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Abstract

Rod-shaped CuO nanostructures were successfully synthesized by a one-step annealing process in air using copper
plates as starting material. Phase analysis was carried out using X-ray diffraction, transmission electron microscopy and
micro-Raman scattering and the results confirmed the nanorods as single-phase CuO. For the first time, single
individual CuO nanorods with different aspect ratios were investigated by polarized micro-Raman scattering in this
work. An obvious anisotropy in the intensity of Raman modes was observed when the electric field vector of the
incident laser beam is parallel and perpendicular to the long axis of a nanorod. The mechanism responsible for the
observed polarized Raman spectra was attributed to the polarization effect produced by the large length to diameter
ratio of the nanorods and the large dielectric contrast between these nanorods and their surrounding environment.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ods have been developed to prepare such nanos-
tructures, i.e. vapor—liquid-solid (VLS) growth

Recently, quasi one-dimensional (1-D) solid [1-3], solution-liquid-solid (SLS) method [4],

nanostructures (nanowires/nanorods) have at-
tracted much attention for both fundamental and
practical reasons. Compared with micrometer-
sized whiskers and fibers, 1-D nanostructures are
expected to exhibit remarkable optical, electrical,
magnetic, and mechanical properties. Many meth-
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template-mediated growth [5], electron-beam
lithography (EBL) [6] and scanning tunneling
microscopy (STM) [7]. As a p-type semiconductor
with a narrow band gap (1.2eV) and the basic
building block of several high-temperature super-
conductors, cupric oxide (CuO) has generated
renewed interest. It can be used in a wide range of
applications such as gas sensor [8], magnetic
storage media [9], solar-energy transformation
[10], electronics [11], semiconductors [12], varistors
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[13], and catalysis [14]. Moreover, CuO nanos-
tructured materials have attractive photothermal
and photoconductive properties [15]. Different
approaches have been used for the synthesis of
CuO nanoparticles and films. One-dimensional
CuO nanostructure (nanowires/nanorods) has
been successfully synthesized by thermal decom-
position of CuC,O4 precursor [16], oxidation of
Cu substrates [17], and wet-chemical route [18].
The successful preparation of CuO nanowires/
nanorods is believed to enrich our understanding
of its fundamental properties, which may lead to
enhancement of performance in its applications.

Raman spectra are normally determined by the
crystal structure of the sample and the relative
orientation between its crystal axes and the
polarization direction of the incident laser. How-
ever, when the size of the sample is smaller than
the focus spot of the laser, the shape of the sample
also becomes a contributing factor to the Raman
spectra because the effective electric field inside the
sample can be very different along different
directions due to polarization for samples with a
large length to diameter ratio. Contribution from
both the single crystal property and the sample
geometry has to be accounted for properly in the
Raman study of nanoparticles, such as nanorods
and nanotubes that show a large polarization.
Raman spectroscopy has played a unique and
significant role in the study of 1-D nanostructures,
e.g. carbon nanotubes [19-21]. However, no
polarized Raman scattering has been used to
investigate individual CuO nanorods. In this work,
we present the first polarized Raman scattering
study of individual free-standing single-crystal
CuO nanorods synthesized by thermal treatment
of copper plate. Our results show that the Raman
peak intensities are dominated by the polarization
resulted from the shape of the nanorods, i.e. the
large length to diameter ratio.

2. Experimental procedure

A lcm x 1 cm piece of commercial copper plate
(99.999% purity, Sigma-Aldrich Pte. Ltd.) was
first rinsed by acetone followed by de-ionized
water several times. After it had been dried using

an air gun, the Cu plate was annealed at 400°C for
24h in air. CuO nanorods were contained in the
black ash-like top layer formed on the Cu plate.
This black layer was peeled off carefully and
characterized by X-ray diffraction (XRD), scan-
ning electron microscopy (SEM) and transmission
electron microscopy (TEM). In order to perform
the polarized Raman scattering study on an
isolated free-standing nanorod, a small amount
of as-annealed black pieces was ground slightly
and suspended in de-ionized water. After 30-min
ultrasonic agitation, the suspension was dispread
onto a quartz substrate for Raman measurement.
Under low magnification TEM or optical micro-
scope used in micro-Raman experiments, Cu,O
appears as small flakes and CuO as rods of several
micrometer in length. When dispersed on quartz
slides, they can be easily identified and studied
separately by micro-Raman spectroscopy. All
micro-Raman spectra were measured in the back-
scattering geometry using a Renishaw Ramascope
System 2000 with an Olympus microscope attach-
ment. The 514 nm line of an argon-ion laser was
used as the excitation source.

