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ABSTRACT

Nanowire-based nanoelectronic devices will be innovative electronic building blocks from bottom up. The reduced nanocontact area of nanowire
devices magnifies the contribution of contact electrical properties. Although a lot of two-contact-based ZnO nanoelectronics have been
demonstrated, the electrical properties bringing either from the nanocontacts or from the nanowires have not been considered yet. High
quality ZnO nanowires with a small deviation and an average diameter of 38 nm were synthesized to fabricate more than thirty nanowire
devices. According to temperature behaviors of current-voltage curves and resistances, the devices could be grouped into three types. Type
I devices expose thermally activated transport in ZnO nanowires and they could be considered as two Ohmic nanocontacts of the Ti electrode
contacting directly on the nanowire. For those nanowire devices having a high resistance at room temperatures, they can be fitted accurately
with the thermionic-emission theory and classified into type II and III devices according to their rectifying and symmetrical current-voltage
behaviors. The type II device has only one deteriorated nanocontact and the other one Ohmic contact on single ZnO nanowire. An insulating
oxide layer with thickness less than 20 nm should be introduced to describe electron hopping in the nanocontacts, so as to signalize one-
and high-dimensional hopping conduction in type II and III devices.

Quasi-one-dimensional (Q1D) nanostructures of carbon nan-
otubes,1 silicon,2,3 and metal oxide4 nanowires (NWs),
nanorods, and nanobelts5 have been synthesized in the past
decade. One of the novel concepts for the emerging field of
nanotechnology is the low cost synthesis method to create a
large quantity of nanomaterials.6 An another beneficial
concept might be making electronic devices such as diodes
and transistors by using the bottom-up assembling process7

rather than the high technical top-down engraving manner.
A preliminary field-effect transistor (FET) by using the Q1D
carbon nanotubes has immediately been demonstrated,8 and
as a consequence it demands the early preparative studies
and probing of electrical transport in individual Q1D
nanostructures.9 To fit the requirements and to accomplish
the goals as mentioned above, the contact problem, which
plays the most important role in the Q1D nanostructure
devices, must be overcome.

ZnO has attracted intense attention due to its large exciton
binding energy for the room-temperature (RT) lasing as well
as photoconductive applications, being heavily doped to form
transparent conductors, and piezoelectric power generators.10

In particular, since metal oxides such as ZnO are physically
and chemically more stable than Ge, Si, and other semicon-
ductors at RT, ZnO-based nanostructures could be a better
candidate for nanoelectronics. In fact, ZnO NWs were used
to construct two- and four-contact (or four-terminal) nano-

electronic devices for ultraviolet photodetectors,11 gas sen-
sors,12,13 FETs,13-15 Schottky diodes,16,17 logic circuits,18 and
light-emitting diodes.19 Current-voltage (I-V) characteristics
of ZnO NW devices were obtained to reveal either a Schottky
type feature, which manifests itself as a rectifying and upward
bending I-V curve in forward bias voltage,16 or a sym-
metrically downward bending I-V curve.14 In order to
separate contact from the intrinsic resistance of the NWs,
Zhang et al.20 proposed the field-effect based model to
analyze experimental I-V curves from two-contact measure-
ments. On the other hand, electron transport in ZnO NW
devices exposed either the thermally activated transport14 or
variable-range-hopping (VRH) conduction.21

The importance of contact effects on NW nanoelectronics
has been adverted earlier.22 Bachtold et al.,23 for example,
adopted e-beam irradiation to build low-ohmic contact on
carbon nanotubes and Stern et al.24 recognized that the
specific contact resistivity was strongly dependent on the
intrinsic GaN NW resistivity. Additionally, we previously
deduced from experiments that intrinsic NW resistance could
be estimated by using NW devices with a low RT resis-
tance.25 In this work, thirty more two-contact NW devices
were fabricated to explore the I-V characteristics and
electron transport in either the nanocontacts or the NWs. The
electrical transport properties are discussed in accordance
with the solid state and semiconductor physics theories to
explore the nanocontact property.
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Cylindrical ZnO NWs with precisely controlled diameters
of 38 ( 4.6 nm26 were employed to construct ZnO NW
devices. Since oxide materials have a relatively high resistiv-

ity and the resistance rises with a reduction of the size and
dimension, a 400 nm thick SiO2 layer was capped on the
silicon wafer to prevent from current leakages through the
substrate. After the substrate was photolithographically
patterned with gold micron-electrodes, a dispersion process
followed to deposit as-grown ZnO NWs. A single ZnO NW
was positioned and two Ti/Au (∼20/100 nm in thickness)
nanometer electrodes, taken as source and drain electrodes,
were deposited on it in conjunction with micron electrodes
by using standard e-beam lithography and thermal evapora-
tion. The source and drain electrodes were separated at a
constant distance of ∼1 µm. The as-fabricated ZnO NW
devices were loaded in a liquid-nitrogen cryostat for their
temperature dependent I-V curve measurements.

