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In this paper, the electrochemical deposition and anneal method has been developed to modulate the
contact performance of electric field assembled CuO nanowires. After modulation, the current
increases about two orders. The I-V curves indicate that before and after modulation, the current
transport properties are both dominated by the reverse current of Schottky barriers under image
force model. The current increase results from the formation of another current pathway, i.e.,
the CuO nanowire@nanoparticles/Pt electrode structure, in which the surface states in
metal-semiconductor interface are largely reduced by passivating dangling bonds, and the barrier
height decreases about 105 meV. © 2009 American Institute of Physics. �DOI: 10.1063/1.3213551�

The Schottky barrier �SB� between metal and semicon-
ductor is an important building block for electronic and op-
toelectronic devices,1,2 and many SB nanodevices based on
one-dimensional �1D� semiconductor nanomaterials have
been prepared in the recent years, such as 1D SB rectifier,3–5

carbon nanotube �CNT� SB field effect transistor,6 and CNT
SB light emitter.7 In the preparation of these 1D SB nanode-
vices, the key basis is controlling the barrier height.3–7 For
CNT, the barrier height of SB can be effectively controlled
by the work function of metals.3 However, for semiconductor
nanowires �NWs�, more and more reports have indicated that
the SB is caused by the surface states of NWs due to the
Fermi level pinning effect.8,9 Therefore, it is necessary to
explore other methods to modulate the surface states of NWs
for controlling their barrier height and developing NW SB
nanodevices. The dangling bonds in the surface are the major
factor for the formation of surface states,2 therefore, the pas-
sivation of dangling bonds can effectively modulate the sur-
face states.10,11 For example, Wu et al.10 and our group11

have reported the preparations of NiSi–Si and Cu–CuxO
metal-semiconductor nanojunctions by selective transforma-
tion using photolithography and atomic force microscopy li-
thography methods, respectively. In these two methods, the
semiconductors and metals are developed on the homologous
substance, and the dangling bonds in the interface between
them can be passivated, which can effectively modulate the
surface states and form Ohmic contact. However, low yield
and high cost of these two methods limit their applications
for the integration of nanodevices. In this paper, a simple and
effective method based on electrochemical deposition has
been developed to modulate the surface states of the electric
field assembled CuO NWs by passivating the dangling
bonds, which shows promising applications in the prepara-
tion and integration of NW SB nanodevices. After modula-
tion, the current increases about two orders, and the barrier
height of NW SB decreases about 105 meV. In addition, the
mechanism of this modulation method has been discussed on

the base of the two-dimensional �2D� barrier geometry
model of NW SB.

CuO is a p-type semiconductor with a narrow band gap
�1.2 eV� and exhibits a number of interesting properties.12,13

The preparation of CuO NWs by heat oxidation method has
been described in detail in our previous report.8 After being
dispersed in ethanol, the CuO NWs were assembled on a pair
of Pt electrodes by electric field assembly method.14–16 The
detailed discussion of electric field assembly has been de-
scribed in our previous report,14 and the scanning electron
microscopy �SEM� image of the assembled CuO NWs is
shown in Fig. 1�a�, which is defined as after-assembled �AA�
NWs. In the following, a layer of Cu film was deposited on
the surface of Pt electrodes and CuO NWs by electrochemi-
cal deposition method. The electrolyte was composed of cu-
pric saxlfate pentahydrate �CuSO4·5H2O�, citric acid
�C6H8O7·H2O�, and potassium sodium tartrate tetrahydrate
�C4H4O6KNa·4H2O�, and the pH value was adjusted to 9
with KOH. A Pt thread was used as anode, the two Pt elec-
trodes were electrically connected together and used as cath-
ode, and the deposition voltage and time were 2.65 V and 2
min, respectively. After electrochemical deposition, the
samples were annealed in air at 500 °C for 5 h. The SEM
image of the NWs after electrochemical deposition and an-
nealing treatment is shown in Fig. 1�b�, which is defined as
after-treated �AT� NWs. The x-ray diffraction pattern of AT
NWs �not shown here� shows that the annealing treatment
has completely oxidized the Cu film into monoclinic CuO
nanoparticles �NPs� film, and the size of CuO crystal particle

a�Author to whom correspondence should be addressed. Electronic mail:
zld@henu.edu.cn.

FIG. 1. The SEM image of the CuO NWs after assembly �a� and after
treatment �b�.
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is about 14.6 nm according to Scherrer formula. As shown in
Fig. 1�b�, the thickness of the CuO film on the surface of
CuO NWs is about 50 nm. So AT NWs are actually the CuO
NWs coated by CuO NPs, which can be marked as CuO
NW@NPs.

