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This paper reports on a method of assembling semiconducting ZnO nanowires onto a pair of Au electrodes to

construct a metal–semiconductor–metal (MSM) structure by dielectrophoresis and studying on its electrical character-

istics by using current-voltage (I − V ) measurements. An electronic model with two back to back Schottky diodes in

series with a semiconductor of nanowires was established to study the electrical transport of the MSM structures. By

fitting the measured I − V characteristics using the proposed model, the parameters of the Schottky contacts and the

resistance of nanowires could be acquired. The photoelectric properties of the MSM structures were also investigated by

analysing the measurements of the electrical transports under various light intensities. The deduced results demonstrate

that ZnO nanowires and their Schottky contacts with Au electrodes both contribute to photosensitivity and the MSM

structures with ZnO nanowires are potentially applicable for photonic devices.
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1. Introduction

Low dimensional structures such as quantum
dots, nanotubes, nanowires, and nanobelts are the
fundamental materials for building nanodevices and
nanosystems[1−3] that are in possession of poten-
tial superior performances. Studies on one dimen-
sional (1D) nanostructures such as zinc oxide (ZnO)
nanowires/nanobelts provide us the opportunity to
advance our knowledge on their attractive and intrin-
sic properties. In general, most measurements of semi-
conducting nanowires are directly or indirectly car-
ried out by recurring to metal electrodes, which form
metal–semiconductor–metal (MSM) structures and
ineluctably introduces two back-to-back and series-
wound Schottky diodes at the metal/semiconductor
interface.[4,5] Consequently, the measurements via
electrical transports would be affected by the existent
contact barriers.

In this paper, we report on a method of assem-
bling semiconducting ZnO nanowires onto a pair of
Au electrodes to construct a MSM structure by di-
electrophoresis and study its electrical characteristics
by using current-voltage (I − V ) measurements. The

I − V characteristics of the MSM structure illumi-
nated at different powers of light intensities were anal-
ysed to demonstrate a hybrid photosensitivity of ZnO
nanowires and Schottky contacts.

2. Experiments

In our study, Au electrodes were patterned on a
thin insulated SiO2 film covering on a silicon sub-
strate. The ZnO nanowires that have single crystal
structures were synthesized by thermal evaporation
of ZnO powders without the presence of catalyst.[6]

The synthesized nanowires were casted into ethanol
solution and ultrasonicated for twenty minutes to dis-
perse them from bundles to individuals. An AC di-
electrophoresis method[7] was then employed to trap
and align the nanowires onto the electrodes, and thus
formed a MSM structure. A droplet of the nanowires
suspension was then dripped on the pre-fabricated
electrodes; an alternating electrical current was ap-
plied on the electrode pairs for trapping and align-
ing the nanowires onto the electrodes. Through vast
experiments, we found that the desirable frequency
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and peak-to-peak amplitude of the applied AC am-
plitude were 5–20MHz and 2–20 V, respectively for
trapping and aligning the nanowires. Generally mul-
tiple nanowires were trapped between electrode pair
so as to form nanowires bunch MSM structure.

Electrical transport properties and the optoelec-
tronic effect of the MSM structure were studied by
using a pico-amperometer (Keithley, Source Measure
Unit 237) at room temperature in the air ambient with
a xenon arc lamp source. The two electrodes were con-
nected to the ground and output of the electric source
respectively.

3. Results and discussion

In the experiments, a total of over 40 similar
MSM structures assembled with nanowire bundles
were measured. The data showed that about 70% of
them own infinite impedance behaviour, about 25%
were asymmetric, and the others were symmetric. Fig-
ure 1 shows the three typical I − V characteristics
observed in the experiments. The inset of Fig.1 is
the scanning electron microscope (SEM) image of one
sample.

Fig.1. Three typical current-voltage characteristics of dif-

ferent nanostructures. Sample 1 shows symmetry; sam-

ple 2 shows asymmetry; and sample 3 shows infinite

impedance behaviour. The inset is the SEM image of one

sample.

