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Abstract: The two-dimensional arrays of various metal nanowires with diameters ranging
from 15 to 70 nm have been fabricated by el ectrodepositing metals of Cu, Ag, Au, Ni, and Co
into the nanoholes of the anodic aluminum oxide (AAO) films, followed by partial removal
of the film. The strong surface-enhanced Raman scattering (SERS) effects were observed
from the metal nanowire arraysincluding Ni, Co metals that were normally considered to be
non-SERS active substrates. It has been shown that metal nanowire arrays can serve as very
good SERS active substrates, especialy for transition metals. The SERS intensity of the
probe molecule adsorbed at the nanowires depends critically on the length of the nanowires
explored at the surface. And the band frequency is very sensitive to the diameter, which
reflectsthe changein the electronic property of metal nanowires. Applying thisprobe molecule
strategy, SERS could develop into a diagnostic tool of metal nanowires (nanorods).

INTRODUCTION

The study on nanowires has received tremendousinterest recently because of their novel propertiesand
potential applicationsin wide fields[1-5]. All the sophisticated application of nano-materials must be
based on a solid understanding of their novel properties. Many techniques have been employed to deal
with thisproblem, and UV—-visabsorption spectroscopy isthe most widely used method for characterizing
the optical properties and electronic structure of the nanoparticles[2,6-8], as the absorption bands are
related to the diameter and aspect ratio of metal and semiconductor nanowires. It can detect the surface
plasmon (SP) resonance on the noble metals such asAg, Au, and Cu, and the width of SP absorptionis
related to the size of metal nanoparticles. By contrast, Raman spectroscopy has been used in the study
of only semiconductor and carbon material sthat exhibit certain optical phonon modes[9-12]. Moskovits
et al. measured the bandgap energy of the semiconductor nanowires with different wire diameters by
using resonance Raman spectroscopy with different excitation wavelength [9]. A key feature of the
nano-scal e carbon and semiconductors is that some forbidden Raman modes in bulk materials become
Raman active so as to provide important information through Raman studies [11,12]. Unfortunately,
nano-scale metalsthemselves can only exhibit the mechanical vibration bands (also called inelastic Mie
scattering or acoustic modes) located in extremely low frequency region (typically 2-10 cm-1) [13].
Therefore, we take an alternative approach to the use of Raman spectroscopy to study metal nanowires
by applying probe molecule strategy.

Surface-enhanced Raman spectroscopy (SERS) with extremely high sensitivity can easily detect
dightly spectral change of surface species, which isinduced by the change of electronic property and
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chemical environment of the substrate[14]. Accordingly, by using SERS effects and suitable adsorbate
as probe molecule, one may be ableto diagnose the special electronic properties of the metal nanoparticles
in detail by analyzing the shift in band frequency and the intensity of the probe molecules.

Thefirst stage of this approach isto prepare metal nanowire arrays and ensure that they can serve
asthe SERS substrate. To our knowledge, thereis only one preliminary paper reported by Joo and Suh
on SERS of Ag nanowire arrays about four years ago [10]. Ag nanowires were electrochemically depos-
ited into the nanopores of anodic aluminum oxide (AAO) filmsfollowed by partial removal of the oxide
layer to giveriseto astrong SERS effect. Theresult obtained did not attract much attention, asthe SERS
intensity obtained was weaker than that from normally prepared Ag colloids. However, as has been
known, the SERS effect isvery complex and depends critically on many factors such asthe size, shape,
and dielectric constant of metals [15-17]. Therefore, it is essential to carry out the systematic study to
extend the study on other metals, in particular some transition metals of both fundamental and practical
importance. This is based on the recent progress made in our laboratory that many transition metals,
such as Ni, Co, Fe, Pt, Pd, Rh, and Ru, exhibit weak SERS effect [18-23]. If the SERS effect of transi-
tion metals can be optimized by using nanowire arrays as the substrate, it may greatly renew interest in
the SERS field for both the mechanism investigation and new applications. Accordingly, our present
work has focused on a complementary study that is divided into two parts. (i) preparing the metal
nanowire arrays as the substrate with high SERS activity, and (ii) developing the SERS to be adiagnos-
tic tool to metal nanowires.

