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Characterization of electric properties of nanomaterials usually involves fabricating ﬁeld effect transistors (FET) and deriving materials properties from device performances. However,
the quality of electrode contacts in FET devices heavily inﬂuences the device performance,
which makes it diﬃcult to obtain the intrinsic electric properties of nanomaterials. Dielectric force microscopy (DFM), a contactless method developed recently, can detect the
low-frequency dielectric responses of nanomaterials without electric contact, which avoids
the inﬂuence of electric contact and can be used to study the intrinsic conductivity of nanomaterials. Here we study the inﬂuences of surface adsorbates on the conductivity of ZnO
nanowires (NWs) by using FET and DFM methods. The conductivity of ZnO NW is much
larger in N2 atmosphere than that in ambient environment as measured by FET device,
which is further proven by DFM measurement that the ZnO NW exhibits larger dielectric
response in N2 environment, and the inﬂuence of electrode contacts on measurement can
be ruled out. Based on these results, it can be concluded that the adsorbates on ZnO NW
surface highly inﬂuence the conductivity of ZnO NW rather than the electrode contact. This
work also veriﬁes the capability of DFM in measuring electric properties of nanomaterials.
Key words: Dielectric force microscopy, ZnO nanowire, Field-eﬀect transistor, Surface
adsorbate

adsorbed on ZnO surface will capture mobile electrons
in ZnO NW because of their high electric negativity,
resulting in reduced carrier density and conductivity of
ZnO NW [5, 8].
Usually, electric properties of NW materials were obtained by fabricating ﬁeld eﬀect transistor (FET) devices and measuring their transport properties [11, 12].
However, the FET measurements are highly dependent
on the quality of devices, especially the metal contact
between nanomaterials and external circuit. Electrode
materials selection, delicate device fabrication, and even
testing environment may signiﬁcantly inﬂuence the results [13–15], making it diﬃcult to unveil the intrinsic
electric properties. In addition, FET device fabrication
requires expensive nanofabrication facility and suﬀers
from low throughput.
In order to solve these problems and probe the intrinsic electric properties of nanomaterials, a new technique named as dielectric force microscopy (DFM) was
recently developed in our group [16–18]. DFM is a
contactless method based on electric force microscopy
(EFM) [19–27] to measure the low-frequency dielectric
response of materials. It is known that the dielectric
responses of metallic and semiconductor materials de-

I. INTRODUCTION

Nanomaterials [1–3], such as nanocrystals, nanowires,
nanotubes and nanosheets, have been considered as fundamental building blocks for future nanoelectric devices
because they exhibit superior electric properties than
their bulk materials counterpart due to nano size effects.
ZnO nanowires (NWs) are one of the most widely investigated nanomaterials, which has great potential applications in ultraviolet photodetectors, light-emitting
diodes, photovoltaic cells and piezoelectric devices [4–
7]. But the electric properties of ZnO NW are sensitive to the adsorptive molecules on the surface, and
the high surface-to-volume ratio further intensiﬁes this
inﬂuence [5, 8]. For practical applications of electric devices based on ZnO NWs, it is necessary to understand
the inﬂuence of ambient environment, such as O2 and
H2 O molecules, on the electric properties of ZnO NWs
[9, 10]. It has been reported that O2 and H2 O molecules
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pend on their carrier density (n) and mobility (µ),
which reﬂects the conductivity (σ=neµ, where e is the
elementary charge) of material. The advantage of DFM
is its nondestructive characteristic with high throughput, and the high spatial resolution enables it to probe
the electric properties of nanomaterials. Most importantly, it excludes the eﬀects of electrode contacts and
reveals the intrinsic transport properties of materials.
By this technique, we have successfully identiﬁed the
carrier type and conductivity in single walled carbon
nanotubes (SWNTs) [16, 17].
In this work, we used both FET and DFM techniques
to study the inﬂuences of surface adsorbates on the electric properties of ZnO NW. By comparing transport
behaviors detected by FET device and the dielectric responses detected by DFM in ambient environment and
pure N2 atmosphere, we found that the conductivity
of ZnO NW was higher in N2 than ambient environment. The higher conductivity of ZnO NW measured
by FET device in N2 atmosphere originated from increased conductivity of ZnO NW rather than electrode
contact barrier variation.

