact. Such a nanosensor is probe-free, and there
is no need to introduce antibody–antigen interaction to enhance
its sensitivity. This introduces a newmethodology in the design of
nanosensors.
Our nanosensors were fabricated using ZnO NWs grown by a
vapor–solid process.[17] For comparison purposes, we fabricated
an ohmic contact device (OCD) and a Schottky-gated device
(SGD) using the same type of NWs. For the OCD, a single-crystal
ZnONWwas placed on a Pt electrode pattern, and then Pt-Ga was
deposited on both ends of the NW to form ohmic contacts using a
focused ion beam (FIB) system. The length of the NW was
sufficiently long to minimize the effect from FIB contamination.
The mechanism of the OCD is to detect molecules by measuring
the variation of the conductance. A sketch and a typical ohmically
contacted I–V curve of the OCD are given in Figure 1a. The
response of the OCD is shown in Figure 1b. We used hemoglobin
as our sensing molecules; the pH was adjusted to control the
electrical properties of the molecules. When the positively or
negatively charged molecules were introduced at a concentration
Figure 1. The OCD was fabricated using a single-crystal ZnO NW that
shows little response to the biomolecules. a) Pt-Ga was deposited by FIB
on both ends of the NW to form ohmic contacts (inset), as proven by its
corresponding I–V curve. b) When either positively charged molecules or
negatively charged molecules are introduced, the electrical signal of the
device shows little change.
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Figure 3. Repeated detection of positively charged molecules at a con-
centration of c¼ 800mgmL�1 under an applied reverse bias of 0.5 V.

2

of 800mgmL�1, the electrical signals of the device showed little
change. This was possibly because the conductance of the ZnO
NW was rather high, so that the introduction of surface-adsorbed
molecules did not change the conductance to any appreciable
degree.

In order to enhance the sensitivity of the sensor, we
deliberately introduced the nonsymmetrical Schottky contact in
the device fabrication. For the SGD, a ZnONWwas placed on a Pt
electrode pattern, the natural contacts of which are mainly
Schottky type. By using a FIB to deposit Pt-Ga at a localized region
at one end, a local ohmic contact is achieved. A scanning electron
microscopy (SEM) image of a Schottky-gated biosensor device is
shown in the upper-left inset of Figure 2a. A home-built
microfluidic cell was placed over the SGD to control the liquid
environment. A typical Schottky-contacted I–V curve of the SGD
is shown in Figure 2a and the effective circuit diagram in the
lower-right inset. This SGD uses the molecules to alter the
Schottky barrier height (SBH); the device was operated under
reverse bias to enhance the sensitivity. This is because only a few
molecules are needed to change the SBH. The fast reaction and
distinct current variations can be seen in Figure 2b. Because the
molecules were dispersed in deionized (DI) water in different
concentrations, the devices were also immersed in DI water,
under which the baseline of the device was calibrated.

The electrical response of a SGD was characterized for a series
of concentrations of charged molecules. The response of the DI
water was taken as the reference line for measuring the
conductance. For hemoglobin with an isoelectric point (pI) of
7.4, the molecules are negatively charged at pH 8.4 (pI< pH), and
Figure 2. A SGD uses the charged molecules to alter the SBH; the device
reverse bias to enhance its sensitivity. a) By depositing Pt-Ga by FIB in a locali
ohmic contact is achieved at one end. A SEM image of a Schottky-gated b
shown in the upper-left inset. The I–V curve shows a typical Schottky chara
response and distinct current variations can be seen when the sensor is expo
concentrations of negatively charged molecules (pI 7.4<pH 8.4). c) The n
molecules result in a decrease in conductance. d) When the molecules are
(pI 7.4>pH 5.6), the conductance of the device increases.

� 2009 WILEY-VCH Verlag G
the corresponding measurement result is shown in Figure 2b.
The negatively charged molecules resulted in a decrease in
conductance, as shown in Figure 2c; the detection range is from
2 fgmL�1 to 20 ngmL�1. In contrast, when the molecules are
positively charged (pH 5.6, pI> pH), an increase in conductance
resulted, as presented in Figure 2d, although the trend is
nonlinear due to the Schottky contact. The lower detection limit is
10–20mgmL�1, and the upper detection limit is ca. 500mgmL�1.
Both measurements are under a reverse bias of 2V.