EXPERIMENTAL

The arrayswere fabricated by means of the AAO templates. A large number of uniform nanoholeswere
arranged in two-dimensional array in theway of self-organizing by anodic oxidation. By controlling the
applied voltage during the anodic oxidation, it is possible to prepare nanoholes with different diameter
from 10 nm to 100 nm and the depth from 100 nm to 30 um [24]. AC current was applied to deposit the
metal into the pores. The parallel alignment of the cylindrical pores of aluminum oxide means that the
nanowires deposited also aligned in one direction. Therefore, it enables us to deposit metal into the
ordered nanoholes and get uniform metal nanowires with appropriate length through dissolving the
aluminum oxide layer by dilute phosphoric acid for the maximum surface enhancement. Therefore, the
guantitative calculation of the surface-enhancement factor (SEF) can be greatly simplified. The pore
diameterswere large enough (>10 nm) to form metal layersthat have the properties of ametal. After the
AAO film was chemically etched, layer by layer, to let the metal nanowires emerge gradually from the
surface, SERS measurements were taken in sequence. Raman spectra were obtained using a confocal
microprobe Raman system (LabRam I). The exciting wavel ength was 632.8 nm from aninternal He-Ne
laser with apower of 12 mW on the sample surface. The detailed description on the Raman measurement
has been given elsewhere [25]. The tapping mode AFM images were obtained on a scanning probe
microscope (Nanoscope |113a).

RESULTS AND DISCUSSION

Figure 1 showsAFM images of Cu nanowires after the aluminum oxide was removed partially. It can be
seen that two-dimensional arrays of Cu nanowires were successfully fabricated by the AAO template
synthesis method, and the wires were parallel to each other and normal to the surface (as shown in Fig.
1a). It isnecessary to point out that the AFM tip is not sharp enough to go down to the bottom when the
wire is longer than about 100 nm. Therefore, the AFM images are distorted to some extent due to the
cone shape of the tip. On increasing the dissolution time, the length of Cu nanowires exposed on the
surface became longer. Finally, the nanowires collapsed on the aluminum surface, and the length is
more than 1 um, as shown Fig. 1b. Then the more accurate data of the wire diameter was obtained by a
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120 nm —

Fig. 1 AFM images of the Cu nanowires at theinitial stage (a) and at the final stage (b) of the dissolution
process to remove the AAO template.

transmission el ectron microscopy (JEM-200cx).

Fig. 2 presents the SERS spectra of pyridine adsorbed at different metal nanowires. The SERS
signals observed are considerably stronger than that from the conventional roughened electrode sur-
faces. The SEF is calcul ated based on the method developed in our laboratory [26]. Fiveto six orders of
the enhancement for noble metal of Au, Ag, and Cu and about three orders for Co and Ni nanowire
arrays with their proper length have been obtained. This value is quite striking if we consider the fact
that the SEF values are obtained from nanowires without applying any potential. It isworth noting that
the SERS spectral features, including the frequency and relative band intensity, from the nanowires are
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nearly identical to that of the normal bulk electrode at the open circuit potential. For the adsorbed
pyridine at the noble and transition metal electrodes, its SERS intensity at the open circuit potential is
normally three to ten times weaker than that at the optimized potential. For example, the three orders
enhancement of the normal Ni el ectrode surface was obtained only from the optimized condition asthe
intensity reached the maximum at the potentials around —1.2'V, Fig. 2f. By contrast, the SERS intensity
at the potentials of —0.6 V near the open circuit potential is remarkably weaker, Fig. 2g. If one takesthe
similar experimental condition (at the open circuit potential) into account, the SEF for the nanorod
array is at least one order greater than that of the conventionally roughened electrodes of the same
metal. It illustratesthat metal nanowire arrays can serve asvery good SERS active substrates, especially
for transition metals.