Before we start to discuss experimental results, the
significance of nanocontact resistance for NW-based nano-
electronics should be considered. Figure 1a gives schematic
diagrams of a conventional n-channel metal-oxide-semicon-
ductor FET and a NW device. The source and drain
electrodes of the conventional FET device are connected by
a two-dimensional conducting channel of a surface inversion
layer while those of the NW device are conjunctive through
a Q1D channel of a single NW. Since the channel cross-
sectional size of the NW has the same order of magnitude
as the de Broglie wavelength of the electron, the ballistic
quantum transport might contribute in the innovatively
developed NW devices. Figure 1b illustrates the correspond-
ing contact areas of a conventional FET and a NW device.
As a general rule, the contact resistance RC is inversely
relative to the contact area AC as24

RC )
FC

AC
(1)

where FC is the specific contact resistivity. Remarkably, the
contact and nanocontact areas showing in Figure 1b have
an area difference by 2 or 3 orders of magnitude. Therefore,
the nanocontact resistance RC of the NW device could be
hundred or thousand times higher than that of the conven-
tional FET device, even though they might have the same

specific contact resistivity FC. Consequently, the distinctive
attribute of the greatly diminished contact area in the NW
device intensifies exceptionally the nanocontact resistance
which dominates the electrical properties of the nanowire
based nanoelectronics.

When the nanocontacts of the NW device are Ohmic type,
according to solid state and semiconductor physics, electrical
conductivity reveals linear I-V reliance in agreement with
Ohm’s law as E ) JF or V ) IR,27 where E, J, F, and R are
the electric field, current density, resistivity, and resistance,
respectively. Moreover, its zero-voltage resistance unveils
the intrinsic NW transport property of thermally activated
transport, which reflects temperature T dependence of carrier
concentration under the assumption of a constant mobility
in a narrow temperature range, in conformity with the form28

R)R0 exp( EA

2kT) (2)

where EA, k, and R0 are the activation energy, the Boltzmann
constant, and a material dependent constant, respectively.
Otherwise, when the nanocontacts are Schottky type, the I-V
relationship predicted by the thermionic-emission theory
coincides with the equation29

J)A**T2 exp(-qΦBE

kT )exp( qV

nkT)[1- exp(-qV

kT)] (3)

where A**, q, ΦBE, and n are the Richardson constant, charge,
effective barrier, and ideality factor, respectively. Schottky
type contacts result in the zero-voltage specific contact
resistivity of the form

FC )
k

A//Tq
exp(qΦBE

kT ) (4)

On the other hand, the metal-semiconductor interface
might have disorders or noncrystalline interfacial structures.
The contact resistance enhances due to its tiny contact area
so it may dominate the total resistance of the NW device.
The temperature behavior of the zero-voltage resistance will
show VRH conduction which complies with the equation21,30

R)R0 exp((T0

T )1⁄p) (5)

where T0 and R0 are constants. The exponent parameter p is
2, 3, or 4 for a one-, two-, or three-dimensional disordered
system, respectively. In particular, the thermally activated
transport of eq 2 can be taken as eq 5 with the exponent
parameter p ) 1. In the following paragraphs, we exercise
the transport equations to analyze the temperature behavior
of the I-V curves and the resistance of our as-fabricated
two-contact ZnO NW devices. Although the analysis in the
light of macroscopic transport theories could give one way,
and there might be other ways, to understand the basic
mechanisms of our NW devices, we demonstrate that our
data can be fitted concordantly with equations described in
this paragraph.

