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Optoelectronic characteristics of CuO nanorods∗
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Optoelectronic characteristics of p-type CuO nanorods, synthesized by a simple hydrothermal method, were investi-
gated at different atmospheres and oxygen pressures. The CuO nanorods have lower resistance in air than in a vacuum,
unlike the n-type semiconductors. This is explained in terms of the surface accumulation conduction. Measurements at
different oxygen pressures indicate that oxygen has an important effect on the optoelectronic properties of p-type nanoma-
terials.
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1. Introduction

Presently, the low-dimensional nanostructures are the
fundamental materials for building nanodevices and nano-
systems[1–4] with superior characteristics. The Photodetector
is one of the most important applications of low-dimensional
semiconductor materials. The optoelectronic characteristics
of semi-conducting nanostructures have been investigated in-
tensively, and some one-dimensional nanomaterials, such as
nanowires and nanobelts, have shown a high sensitivity to
illumination.[5–12] So far, most optoelectronic studies have fo-
cused on n-type-semiconductor nanostructures. The trans-
port mechanisms of n-type semiconductors at different atmo-
spheres and the illumination have been well analyzed and dis-
cussed. However, the optoelectronic properties of quasi-one-
dimensional p-type materials have rarely been investigated.

Cupric oxide (CuO), one of the most popular p-type semi-
conductor oxides, has attracted much attention for its poten-
tial applications in many fields, such as gas sensors,[13] het-
erogeneous catalysts,[14] lithium copper oxide electrochemi-
cal cells,[15] dye-sensitized solar cells,[16] and field emission
emitters.[17] CuO nanostructures can be synthesized through
the soft solution method,[18] the self-catalytic method, and the
electrochemical method.[19–22]

In the present work, the p-type CuO nanorods were
synthesized and the optoelectronic characteristics of CuO
nanorods were investigated at different atmospheres and oxy-
gen pressures. The resistance of p-type CuO nanorods in-
creases with the decrease of the oxygen pressure, unlike n-type
semiconductors. A surface accumulation conduction model is
given to explain the sensing mechanism of the p-type CuO
nanorods.

2. Experiment
The CuO nanorods were fabricated by a typical hy-

drothermal method as described in our previous work.[23] We
dissolved 0.22 g Cu(OAc)2 and 0.6 g CTAB into a 50-ml mix-
ture of distilled water and ethanol, and an NaOH solution was
added drop by drop under continuous stirring. After about
10 min, dark green precursors appeared in the solution. Then
the solution was transferred into a Teflon-lined stainless steel
autoclave and placed in an oven at 120 ◦C–150 ◦C for 12 h.
Afterwards, the autoclave was allowed to cool to room temper-
ature naturally. The black product was washed with distilled
water and ethanol several times to remove remaining ions.

The morphology of the as-synthesized sample was char-
acterized by scanning electron microscopy (SEM, Hitachi, S-
4200). The crystal structure was analyzed by X-ray diffrac-
tion (XRD, Japan, Rigaku, D/MAX-2400) with graphite-
monochromatized Cu Kα radiation (λ = 1.54178 Å). The de-
vice for the electrical measurement was fabricated by conven-
tional photolithography. The CuO nanorods were dispersed in
ethanol by ultrasonication and then dropped on a ceramic sub-
strate with pre-patterned Pt interdigital electrodes. The sepa-
ration between the interdigital electrodes was about 100 µm,
and the width of the electrodes was about 200 µm. A uniform
thin film of CuO nanorods formed on the electrodes after dry-
ing. Measurements were carried out in a vacuum and in air
with a UV lamp illumination. The UV lamp can be switched
on and off manually with a power of 8 W and a wavelength of
254 nm (about 4.9 eV in photon energy).