3. Results and discussion

Fig. 1 shows the XRD pattern of the as-
annealed black ash, where, same as reported in
Ref. [17], both Cu,O and CuO phases are present.
The Cu,O exists as a thin film precursor for
growing CuO nanorods during the oxidation of Cu
plate [17]. Our TEM and Raman results also
demonstrate that the nanorods formed in this top
layer are crystalline phase CuO. A typical TEM
morphology of the as-synthesized product was
shown in Fig. 2a. It can be seen that the diameters
of nanorods vary from about 20 to 150 nm and the
lengths are several micrometers. The vapor—solid
(VS) mechanism for the growth of CuO nanorods
is also clearly demonstrated by the existence of the
conical tip at the end of nanorods, instead of
particle-type terminations, which is a most re-
markable sign of the VLS growth mechanism
[16,17]. Fig. 2b displays the high-resolution TEM
image of a nanorod. It is shown that the nanorod
formed in this work has a single crystal property.



592 T. Yu et al. | Journal of Crystal Growth 268 (2004) 590-595

Cu,0
Cu,0 2 Cuo
(220) ~
(119) (311)
CuO
2 (111 Cu,0
S CuO (311)
£ (111) Cuo
e Cuo|| cu,0 (220)
= Cu,O-
3 (110)|| |(200)
S| (o
20 30 40 50 60 70 80

2 Theta (deg.)

Fig. 1. XRD pattern of the black top layer of the Cu plate after
annealing at 400°C for 24h, showing both CuO and Cu,O
phases.

Fig. 2. TEM image of CuO nanorods. (a) Morphologies of the
as-prepared CuO nanorods. (b) HRTEM image of a single CuO
nanorod showing its crystalline property.

The spacing between the diffraction planes was
measured to be 2.35A, which corresponds well
with the spacing between (111) planes
(d111=2.32 A) in monoclinic CuO [22]. The angle
between the (1 1 1) plane and the long axis of CuO
nanorod (indicated by an arrow in Fig. 2b) was
measured to be about 66.8°. This angle matches
well the value of 67.2° between the (111) plane
and the [111] crystal axis, indicating that the
growth direction of our CuO nanorod is [111].
This is consistent with previous studies [17,18].
CuO has a monoclinic structure with a space
group symmetry of Cgh [23]. There are twelve
zone-center optical-phonon modes, 4A, + 5B, +
Ag + 2B, three of which A, + 2B, are Raman
active [24]. In this work, all the Raman spectra
were recorded under the backscattering geometry.
In a typical experiment, the long axis and the
length of the nanorod were identified using the
microscope attached to the Raman system and the
diameter of the nanorod was determined by SEM.
The angle 6 between the long axis of the CuO
nanorod and the polarization direction of the
incident laser is adjusted between 0° and 180°
using a half-wave plate (see Fig. 3, inset). Typical
Raman spectra of the CuO nanorod as a function
of 6 are shown in Fig. 3. Three peaks at 295.2,
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Fig. 3. Typical Raman spectra of an isolated CuO nanorod at
several angles, where the diagram shows the experimental
geometry of the Raman scattering measurement.
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342.7 and 633.5cm~!, correspond to the A,
(296cm™ "), BY) (346cm ™), and B (636cm ™)
modes of bulk CuO crystals [25], respectively. No
Cu,0 modes [26] are present, demonstrating the
single phase property of our CuO nanorods. Due
to the relatively large diameter (average diameter:
65nm) of the nanorod samples, quantum confine-
ment effects such as the dramatic down shift and
broadening of Raman peaks [18] were not
observed in this work. It is noteworthy that all
the modes exhibit strong polarization dependence
demonstrated by the obvious variation of peak
intensity with angle 0.