Even though the distance between the two contacts was
kept constant, we still observed different RT resistances for
our ZnO NW devices. According to their RT resistances and
I-V curves, the devices were grouped into three different
types. Figure 2a presents the first type, type I, ZnO NW

Figure 1. (a) Schematic diagrams of conventional FET and NW
devices with their corresponding contact areas (b) illustrated.
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device with characteristics of a lower RT resistance, a linear
I-V demeanor in low voltage range, and a symmetrically
downward bending feature in I-V curves. The low RT
resistance and linear I-V dependence imply that both of the
two nanocontacts are Ohmic type. Moreover, the temperature
behavior of current at various bias voltage is analyzed with
regard to the thermionic-emission theory of eq 3 and shown
in Figure 2b but we did not find any concordance. The result
of inconsistence with Schottky contact supports the Ohmic
type contacts for type I devices as well. The circuit diagram
of type I devices with two Ohmic nanocontacts (indicated
as circles) and one ZnO NWs (a resistance symbol) is given
in the inset of Figure 2a. Since both the two nanocontacts
are Ohmic type, the device resistance could mainly come
from the intrinsic ZnO NW resistance. On the other hand,
the zero-voltage resistances as a function of temperature are
displayed in Figure 2c. The electron transport behavior can
be well apprehended in agreement with the thermally
activated transport (eq 2) of electrons in ZnO NWs. The
intrinsic ZnO NW resistance unveils thermally activated
transport of conduction through the NW which conforms to
our four-terminal measurements31 and other groups’ re-
sults.32,33 Since the conduction through the nanowire has been
unambiguously investigated in type I devices, the other
devices having higher RT resistances could give electrical
properties at nanocontacts.

A rectifying behavior on I-V curves, especially at low
temperatures, has been unambiguously obtained and pre-
sented in Figure 3a. We notice that the nonsymmetrical I-V
curves of the type II NW device could only originate from
one and only one Schottky nanocontact with the other one
of Ohmic type. A circuit diagram model is offered in the
inset of Figure 3a to depict the Schottky nanocontact, the
ZnO NW, and the Ohmic nanocontact from left to right. The
analyses in accordance with thermionic-emission theory of
eq 3 are given in Figure 3b,c. For type II devices, we
observed linear dependence between ln(I/T2) and 1/T with a

slope indicating the effective Schottky barrier in the Schottky
nanocontact. At a high bias voltage, the slope tends to zero
which denotes the vanishing of effective Schottky barrier
ΦBE when the bias approaches the break down voltage.
Moreover, the I-V curve in a wide voltage range introduced
in Figure 3c fits precisely with eq 3 both in forward and
reverse bias voltages. Intriguingly and surprisingly, the
ideality factor estimated from our fitting is very close to the
ideal value of 1. Alternatively, the RT resistance of type II
devices ranges from near the upper bound RT resistance of
type I devices to that of type III devices as will be acquainted
in the next paragraphs. The temperature dependence of
resistance R(T) in Figure 3d indicates that the electron
transport behavior cannot be solely interpreted by the
thermally activated transport in ZnO NW. In addition,
electron transport in the Schottky nanocontact should be
taken into consideration. We found that electron transport
in these type II devices departs from eq 2 and starts to
reconcile with eqs 4 or 5, and we noticed that the fittings
with either Schottky contact (eq 4) or VRH conduction (eq
5) do not make a significant difference at temperatures above
100 K. These results suggest that electrical properties,
including I-V curves and zero-voltage resistances, mostly
arise from the single Schottky nanocontact in the type II NW
devices.

Typical characteristics of the last type, the type III ZnO
NW devices with analyses through thermionic-emission
theory are given in Figure 4. First of all, the I-V curves in
Figure 4a reveal symmetrical and an upward bending feature,

Figure 2. (a) I-V curves of a type I ZnO NW device with a RT
resistance of ∼15 kΩ. The inset introduces a model of circuit
diagram for type I devices. (b) I/T2 as a function of inverse
temperature at various bias voltages. (c) Resistance as a function
of temperature revealing electron transport in the type I device.

Figure 3. (a) I-V curves of a type II ZnO NW device with a RT
resistance of ∼50 kΩ. The inset introduces a model of circuit
diagram for type II devices. (b) I/T2 as a function of inverse
temperature at various bias voltages. (c) ln(I/(1 - exp(-qV/kT)))
as a function of voltage. (d) Resistance as a function of temperature
revealing electron transport in this type II device. The dashed and
solid lines are best fittings (see text) of eqs 4 and 5, respectively.
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and the data can be fitted well with thermionic-emission
theory of eq 3 in reverse bias voltage. The linear dependence
of ln(I/T2) and 1/T at various bias voltage appears promi-
nently in Figure 4b that supports our idea of Schottky
contacts for type III devices. Since no forward bias I-V
reliance of a Schottky diode is spotted and the currents in
both positive and negative voltages agree well with the
reverse-bias thermionic-emission theory (see Figure 4a,b),
we propose a model of two back-to-back Schottky contacts,
which is commonly addressed to explain nonlinear I-V
curves of semiconductor NW devices,34,35 in the inset of
Figure 4a to demonstrate the type III devices. As for zero-
voltage resistance, we obtained several different temperature
dependent behaviors. Two typical sets of resistance data are
presented in Figure 4c with the best fittings of dashed and
solid lines following Schottky contact (eq 4) and VRH
conduction (eq 5), respectively. In this case, we found that
the data points vary from the ideal Schottky contact form of
eq 4 at temperatures below 200 K. Including the information
of high RT resistances for type III devices as well as the
best fitting in accordance with VRH conduction form of eq
5, we propose that a deteriorated contact between the Ti
electrode and the ZnO NW forms due to a noncrystalline
interface layer or titanium oxides. Owing to a diminished
nanocontact area, a poor specific contact resistivity results
in a high contact resistance and dominates electrical proper-
ties of the type III NW devices.