3. Results and discussion
The morphology of the as-prepared CuO was character-

ized by SEM. Figure 1(a) shows a typical SEM image of the
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CuO nanorods. The synthesized nanorods are about 80 nm in
diameter and 700 nm in length. The crystal structure and phase
of the products are determined from the XRD patterns. Fig-
ure 1(b) shows the XRD pattern of the as-prepared products.
All the diffraction peaks are indexed to the tenorite structure
of CuO with lattice constants a = 4.96 Å, b = 3.43 Å, and
c = 5.13 Å (JCPDS: 41-0254).
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Fig. 1. (a) SEM image of the CuO nanorods. (b) X-ray diffraction
patterns of the sample.

The typical photoresponse of the CuO nanorods to UV il-
lumination in air is shown in Fig. 2 (a) as a function of time at
the bias of 5 V. Upon UV exposure the current first increases
rapidly from 1.2 nA to 4.0 nA and then at a slower rate. The
light is turned off after 860 s of exposure. After that, the cur-
rent decreases slowly. It takes more than 710 s for the current
to return to the original dark level. Figure 2(b) shows the pho-
toresponse of CuO nanorods to UV illumination under a vac-
uum at a bias of 5 V. Comparing Fig. 2(a) with Fig. 2(b), we
can see that the dark conductivity is much higher in air than
in a vacuum. The photosensitivity S is defined as S = Sph/Sd,
in which Sd is the dark conductivity and Sph the photoconduc-
tivity under illumination. The photosensitivity is considerably
higher in a vacuum than in air, which is related to the lower
conductivity of the sample under a vacuum. It takes a shorter
time for the adsorbed oxygen to desorb under a vacuum than
in air. Thus, the rise time for CuO nanorods is longer in air
than in a vacuum.
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Fig. 2. Reversible switching of CuO nanorod photoconductor be-
tween low and high conductance states when the UV light is turned
on and off (a) in air and (b) under a vacuum. The bias on the
nanorods is 5 V.

Usually, the gas molecules adsorbed on a nanomaterial
surface have significant tuning effects on the material’s elec-
trical properties due to their high surface-to-volume ratio. On
exposure to ambient air, the oxygen molecules adsorbed on
the surface of a nanomaterial will affect the carrier density, so
the resistance changes as the device is moved from air to a
vacuum. For n-type semiconductors, such as ZnO and CdS,
electrons are the majority carriers. When a sample is exposed
to air, oxygen traps electrons from the sample surface, which
leads to the formation of a depletion layer at the surface.[24,25]

The exhaustion of carriers near the surface by oxygen adsorp-
tion leads to the increase of device resistance. Furthermore,
the intrinsic Fermi level is raised by the trapped electrons at
the surface, which results in a built-in electrical field and leads
to the formation of barriers for electrons. For p-type semicon-
ductors, however, the situation is quite different. The bottom
of the conduction band of CuO is about 4.07 eV below the
vacuum energy, and its band gap is 1.36 eV.[26] Adsorbed oxy-
gen with chemical potential of about 5.7 eV[27] below the vac-
uum energy will form acceptor levels near the valence band at
the surface. The electrons are trapped by the adsorbed oxy-
gen and the energy band also bends upward at the surface,
which leads to the formation of an accumulation layer for CuO
with holes as majority carriers. Trapping electrons leaves more
holes available near the surface. Such a process is described
by

O2←→ O2−+VacancyCu2+ +2hole.
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At the surface, the bending band blocks the transport of elec-
trons as a potential barrier, but contributes to the transport of
holes, the majority carriers of p-type CuO. So the resistance of
CuO in air is lower than that under a vacuum because of the
surface accumulation.