FIG. 1 Schematic illustration of dielectric force microscopy
imaging operation mode.

II. EXPERIMENTS
A. Sample preparation and FET device fabrication

The high-quality ZnO NWs were grown in a dualtemperature-zone horizontal tube furnace with the vapor phase transport and condensation (VPTC) method
[28, 29]. The diameter of ZnO NWs ranges from 100 nm
to 130 nm, and their lengths are about 15 µm. By using
PDMS stamping method, ZnO NWs were transferred
onto a Si(100) wafer (∼0.01 Ω·cm) with 50 nm thermal
oxide layer for DFM measurement, and to a Si(100)
wafer (∼0.7 Ω·cm) with 300 nm thermal oxide layer for
FET device fabrication and analysis.
For ZnO NW FET devices, 20 nm Ti/200 nm Au
were deposited as electrodes via e-beam evaporation,
and the distance between source and drain was 5 µm.
Then the devices were rapidly annealed at 300−400 ◦ C
to improve the quality of contacts between the electrode
and the ZnO NW.
B. DFM imaging experiments

DFM imaging was carried out on a Park XE-120
atomic force microscope (AFM) (Park Systems Corp.,
Suwon, Korea) using conducting AFM tips (NSC19/TiPt, Mikromasch, Tallinn, Estonia) with a resonance frequency of about 80 kHz and spring constant of about
0.6 N/m. DFM imaging uses a two-pass scan mode as
illustrated in Fig.1, which was developed from EFM
technique. In the ﬁrst pass, the standard AC mode
imaging was performed to get topography of sample and
the scan line was linearly ﬁtted to obtain baseline. In
the second pass, the tip was lifted up to a certain height
DOI:10.1063/1674-0068/27/05/582-586
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and scanned in a trace parallel to the topographic baseline while turning oﬀ the cantilever oscillation at its
resonance frequency. The key point for DFM is that a
bias voltage was applied between substrate and tip in
the second pass
V = Vzero + Vg + Vac sin(ωt)

(1)

which was provided by a function generator (33522A,
Agilent Technologies Inc., Santa Clara, CA, USA).
Here, Vzero was adjustable DC voltage component to
zero out the contact potential diﬀerence between the
tip and the substrate [30–32], Vg was the DC voltage
component that modulated the local carrier density in
the NW, which varied between −4 and +4 V in the
measurement; Vac =6Vpeak was the amplitude of an AC
signal, and the frequency ω (typically 10 kHz) was set to
be far below the cantilever resonance, thus only forced
oscillation driven by electrostatic force was measured
in the second pass. The Vac sin(ωt) between tip and
substrate polarized the NW and resulted in an induced
dipole moment osciallating in ω frequency. Since both
the charges on the tip and the induced dipole on NW
were proportional to sin(ωt), the interaction force between NW and tip is proportional to
sin2 (ωt) =

1 1
− cos(2ωt)
2 2

(2)

which contains attractive force oscillating in 2ω [16].
This force can be collected by a Stanford SR830 lock-in
ampliﬁer (Stanford Research System Inc., Sunnyvale,
CA, USA) with 3 ms integration time. Then the measured dielectric response with 2ω was fed back to data
acquasition software of AFM system to generate DFM
images. In order to study the inﬂuence of adsorbate on
ZnO NWs, the DFM measurement was conducted in a
gas cell with ambient or N2 atmosphere.
C. Device characterization and measurements

The morphology of ZnO NW FET devices were characterized by Hitachi S-4800 cold tip ﬁeld emission
scanning electron microscopy (Hitachi Hi-Tech Corp.,
Tokyo, JP). The current-voltage (I-V ) characteristics of
c
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FIG. 2 SEM image of an individual ZnO nanowire fieldeffect transistor device.