As mentioned in the Introduction, the Raman
spectra of a nanorod sample are governed by the
geometry of the sample as well as its crystal
structure. In this study, we try to distinguish which
is the dominant factor in determining the Raman
spectra observed in our individual CuO nanorod
experiments. We have fitted the intensity of the A,
mode and the two B, modes using least-squares fit
with Lorentzian line-shape and Fig. 4 presents the
fitting results as a function of 6. It is obvious that
all the modes display a polarization dependence
with a period of 180°. Most importantly, all the
modes, regardless A, or B, modes, are strongest
when the polarization direction of the incident
laser is parallel to the long axis of the nanorod
(0 =0° or 180°) and weakest in perpendicular
geometry (0 = 90°). As we will show below, this
clearly demonstrates that the Raman spectra are
mainly determined by the geometry of the sample
and not its single crystal property.

Chen et al. [25] and Goldstein et al. [27]
systematically investigated the intrinsic polariza-
tion dependence of Raman modes for bulk CuO
single crystals. The strongest polarization direction
of A, mode was predicted to be along the [1 1 2]
crystal axis [25] and it was experimentally observed
at 150° £ 5° with respect to the [0 0 1] axis [27]. The
two results are consistent since the angle between
the [112] and [001] directions is 152.6°. The
above results do not agree with our result with
nanorod samples where the A, mode is strongest
when the electric vector of the laser is parallel to
the long axis of the nanorods, i.e. the [1 1 1] crystal
axis, which makes a 78° angle with the [1 1 2] axis.
Moreover, from the Raman tensors, the A, and
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Fig. 4. Intensity of the three Raman modes as a function of the
angle 0, between the polarization direction of the incident laser
and the long axis of nanorod. The symbols are experimental
data and the solid curves are fitted results using cos’ 6
functions. Note that all the Raman modes show a maximum
intensity at 0 = 0° and minimum intensity at 0 = 90°, which
agrees with predictions by the ““‘sample geometry”” model.

two B, modes of bulk single crystal CuO have
different polarization dependence as observed by
Chen et al. [25], instead of the same 6 dependence
observed in this work (see Fig. 3). Hence, the
Raman spectra observed in our CuO nanorod
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samples cannot be explained by the intrinsic
properties of single crystal.

From the classical electromagnetic theory, the
electric field inside a 1-D nanostructure which has
a large length to width ratio and width smaller
than the wavelength of laser beam could be
dramatically attenuated when the incident laser is
polarized perpendicular to the long axis of the
nanorods:

2
E=—""F, (1)

e+

where E; is the electric field inside the nanorods, E.
the excitation field, and &(g) is the dielectric
constant of the nanorod (vacuum) [28]. On the
other hand, the electric field inside is the same as
that of the incident field in the direction parallel to
the nanorod. When e¢>¢y (ecyo = 18.1 [29]), the
electric field perpendicular to the long axis is
negligible and the intensities of all Raman peaks
are determined by the electric field component
along the long axis, which has a cos 6 dependence
on the angle 0 shown in Fig. 3. Hence, the peak
intensities show a cos” 0 dependence with max-
imum at 0 = 0°. Fig. 4 plots the fitted curves using
a cos? 0 function and the fitting results show good
agreement with experimental data for all three
Raman modes despite their different 8 dependence
predicted based on their Raman tensors. There-
fore, our results show that the Raman spectra of
CuO nanorods are dominated by the large length
to diameter ratio of the samples and the large
dielectric contrast between these nanorods and air.
Similar polarization dependence were also ob-
served in polarized Raman scattering study of
isolated single-wall carbon nanotubes (SWNTs)
[30] and photoluminescence investigation of in-
dividual InP nanowire [31], where both types of 1-
D nanostructures show a large length to diameter
ratio.

In conclusion, polarized micro-Raman scatter-
ing experiments have been performed on isolated
free-standing CuO nanorods synthesized by heat-
ing a Cu plate in air. Different from bulk single
crystals, the polarization dependence of Raman
modes in free-standing CuO nanorods is domi-
nated by the adjustment of the electric filed inside
nanorods due to the large length to diameter ratio

and big dielectric contrast between these nanorods
and their surroundings.
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