Figure 2�a� shows the I-V curves of AA NWs and AT
NWs measured in air at room temperature, and Fig. 2�b�
shows their plots in log scale. It is clear that the current of
CuO NW@NPs is obviously larger than that of AA NWs,
and the current ratio between them is about 100 times in the
bias range from 2 to 4 V. In addition, the positive and nega-
tive turn-on voltages for AA NWs are 1.5 and �0.8 V, re-
spectively, while the turn-on voltages for CuO NW@NPs
decrease to zero. The current transport behavior of CuO NW
SB under image force model has been discussed in detail in
our previous report.8 In the image force model,2 the effective
barrier height of SB decreases with the increase of reverse
bias because of the image force, and the current transport
properties follow the equation ln�I�� �V−V0�1/4, where V0 is
the turn-on voltage. As shown in Figs. 2�c� and 2�d�, for the
positive current of AA NWs �using V0=1.5 V� and CuO
NW@NPs �using V0=0 V�, the plots of ln I are both linear
with �V−V0�1/4, which indicates that the current transport
properties of AA NWs and CuO NW@NPs both follow the
image force model. This indicates that for both AA NWs and
CuO NW@NPs, the NWs make two SB contacts with the
two Pt electrodes, and a back-to-back SBs structure8,14,17 is
formed, in which the current is dominated by the reverse
current of the reverse biased SB.

In order to investigate the current increase mechanism of
AT NWs, it is necessary to understand the current transport
pathway of AA NWs and CuO NW@NPs. Figure 3�a� shows
the sketch map of cross section of the contact between AA
NW and Pt electrode. Here, we define the SB in the contact
interface between CuO NW and Pt electrode as SBNW, and
its energy band sketch map is shown in Fig. 3�b�, in which
�b, W, EC, EF, and EV are the barrier height, barrier width,
conduction band level, Fermi level, and valence band level,
respectively. According to the 2D partly depleted geometry
model of NW SB developed in our recent report,14 the band
bending direction �the lateral axis in �Fig. 3�b�� is along the

normal direction of the interface between NW and Pt elec-
trode, the barrier height W is smaller than the radius of NW,
and an undepleted region existed in the center region of the
NW cross section. When SBNW is reverse biased, the holes
first get across the SBNW and transfer from the Pt electrode
into the undepleted region in AA NW, and then transfer along
the long-axis of NW �perpendicular to the cross section in
Fig. 3�a�� in the undepleted region. Therefore, the current of
AA NWs is dominated by the SBNW.

Figure 3�c� shows the sketch map of cross-section of the
contact between CuO NW@NPs and Pt electrode. In corners
between CuO NWs and Pt electrode, the surface of CuO NW
is also connected to Pt electrode by the CuO NPs, and then
another current transport channel is formed �marked as the
solid circles in the inset of Fig. 3�c��. The control experi-
ments indicate that, when AA NWs are only annealed under
500 °C for 5 h, there is no obvious current increase. These
results indicate that the current increase of AT NWs is attrib-
uted to the added current channel, i.e., the CuO NW@NPs/Pt
electrode structure. It is necessary to note that since the CuO
NW@NPs structure is obtained by oxidizing the CuO
NW/Cu NPs structure under high temperature, the CuO NPs
can be considered as an epitaxial growth layer on the CuO
NW surface, and there is no interface barrier between CuO
NW and CuO NPs. So the current transport of CuO
NW@NPs is only dominated by the SB in CuO NPs/Pt elec-
trode interface, which is defined as SBNP. As discussed
above, the I-V curve of CuO NW@NPs is also in good
agreement with image force model. The barrier height de-
crease under image force model is caused by the generation
of image charges in the metal around the metal/
semiconductor interface,2 which is a characteristic transport
model of SB between metal and semiconductor, and not suit-
able for other junctions �such as p-n junction and semicon-
ductor heterostructure�. Therefore, the image force transport
model also confirms that the current transport of CuO
NW@NPs is dominated by the SB in CuO NPs/Pt electrode
interface. Figure 3�d� shows the sketch map of the energy

FIG. 2. �Color online� �a� and �b� are the I-V curves of AA and AT NWs in
linear and log scale, respectively. �c� and �d� show the plots of ln I with
�V−V0�1/4 for AA NWs using V0=1.5 V and AT NWs using V0=0 V, re-
spectively. The solid straight lines are their fitted lines. FIG. 3. �Color online� �a� and �b� show the sketch maps and the correspond-

ing energy band diagram of AA NWs cross section, respectively. �c� and �d�
are the sketch map and the corresponding energy band diagram CuO
NW@NPs cross section, respectively. The right inset of �c� shows the CuO
NW@NPs/Pt structure diagram.
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band of SBNP, in which the band bending direction is along
the normal direction of CuO NPs/Pt electrode interface.