the devices were measured using Agilent B1500A-SDA
(Agilent Technologies Inc., Santa Clara, CA, USA) and
Keithley 4200-SCS (Keithley Instruments Inc., Cleveland, OH, USA).
III. RESULTS AND DISCUSSION

Figure 2 is a SEM image of a ZnO NW FET device,
the diameter of ZnO NW is 130 nm. The electric properties of the ZnO NW FET device in ambient and N2
atmosphere are shown in Fig.3. The linear current (Isd )
versus voltage (Vsd ) characteristics of the ZnO NW FET
device with ﬂoating gate in Fig.3(a) clearly indicate a
good Ohmic contact between electrodes and ZnO NW
in both environments. And the ZnO NW exhibits much
larger conductivity in N2 atmosphere compared to that
in ambient atmosphere. The transconductance curves
in Fig.3(b) show similar on/oﬀ ratio around 1.7×105
in ambient and N2 atmosphere, when gate voltage (Vg )
sweeps from −20 V to +30 V. This means the ZnO
NW exhibits a typical n-type semiconductor behavior
both in N2 and ambient atmosphere. However, threshold voltage (Vth ) is shifted from −0.45 V in ambient to
−2.37 V in N2 . Vth is the value of Vg when the conducting channel just begins to connect the source and drain
contacts of the transistor, allowing signiﬁcant current.
Higher carriers density of device always has more negative Vth . In Fig.3(b), Vth in N2 atmosphere shifted to
more negative value, supportive the higher carrier density and higher conductivity [12]. Detailed parameters
of ZnO NW FET device in ambient and N2 atmosphere
are listed in Table I, which shows little diﬀerence in mobility but larger carrier density and conductivity in N2
atmosphere.
It is reported that adsorption of O2 and/or H2 O molecules on the ZnO NW surface will capture mobile electrons and reduce the electron density. The possible reason for lower conductivity of ZnO NW FET device is
the adsorbed molecules induced wider surface depletion
region of ZnO NW [5], or increased contact barrier between electrode and ZnO NW [13, 33]. However, FET
measurement itself is not enough to unravel the dominant factor because the measurement result is highly
dependent on the quality of electrode contacts. Since
DOI:10.1063/1674-0068/27/05/582-586

FIG. 3 Electric properties of the ZnO NWs characterized
via FET transport measurements. (a) Current Isd versus
voltage Vsd characteristics of the ZnO NW FET device under
floating gate in ambient and N2 atmosphere. (b) Transconductance of the same device measured at a bias voltage (Vsd )
of 1 V on a logarithmic scale in ambient and N2 atmosphere
with the gate voltage from −20 V to +30 V.

TABLE I Electric properties of ZnO NW FET device in
ambient and N2 atmosphere.
Mobility/
cm2 /(V·s)
Ambient
29.94
N2
23.82

Carrier/
cm−3
1.55×1015
4.78×1016

Density/
S/cm
7.41×10−3
0.182

Vth /V
−0.45
−2.37

DFM can reﬂect the conductivity of materials without
the interference of electrode contacts, we use this contactless technique to study the conductivity of individual ZnO NW without electrodes in ambient and N2 environments.
Six ZnO NWs on one Si substrate were analysized
by DFM technique. Figure 4 (a)−(c) show increased
dielectric responses of the ZnO NW under Vg of −4,
0, +4 V in ambient atmosphere, and DFM images of
one ZnO NW with diameter of 130 nm are shown in
Fig.4(d). After continuous N2 ﬂow (20 sccm) through
the gas cell for 8 h to expel the O2 and H2 O molecules
adsorbed on ZnO NW, the ZnO NW was scanned by
DFM again with the same setup [16]. Figure 4 (e)−(g)
c
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FIG. 4 (a)−(c) DFM images of a ZnO NW in ambient atmosphere at different value Vg of (a) −4 V, (b) 0 V and (c) +4 V.
(d) Topography of ZnO NW with diameter of 130 nm. (e)−(f) DFM images of the same ZnO NW in N2 atmosphere at Vg
of (e) −4 V, (f) 0 V, and (g) +4 V. The scale bars are 200 nm. (h) DFM signal versus Vg plots for ZnO NW in ambient
and N2 atmosphere.