To discuss electron transport in ZnO NW devices and to
fit their temperature dependent resistance, we adopted VRH
conduction of eq 5 and included the exponent parameter p
of 1 for thermally activated transport. The estimated exponent
parameters as a function of device RT resistance are given
in Figure 5a. An unambiguous trend of a rising exponent
parameter with an increase of RT resistance has been detected

that signals worsened electrical properties in the nanocon-
tacts. Moreover, the graph can be approximately separated
into Regions A, B, and C with an exponent parameter of
about 1, 2, and bigger than 3, respectively. We discerned
that all type I ZnO NW devices are gathering in Region A
indicating two Ohmic contacts on the individual ZnO NW.
It is noted that the type I devices have RT resistances lower
than 100 kΩ. In addition, type II devices distribute in Region
B and unveil one-dimensional VRH conduction in one and
only one nanocontact on the ZnO NW. Unlike type I and II
devices, type III devices, having RT resistances higher than
100 kΩ, spread over Region B and C that connotes two-
and three-dimensional VRH conduction in both nanocontacts
of a NW device. In Figure 5b, we provide three nanocontact
models to elaborate our thoughts. Since a direct Ti metal
contacting on ZnO should be attributed to Ohmic contacts
as inferred from experiments of bulk systems,36 we propose
a direct contacting model for nanocontacts of ZnO NW
devices in Region A. Otherwise, the RT resistance is greater
for devices in Regions B and C, we argue that titanium oxide
form in the nanocontacts due to poor vacuum conditions
during thermal evaporation. For NW devices in Region B,
we believe that the oxide layer is thin enough for electrons
to transport as one-dimensional VRH conduction. When the
oxide layer is thick, the conduction channels mix to form
two- and three-dimensional VRH conduction such as the
proposed nanocontact model for devices in Region C.

In summary, the shrinkage of contact area multiplies the
nanocontact resistance to dominate the overall electrical
properties of the two-contact NW nanoelectronic devices.
The ZnO NW devices with contact electrodes kept at the

Figure 4. (a) I-V curves of a type III ZnO NW device with a RT
resistance of ∼1.5 MΩ. The inset introduces a model of circuit
diagram for type III devices. (b) I/T2 as a function of inverse
temperature at various bias voltages. (c) Resistance as a function
of temperature revealing electron transport in this type III device
(red circles) and in another type III device having a RT resistance
of ∼128 MΩ (black squares). The dashed and solid lines are best
fittings (see text) of eqs 4 and 5, respectively.

Figure 5. (a) The fitting exponent parameters p as a function of
RT resistance for our as-fabricated ZnO NW devices of type I, II,
and III, marked as blue circles, black triangles, and red squares,
respectively. The figure is approximately separated into Regions
A, B, and C according to the exponent parameters of our devices.
(b) Three different nanocontact models corresponding to the ZnO
NW devices belonging to Regions A, B, and C of panel a.
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same distance could be categorized into three different types.
Type I ZnO NW devices, having RT resistances less than
100 kΩ, reveal an Ohmic-type linear I-V dependence and
evidence intrinsic NW electrical properties of thermally
activated transport in electron conduction through the ZnO
NWs. Type II devices, having RT resistances between 100
kΩ and 10 MΩ, display rectifying I-V behaviors, and they
demonstrate one-dimensional VRH conduction in the solely
Schottky type nanocontact of the device. For type III devices,
the NW devices could be modeled as two back-to-back
Schottky contact and their I-V curves conform justly to the
mathematical form of thermionic-emission theory. The
temperature dependent resistance indicates either one- or
high-dimensional VRH conduction in the nanocontacts of
the type III ZnO NW devices.
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