The rectifying behaviour of the I − V character-
istics has been reported and explained by other re-
searchers. As proposed by Harnack et al,[8] the rea-
son was possibly due to asymmetric interfacial bar-
rier properties, for example, different Schottky barrier
heights on two ends of the aligned nanowires. Lao
et al [9] considered that the formation of the Schottky
diodes was suggested due to the asymmetric contacts
formed in the dielectrophoresis aligning process. We

suppose to give reasonable explanations for the ob-
served I − V behaviours. The MSM structure can be
characterized by an electronic model with two back to
back Schottky diodes in series with a semiconductor of
nanowires, which is schematically shown in Fig.2. In
general, the Schottky barriers on both ends are high,
the two contacts are poor and infinite impedance be-
haviour is exhibited. If the barrier of one end of the
nanowire bundle owns a good contact and the other
is poor, then the asymmetry (rectifying behaviour)
would be observed. Once either end of them pos-
sess similar contacts with approximate lower barrier
heights or the barriers are lowered via a technical pro-
cess (e.g. focus iron beam deposition) during fabri-
cation so as to form approximate ohmic contacts, the
symmetric characteristics can be attained.

Fig.2. Schematic drawing of the MSM structure (a) and

its electronic model (b).

For the MSM structure characterized by the elec-
tronic model with two back to back Schottky diodes
in series with a semiconductor of nanowires, the elec-
trical transport in the MSM structure is investigated
mathematically. When a negative voltage V is applied
on the right electrode of the MSM structure, Schottky
Contact 1 is forward biased and Schottky Contact 2
is reverse biased. Denoting the bias voltages on Con-
tact 1, the nanowire, and Contact 2 as V1, VR, and
V2, respectively, there was V = V1 + VR + V2. The
current through the forward biased Schottky Contact
can be modelled by the classic thermionic emission
equation[4]

J1 (V1, φb) = A∗T 2exp
(
−qφb

kT

){
exp

(
qV1

kT

)
− 1

}
,

(1)
where A∗ is the Richardson constant of the semicon-
ductor, φb is the Schottky barrier height, k is the
Boltzmann constant, q is the magnitude of electronic
charge, and T is the absolute temperature.

For the reverse Contact, the analysis is based on
the thermionic-field emission model of Padovani and
Stratton,[10] where the tunnelling current is mainly
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the thermionic-field emission current and the current
density through Schottky Contact 2 is given by

J2 (V2, φb) = Jsexp
[
V2

(
q

kT
− 1

E0

)]
, (2)

where Js is a slowly varying function of applied bias,
and

E0 = E00 coth
(

qE00

kT

)
, (3)

with

E00 =
~
2

[
Nd

m∗εs

]1/2

, (4)

where Nd is the donor density at the metal / semi-
conductor interface, m∗ and εs are the effective mass
of electron and permittivity of the semiconducting
nanowire, respectively.

Based on the fact that the currents through the
three serial components of the MSM structure are
equal, we can figure out numerically the bias voltages
V1, VR, V2 and the corresponding current and clarify
the electrical model of the MSM structure. The com-
puted results for a case of the measurement are shown
as the solid lines in Fig.3(a). The electrical model
can be further utilized to predict the bias voltages on
the contacts and nanowires at a large applied voltage,
which are shown as the dotted lines in Fig.3(a). As
shown in Fig.3(b), it can be seen that the curves fitted
by the model are well accorded with the experimental
data. By fitting the model, we can educe the barrier
heights of the two contacts and the resistance of the
semiconductor.

The resistance of the semiconductor can be also
estimated by a simple approximative method. As
shown in Fig.3(a), at a large bias, the incremental
voltage is applied mostly on the nanowires, while the
barrier voltages V1 andV2 vary slowly with the bias
voltage V . In this region, the I − V curves rise al-
most linearly and can be differentiated to obtain the
resistance of the nanowires[5]

R =
dVR

dI
=

dV

dI
− dV2

dI
− dV1

dI
≈ dV

dI
. (5)

We estimated the resistances of nanowires by us-
ing this approximate method and found that the
nanowires used in our measurements were all in the

MΩ range.

Fig.3. (a) Variations of V1, V2 and VR versus the applied

voltage V . The solid curves represent the bias voltages

derived from the experimental data and the dotted curves

are the bias voltages predicted by the developed electric

model. (b) Model-fitted and experimental I − V charac-

teristics of the MSM structure.