According to above discussions, the current transport
properties of AA NWs and CuO NW@NPs are dominated by
SBNW and SBNP, respectively. Therefore, the current increase
of CuO NW@NPs is mainly attributed to the barrier height
decrease of SBNP. The reverse saturation current I0 and bar-
rier height � of SB follow the equation I0=AA��T2e�−q�/kT�,1,2

where A is the contact area of SB, A�� is effective Richard-
son constant, T is absolute temperature, q is the magnitude of
electronic charge, and k is Boltzmann constant. The I0 values
for SBNW and SBNP are equal to the intersection point be-
tween the y-axis ��V−V0�1/4=0� and the fitted lines of ln�I�
� �V−V0�1/4 in Figs. 2�c� and 2�d�, respectively. According to
the obtained I0 values and assuming that the contact areas of
SBNW and SBNP are approximately equal, we can get that the
barrier height of SBNP decreases about 105 meV than that of
SBNW.

In our previous report, it has been discussed in detail that
the SB of CuO NWs is controlled by their surface states, but
not by the work function difference between CuO NWs and
metal.8 For p-type metal-oxide semiconductor, the surface
states induced by metal ion dangling bonds is the dominative
factor for forming SB.18,19 In the case of p-type CuO NW,
the surface states of Cu dangling bonds can capture the holes
in the valence band, and then form charge depletion layer
and SB. In the formation process of SBNP by oxidizing Cu
NPs/Pt electrode structure, a PtCu alloy about several atomic
layers can be formed in the interface,20 and the Cu atoms on
the surface of CuO NPs can form Cu–Cu or Cu–O–Cu
chemical bonds with the Cu atoms in the PtCu alloy layer,
which can passivate the Cu dangling bonds and then de-
crease the barrier height of SBNP. In addition, the adsorbed
gas �such as O2, vapor, etc.� can form chemical bonds with
Cu dangling bonds, and then partly releases the captured
holes to valence band, which reduces the barrier width and
barrier height of SB.18,19,21 However, this kind affects to
p-type semiconductor must be much smaller than to n-type
semiconductor, in which the adsorbed O2 is main reason for
forming the charge depletion layer and SB.9 Moreover, in our
experiment the electrical measurement of SBNW and SBNP
are both carried out in air with same O2 pressure, so we
consider that the barrier height decrease of SBNP is mainly
attributed to the passivation of Cu dangling bonds.

We have recently reported the preparation of Cu/CuO
metal/semiconductor nanoscale heterostructure by atomic
force microscopy lithography, in which the dangling bonds
of CuO NPs in Cu/CuO interfaces can be largely passivated
by forming chemical bonds, and the Ohmic contact with lin-
ear I-V curve can be obtained.11 While, in CuO NW@NPs
the I-V curve is nonlinear, and a barrier is still existed for
SBNP. This result indicates that the dangling bonds of CuO
NPs in SBNP have not been completely passivated, and the
surface states density has not been reduced to a threshold
value for forming Ohmic contact. Increasing the Cu atom
ratio in PtCu alloy layer may be an effective method for
completely passivating dangling bonds and forming Ohmic
contact.

In conclusion, the current of electric field assembled
CuO NWs increases about two orders after treatment by

electrochemical deposition and anneal. Before and after
treatment, the current transport properties of the NWs are
both dominated by the reverse current of SB under image
force model. The current increase of AT NWs mainly results
from the formation of another current channel, i.e., the CuO
NW@NPs/Pt electrode structure, which has a barrier about
105 meV lower than that of AA NWs. The decrease of bar-
rier height is mainly attributed to the reduction of surface
states of CuO NPs caused by the passivation of Cu dangling
bonds. This passivation is closely associated with the forma-
tion of Cu–Cu or Cu–O–Cu chemical bonds and PtCu alloy
at the interface between Cu atoms on the surface of CuO NPs
and Pt electrode during the process of electrochemical depo-
sition and anneal. The combination of electric field assembly
and electrochemical deposition supply a simple and effective
method to modulate the surface states and barrier height of
NW SB, which show promising applications in the prepara-
tion and integration of NW SB nanodevices.

This work was supported by the National Natural Sci-
ence Foundation of China �Grant No. 10874040� and the
Cultivation Fund of the Key Scientific and Technical Inno-
vation Project, Ministry of Education of China �Grant No.
708062�. L. X. Wang and G. Cheng contributed equally to
this paper.