show the dielectric responses of ZnO NW under Vg of
−4, 0, +4 V in N2 environment. It is intriguing that
ZnO NW in N2 atmosphere not only increased dielectric response from Vg =−4 V to +4 V, but also enhanced
dielectric responses compared to those in ambient atmosphere (Fig.4(h)).
In DFM measurement, the gate voltage between tip
and substrate is similar to the gate voltage in FET device. When a negative gate voltage is applied to the
tip, electrons are depleted in the region of NW just under the tip, and the concentration of charge carriers
responding to AC electric ﬁeld is reduced, which leads
to a weaker dielectric response of ZnO NW. When a
positive gate voltage is applied to the tip, electrons will
accumulate under the tip, more charge carriers will response to the AC electric ﬁeld induced by tip. The
higher the positive gate voltage is applied, the more
electrons will response to the AC electric ﬁeld, which
will increase dielectric response of ZnO NW. In ambient environment, O2 and/or H2 O molecules adsorbed on
ZnO NW surfaces will interact and capture mobile electrons, resulting in lower concentration of charge carriers
than that in nitrogen atmosphere. Thus the dielectric
response of ZnO NW is weaker in ambient environment
than that in nitrogen atmosphere. Therefore, the trend
of conductivity measured by ZnO NW FET device is
consistent with dielectric responses measured by DFM.
It is worth noting that in ZnO FET device, the transport behaviors are inﬂuenced by the electric properties of ZnO NW and the electrode contacts simultaneously. On the contrary, ZnO NW investigated by DFM
has no electrode contacts, whose variation of dielectric
responses with diﬀerent gate voltages comes from the
DOI:10.1063/1674-0068/27/05/582-586

charge carrier redistribution only [16]. Therefore, DFM
results provide a direct evidence that the reducution of
conductivity of ZnO NW FET device in ambient atmosphere was originated from decreased conductivity of
ZnO NW rather than electrode contacts barrier variation.
The reasons that ZnO NW exhibits diﬀerent conductivity in ambient and N2 atmosphere can be rationalized
in Fig.5. Generally, ZnO is a n-type semiconductor, because of its donor type defect states, such as oxygen vacancy and zinc interstitial [34]. In ambient atmosphere
(Fig.5(a)), high surface-to-volume ratio of ZnO NW facilitates O2 and/or H2 O adsorption, and the adsorbed
molecules with high electric negativity will anchor mobile electrons, resulting in reduced concentration of free
electrons and lowered Fermi level (EF ). A depletion
region with lower conductivity is formed, thus the conductivity of ZnO NW is suppressed. When a continuous
nitrogen gas ﬂow is introduced to expel the O2 and/or
H2 O molecules from the surface of ZnO NW, the immobilized electrons are released, and the concentration
of mobile electrons increases and Fermi level raises [35].
This process reduces the surface depletion region and
recovers the conductivity of ZnO NW (Fig.5(b)). So,
ZnO NW exhibits higher conductivity in N2 atmosphere
than that in ambient atmosphere.
IV. CONCLUSION

Both electric properties measured by FET device and
dielectric response detected by DFM are carried out on
individual ZnO NW in ambient and N2 atmosphere.
The DFM measurement conﬁrms that lower conductivc
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FIG. 5 Schematics and energy band diagrams of ZnO NW
in (a) ambient and (b) N2 atmosphere.

ity of ZnO NW measured by FET device in ambient
environment than that in N2 atmosphere is originated
from reduced intrinsic conductivity of ZnO NW due to
surface adsorbates, rather than increased electrode contacts barrier. The mechanism is rationalized by energy
band diagram. Our result further supports that DFM is
a powerful tool in probing intrinsic transport properties
of nanomaterials.
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