A further experiment was carried out to investigate the
effects of oxygen adsorption on the electrical properties. Fig-
ure 3 shows the response under the same UV radiation at three
values of oxygen pressure: 1.0× 105 Pa, 3.6× 102 Pa, and
7.0× 103 Pa. It can be seen from Fig. 3 that the decay rate
becomes faster with decreasing oxygen concentration. It takes
less time for the adsorbed oxygen to desorb under a vacuum
than in air. Thus, the rise time for CuO nanorods is longer in
air than under a vacuum. It can also be seen from Fig. 3 that the
photoconductance of the device decreases as chamber pressure
decreases from atmospheric pressure to several hundred pas-
cals. This is also attributed to the effects of oxygen desorption.
Some of the adsorbed oxygen will desorb from the surface as
the partial pressure of oxygen decreases. Hence, the surface
accumulation layer becomes thinner as the partial pressure of
oxygen decreases, which results in a higher sensor resistance.
The photoresponse phenomenon at different oxygen pressures
further indicates that oxygen molecules adsorbed on the sur-
face have significant tuning effects on the electrical properties
of the nanorods. This gives further evidence of accumulation
conduction, which was revealed earlier by ethanol sensing ex-
periments on CuO nanorods.[23]
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Fig. 3. Photoresponse of the nanorods film to UV illumination
at various oxygen pressures: 1.0× 105 Pa, 3.6× 102 Pa, and
7.0×103 Pa from left to right.

The experiments indicate that the sensor resistance de-
creases with increasing oxygen adsorption and increases with
decreasing oxygen adsorption. The change of sensor resis-
tance can be derived from an analysis of the gas adsorption
and the change of carriers. Consequently, the sensing behav-
ior of p-type CuO nanorods can be explained by the surface
accumulation conduction model proposed here.

4. Conclusion
In summary, CuO nanorods were synthesized via a hy-

drothermal method. The sensing properties in air and under a
vacuum, and at different oxygen pressures were investigated
and analyzed. The experiments indicate that the p-type CuO
nanorods have lower resistance and a slower desorption rate
with the increase of the oxygen adsorption. Oxygen molecules
adsorbed on the surface of CuO nanorods have significant tun-
ing effects on the electrical properties of the nanorods. A
model based on surface accumulation conduction is given to
explain the sensing mechanism of the p-type CuO nanorods.
Our findings imply a potential application of CuO nanorods to
room-temperature sensors.

References
[1] Fennimore A M, Yuzvinsky T D, Han W Q, Fuhrer M S, Cumings J

and Zettl A 2003 Nature 424 408
[2] Sazonova V, Yaish Y, Ustunel H, Roundy D, Arias T A and McEuen P

L 2004 Nature 431 284
[3] Wang Z L and Song J H 2006 Science 312 242
[4] Jacopin G, Rigutti L, Bellei S, Lavenus P, Julien F H, Davydov A V,

Tsvetkov D, Bertness K A, Sanford N A, Schlager J B and Tcherny-
cheva M 2012 Nanotechnology 23 325701

[5] Wang D Q, Zhou Z Y, Zhu R and Ye X Y 2008 Chin. Phys. B 17 3875
[6] Kim Y C, Yoon C H, Park J, Yoon J, Han N S, Song J K, Park S M and

Ha J S 2012 Thin Solid Films 520 6471
[7] Li Q H, Wan Q, Liang Y X and Wang T H 2004 Appl. Phys. Lett. 84

4556
[8] Arnold M S, Avouris P, Pan Z W and Wang Z L 2003 J. Phys. Chem. B

107 659
[9] Kind H, Yan H, Messer B, Law M and Yang P 2002 Adv. Mater. 14 158

[10] Liu Z, Zhang D, Han S, Li C, Tang T and Jin W 2003 Adv. Mater. 15
1754

[11] Jiang W, Gao H, Xu L L, Ma J N, Zhang E, Wei P and Lin J Q 2011
Chin. Phys. B 20 037307

[12] Wang D Q, Zhou Z Y, Zhu R and Ye X Y 2008 Chin. Phys. B 17 3875
[13] Gao S Y, Yang S X, Shu J, Zhang S X, Li Z D and Jiang K 2008 J.

Phys. Chem. C 112 19324
[14] Li L, Zhan Y, Zheng Q, Zheng Y, Lin X and Li D 2007 Catal. Lett. 118

91
[15] Zou G F, Li H, Zhang D W, Xiong K, Dong C and Qian Y T 2006 J.