1S. Sze, Physics of Semiconductor Devices, 2nd ed. �Wiley, New York,
1981�.

2E. H. Rhoderick and R. H. Williams, Metal-Semiconductor Contact �Clar-
endon, Oxford, 1988�.

3H. M. Manohara, E. W. Wong, E. Schlecht, B. D. Hunt, and P. H. Siegel,
Nano Lett. 5, 1469 �2005�.

4Y. W. Heo, L. C. Tien, D. P. Norton, and S. J. Pearton, Appl. Phys. Lett.
85, 3107 �2004�.

5R. M. Ma, L. Dai, and G. G. Qin, Nano Lett. 7, 868 �2007�.
6S. Heinze, J. Tersoff, R. Martel, V. Derycke, J. Appenzeller, and Ph.
Avouris, Phys. Rev. Lett. 89, 106801 �2002�.

7J. A. Misewich, R. Martel, Ph. Avouris, J. C. Tsang, S. Heinze, and J.
Tersoff, Science 300, 783 �2003�.

8G. Cheng, S. J. Wang, K. Cheng, X. H. Jiang, L. X. Wang, L. S. Li, Z. L.
Du, and G. T. Zou, Appl. Phys. Lett. 92, 223116 �2008�.

9K. Cheng, G. Cheng, S. J. Wang, L. S. Li, S. X. Dai, X. T. Zhang, B. S.
Zou, and Z. L. Du, New J. Phys. 9, 214 �2007�.

10Y. Wu, J. Xiang, C. Yang, W. Lu, and C. M. Lieber, Nature �London� 430,
61 �2004�.

11X. Y. Zhu, G. Cheng, S. J. Wang, S. X. Dai, S. M. Wan, X. T. Zhang, and
Z. L. Du, Sci. China, Ser. G 51, 1448 �2008�.

12J. Chen, N. Y. Huang, S. Z. Deng, J. C. She, N. S. Xu, W. Zhang, X. Wen,
and S. Yang, Appl. Phys. Lett. 86, 151107 �2005�.

13H. Wu, D. Lin, and W. Pan, Appl. Phys. Lett. 89, 133125 �2006�.
14G. Cheng, Z. H. Li, S. J. Wang, H. C. Gong, K. Cheng, X. H. Jiang, S. M.

Zhou, Z. L. Du, T. Cui, and G. T. Zou, Appl. Phys. Lett. 93, 123103
�2008�.

15P. A. Smith, C. D. Nordquist, T. N. Jackson, and T. S. Mayer, Appl. Phys.
Lett. 77, 1399 �2000�.

16X. Q. Chen, T. Saito, H. Yamada, and K. Matsushige, Appl. Phys. Lett.
78, 3714 �2001�.

17C. Y. Nam, D. Tham, and J. E. Fischer, Nano Lett. 5, 2029 �2005�.
18S. R. Morrison, The Chemical Physics of Surfaces �Plenum, New York,

1977�.
19M. P. McDaniel and R. L. Burwell, J. Catal. 36, 394 �1975�.
20Y. G. Shen, D. J. O’Connor, K. Wandelt, and R. J. MacDonald, Surf. Sci.

357, 921 �1996�.
21L. Liao, Z. Zhang, B. Yan, Z. Zheng, Q. L. Bao T. Wu, C. M. Li, Z. X.

Shen, J. X. Zhang, H. Gong, J. C. Li, and T. Yu, Nanotechnology 20,
085203 �2009�.

083107-3 Wang et al. Appl. Phys. Lett. 95, 083107 �2009�

Downloaded 08 Nov 2012 to 77.236.37.83. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1021/nl050829h
http://dx.doi.org/10.1063/1.1802372
http://dx.doi.org/10.1021/nl062329+
http://dx.doi.org/10.1103/PhysRevLett.89.106801
http://dx.doi.org/10.1126/science.1081294
http://dx.doi.org/10.1063/1.2938694
http://dx.doi.org/10.1088/1367-2630/9/7/214
http://dx.doi.org/10.1038/nature02674
http://dx.doi.org/10.1007/s11433-008-0155-x
http://dx.doi.org/10.1063/1.1901811
http://dx.doi.org/10.1063/1.2355474
http://dx.doi.org/10.1063/1.2989129
http://dx.doi.org/10.1063/1.1290272
http://dx.doi.org/10.1063/1.1290272
http://dx.doi.org/10.1063/1.1377627
http://dx.doi.org/10.1021/nl0515697
http://dx.doi.org/10.1016/0021-9517(75)90053-6
http://dx.doi.org/10.1016/0039-6028(96)00292-0
http://dx.doi.org/10.1088/0957-4484/20/8/085203