It is apparent that, as for the ZnO NW-based sensors, the
response of the SGD is much larger than that of the OCD. The
is operated under
zed region, a local
iosensor device is
cteristic. b) A fast
sed to a series of
egatively charged
positively charged

mbH & Co. KGaA, Wei
results of the SGD were reproduced many
times. Figure 3 shows repeated detection of the
positively charged molecules at a fixed con-
centration of c¼ 800mgmL�1 under an
applied reverse bias of 0.5 V. The positively
charged molecules increase the conductance
with reference to DI water. The repeatedly
congruent results show the stability of the
sensor. A response factor of around 800% has
been achieved.

When the molecules were negatively
charged, the electric signal at a reverse bias
of 0.5 V was too small to be detected. There-
fore, we increased the bias to 2V; repeated
detection by the sensor is shown in Figure 4.
Again the current is reduced for the negatively
charged molecules and the consistent mea-
surements show the stability of the device.

The response of the SGD to charged
molecules can be explained from its band
diagram in the area of the metal–NW contact
(Fig. 5a). Once negatively charged molecules
begin to adsorb at the junction region, the local
Schottky barrier height (fSB) and width
increase (by D0) owing to the local build up
of negative molecules (Fig. 5b). In such a case,
the conductance of the device drops as more
negatively charged molecules are adsorbed at
the junction region, and thus the magnitude
of the transported current drops with reference
nheim Adv. Mater. 2009, 21, 1–4
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Figure 4. Repeated detection of negatively charged molecules at a con-
centration of c¼ 800mgmL�1 under an applied reverse bias of 2 V.
to the DI water case, consistent with the data shown in Figure 2b.
On the other hand, when positively charged molecules are
introduced into the solution, the positively charged molecules
lower the SBH (by D) at the contact region. Although that may
increase the barrier width (Fig. 5c), it is the height of the barrier
that matters for charge transport at room temperature. The
Figure 5. A possible explanation of the response of the Schottky-gated
device to the charged molecules. The dash-dotted line represents the
Schottky barrier at the contact when the device is immersed in DI water.
The solid line represents the Schottky barrier when the charged molecules
are present at the junction.
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conductance of the junction increases dramatically, resulting in
an increase in the transported current, as shown experimentally
in Figure 2d and 3.

It is necessary to point out that the stability of ZnO NWs in
biofluid is a concern. The device is only good for a few hours in
such a solution,[18,19] and the biosolution tends to dissolve the
ZnO NWs. Approaches are being developed to improve the
stability of the NWs, but the principle demonstrated here is rather
general.

In summary, we have demonstrated probe-free and highly
sensitive NW-based nanosensors for detecting biologically and
chemically chargedmolecules. The core of the device relies on the
nonsymmetrical Schottky contact under reverse bias. The SGD
has several merits in comparison to the conventional ohmically
contacted devices. First, it does not need a bioprobe to detect
molecules; rather, it depends on the attraction of the charged
molecules to the junction region. Thus, the device has the
potential of proactively detecting charged molecules. Second, for
the same type of NWs, for example ZnO, the sensitivity of the
SGD is much higher than that of the OCD because a few
molecules at the junction region can change the ‘‘gate’’ that
effectively tunes the conductance. Third, owing to the nature of
the charge and potential profile at the junction region, the SGD is
likely to have some selectivity in detecting positively charged
molecules versus negatively charged molecules. A low detection
limit of 2 fgmL�1 has been demonstrated. The approach
demonstrated here can serve as a guideline for designing more
practical chemical and biochemical sensors.
Experimental

The ZnO NWs were grown using a vapor–solid process. ZnO powder was
used as the source material 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. Argon gas was used as carrier gas at a flow rate of
50 standard cubic centimeters per minute (sccm) throughout the
experiment. An alumina substrate with length of 10 cm was loaded
20 cm downstream from the source material. The furnace was heated to
1475 8C and held at that temperature for 4.5 h under a pressure of ca.
250mbar. Then the furnace was turned off, and the tube was cooled down
to room temperature under an argon flow.

An ohmic contact device (OCD) and a Schottky-gated device (SGD)
were fabricated using the same type of NWs. For the OCD, a single-crystal
ZnO NW was placed on a Pt electrode pattern, and then Pt-Ga was
deposited on both sides of the NW to form ohmic contacts using a FIB
system (FEI Nova Nanolab 200 FIB/SEM). The length of the NW was
sufficiently long to minimize the effect from FIB contamination. For the
SGD, a ZnO NW was placed on a Pt electrode pattern, the natural contacts
of which are mainly Schottky type. By depositing Pt-Ga using the FIB at a
localized region at one end, a local ohmic contact is achieved. Electrical-
signal measurements were carried out using a semiconductor character-
ization system (Keithley Instruments 4200). A home-built microfluidic cell
was placed over all biosensor devices to control the liquid environment.
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