Phys. Chem. B 110 1632
[16] Liu Y, Liao L, Li J and Pan C 2007 J. Phys. Chem. C 111 5050
[17] Chen J, Deng S Z, Xu N S, Zhang W X, Wen X G and Yang S H 2003

Appl. Phys. Lett. 83 746
[18] Lu C H, Qi L M, Yang J H, Zhang D Y, Wu N Z and Ma J M 2004 J.

Phys. Chem. B 108 17825
[19] Zhu Y W, Yu T, Cheong F C, Xu X J, Lim C T and Tan V B C 2005

Nanotechnology 16 88
[20] Chen J, Huang N Y, Deng S Z, She J C and Xu N S 2005 Appl. Phys.

Lett. 86 151107
[21] Hsieh C T and Chen J M 2003 Appl. Phys. Lett. 82 1965
[22] Jiang X C, Herricks T and Xia Y N 2002 Nano Lett. 2 1333
[23] Wang C, Fu X Q, Xue X Y, Wang Y G and Wang T H 2007 Nanotech-

nology 18 145506
[24] Wan Q, Li Q H, Chen Y J, Wang T H, He X L and Li J P 2004 Appl.

Phys. Lett. 84 3654
[25] Feng P, Wan Q and Wang T H 2005 Appl. Phys. Lett. 87 213111
[26] Koffyberg F P and Benko F A 1982 J. Appl. Phys. 53 1173
[27] Grätzel M 2001 Science 414 338

058103-3

http://dx.doi.org/10.1038/nature01823
http://dx.doi.org/10.1038/nature02905
http://dx.doi.org/10.1126/science.1124005
http://dx.doi.org/10.1088/0957-4484/23/32/325701
http://dx.doi.org/10.1088/1674-1056/17/10/054
http://dx.doi.org/10.1016/j.tsf.2012.07.001
http://dx.doi.org/10.1063/1.1759071
http://dx.doi.org/10.1063/1.1759071
http://dx.doi.org/10.1021/jp0271054
http://dx.doi.org/10.1021/jp0271054
http://dx.doi.org/10.1002/(ISSN)1521-4095
http://dx.doi.org/10.1002/(ISSN)1521-4095
http://dx.doi.org/10.1002/(ISSN)1521-4095
http://dx.doi.org/10.1088/1674-1056/20/3/037307
http://dx.doi.org/10.1088/1674-1056/20/3/037307
http://dx.doi.org/10.1088/1674-1056/17/10/054
http://dx.doi.org/10.1021/jp808545r
http://dx.doi.org/10.1021/jp808545r
http://dx.doi.org/10.1007/s10562-007-9155-0
http://dx.doi.org/10.1007/s10562-007-9155-0
http://dx.doi.org/10.1021/jp0557363
http://dx.doi.org/10.1021/jp0557363
http://dx.doi.org/10.1021/jp069043d
http://dx.doi.org/10.1063/1.1595156
http://dx.doi.org/10.1063/1.1595156
http://dx.doi.org/10.1021/jp046772p
http://dx.doi.org/10.1021/jp046772p
http://dx.doi.org/10.1088/0957-4484/16/1/018
http://dx.doi.org/10.1088/0957-4484/16/1/018
http://dx.doi.org/10.1063/1.1901811
http://dx.doi.org/10.1063/1.1901811
http://dx.doi.org/10.1063/1.1563305
http://dx.doi.org/10.1021/nl0257519
http://dx.doi.org/10.1088/0957-4484/18/14/145506
http://dx.doi.org/10.1088/0957-4484/18/14/145506
http://dx.doi.org/10.1063/1.1738932
http://dx.doi.org/10.1063/1.1738932
http://dx.doi.org/10.1063/1.2135391
http://dx.doi.org/10.1063/1.330567
http://dx.doi.org/10.1038/35104607

	1. Introduction
	2. Experiment
	3. Results and discussion
	4. Conclusion
	References