Optoelectronic behaviour of 1D semiconducting
ZnO nanowires is another one of the most impor-
tant properties that dictate their applications for
photonic devices. Optical devices based on ZnO
nanowires are typical MSM structures, such as ultra-
violet (UV) photodetector,[11,12] UV photodiode,[13,14]

photoluminescence,[15,16] and light emitter,[17] which
have been demonstrated. However, the photosensitiv-
ities of MSM structures were mostly attributed to the
one action of the ZnO nanowires[11,12,16] or the Schot-
tky contacts[13,14,17] separately. There has been few
considerations on the photosensitivity from the view
of the both effects of ZnO nanowires and Schottky con-
tacts. In this paper, we study both the optoelectronic
effects of ZnO nanowires and contacts with electrodes
by using the proposed MSM structure model.
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Figure 4(a) gives the I − V characteristics of the
MSM structure illuminated at different powers of light
intensities by using a xenon arc lamp source at room
temperature. The inset of Fig.4(a) shows an assem-
bled MSM structure with ZnO nanowires bundle. The
proposed electrical model is utilized to simulate the
I − V characteristics of the MSM structure. By fit-
ting the model, we can estimate the barrier heights of

the two contacts. The estimated results for the cases
under different illuminations are listed in Table 1. It
is obvious that the barrier heights of the contacts de-
crease with the increase of the light power.[18] Figure
4(b) gives the photocurrents Ip pertaining to the light
intensity P at three different bias voltages of –3 V,
–2V, and –1 V.

Fig.4. Rectifying I − V characteristics of the MSM structure illuminated upon various light intensities

from 0 to 324 mW/cm2. The inset is the SEM image of the measured MSM structure. (b) The fitting

curves of photocurrent Ip versus light intensity P at three different bias voltages of –3V, –2V, and –1V.

The fitting expression is Ip ∝ P 1.7.

We further estimated the photoresistance of the
nanowires by using the proposed approximate method.
To avoid collapse in the Schottky barriers, in our mea-
surements the applied bias voltage was limited in the
range of −3−−3V. We selected the measurement data
in the range of −3 − −2 V for estimating the resis-
tance of the nanowires. Though the voltage in the

range of −3−−2V is not strictly as a large bias, the
coarse resistances of nanowires could be estimated by
using Eq.(5). The accurate resistances of nanowires
could be educed by fitting the electrical model shown
in Fig.2. Table 1 also gives a list of the coarse and
accurate resistances of ZnO nanowires under the illu-
mination with different light intensities.

Table 1. Estimated parameters of the MSM structure illuminated under different light intensities.

Light density P/(mW/cm2) 0 147 201 254 294 324

Barrier height of Schottky Contact 1/eV 0.62 0.55 0.53 0.51 0.50 0.49

Barrier height of Schottky Contact 2/eV 0.82 0.81 0.80 0.78 0.76 0.75

Nanowire resistance R/MΩ,

(Estimated from (5), coarse) 93.3 6.52 4.72 3.42 2.63 2.34

Nanowire resistance R/MΩ,

(Educed from the electrical MSM model, accurate) 42.1 3.51 2.64 2.12 1.65 1.62

Electron concentration change ∆n/107cm−1 0 3.56 4.73 5.90 7.58 7.72

Consider that the photoconductivity of semicon-
ductor (ZnO nanowires) can be modelled as,[19]

∆σ = q(∆nµn + ∆pµp), (2)

where µn, µp are the electron mobility and hole mo-
bility respectively, and ∆n, ∆p are the changes in

the electron concentration and the hole concentration
induced by illumination respectively. Consider that
the ZnO nanowires used in our measurements are n-
type.[20] Assuming that the semiconducting ZnO has
electron mobility µn=20 cm2/Vs,[20] we estimate the
electron concentration change of ZnO nanowires ∆n
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that is induced by illumination which is also listed in
Table 1.

From the above analysis, it can be concluded that
the photoconductivity of the MSM structure is hybrid
effects of the ZnO nanowires and the Schottky con-
tacts.

4. Conclusions

In conclusion, we prepared MSM structures with
semiconducting ZnO nanowires across Au electrodes
and measured the electrical transports of the struc-
tures with different interfacial properties. An elec-
tronic model of the MSM structure was established
for acquiring the parameters of the Schottky contacts
and the resistance of nanowires and predicting entire

I − V characteristics. The hybrid photosensitivity of
ZnO nanowires and their Schottky contacts with Au
electrodes were investigated by analysing I − V char-
acteristics. The results demonstrate that the ZnO
nanowires and their Schottky contacts with Au elec-
trodes both contribute to photosensitivity and that
the MSM structure with ZnO nanowires is potentially
applicable for photonic devices.
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