Itiswell known that for the presence of large surface enhancement, the metal surfaces should be
rough to some extent. The rough surface can be produced by various surface pretreatments, such as
electrochemical oxidation-reduction cycles (ORC), chemical etching, vapor evaporation, or photochemi-
cal reduction [15]. However, the entire roughened surfaces are non-uniform, which will result in the
different enhancement in the different area of the surface. To overcome this problem, numerous meth-
ods have been used to fabricate the ordered nanoparticles, such as lithography, metal colloids, and self-
assemble layer technique, etc. [27—30]. However, no one can like the template synthesis method ca-
pable of well controlling both the diameter and aspect ratio of nanorods (nanowires) in alarge area as
regularly structured SERS substrates. Accordingly, it has been shown that the two-dimensional nanowire
arraysare akind of high active SERS substrates especially for transition metals of practical importance.
Moreover, based on the above phenomenon, it is possible that the maximum enhancement can be achieved
by carefully changing the diameter and length of the nanowires. This could be akey procedureto carry
out the study on the complex SERS mechanism.

One of the most interesting spectral featuresis that the SERS intensity depends critically on the
nanowire length emerged on the surface that was controlled by the etching time. For such a study, the
time-dependent SERS measurement should be carried out. For acquiring SERS data within a shorter
time such as 1 s, a Cu nanowire array exhibiting extremely high SERS activity was employed in this
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study. During the chemical etching process, the band intensity of adsorbed benzonitrile at Cu nanowires
became stronger and then reached a maximum that was about 30 times as strong as that at the initial
stage and the end of the etching process. However, the intensity of SERS bands decreased with the
etching time and almost remains unchanged after 140 min. (as shown in Fig. 3). Therefore, one can
presume that the intensity—etching time dependence may be related to the complicated SERS mecha
nisms rather than the change of coverage. The theoretical and experimental studies of the enhanced
mechanisms indicate that SERS effect is mainly contributed by the EM enhancement in many cases
[15,17]. A major contribution to the electromagnetic enhancement is due to surface plasmon (SP) reso-
nance for the noble metals. However, SPisnot the only source of enhanced local €l ectromagnetic fields.
Another type of enhanced electromagnetic field lies near high-curvature points on the rough surface.
The classic theoretical calculation of enhancement for ametal prolate spheroid mode revealed that the
maximum enhancement could be obtained at the tip of the spheroid and increased with the aspect ratio
[31,32]. Thiseffect iscalled the lightning-rod effect, in which the electric field islargest near the sharp-
est surface of the needle-like rod based on the calculation results. In the present case, the cylindroid
nanowires could be considered as separated prolate spheroids standing at the surface. Intheinitial stage
of the dissolution of the aluminatemplate, the length of the emerged metal was rather short. With the
increase of the length of Cu nanowires standing up at the surface, the aspect ratio becomes larger. One
may assume that the electric field at the top of the ellipsoid reached its maximum under the favorable
length of metal nanowires. Therefore, the intensity of the adsorbed molecule changed with the etching
time and passed a maximum, since the aspect ratio of the wire deviated more and more from the favor-
able value. At the end of the dissolution process, it is impossible for the nanowires to support them-
selves on the surface when the nanowires became longer and longer. As aresult, they collapsed at the
alumina surface, and the surface structure changed totally. Therefore, the prolate spheroid mode was
not suitable for this kind of surface, at which the metal nanowires lay down randomly. At last, the
intensity of Raman signal decreased substantially and reached a constant value. Accordingly, the light-
ning-rod effect may play an important role for the enhancement in addition to the SP resonance en-
hancement, and this effect needs to be considered for a compl ete understanding of SERS mechanisms.
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Itisof specia interest to take the advantages of SERS to characterize the novel properties of the
metal nanowires by selecting a suitable probe molecule that is very sensitive to any change of the
surface structure. In our case, the SCN- ion was used as the surface probe because the SCN- band
frequency and shape are very sensitive to the surface property, including electrostatic environment
[33,34]. Fig. 4 represents the SERS spectra of SCN-adsorbed at Cu nanowires with different diameter;
the insertion shows the frequency-diameter plot. It can be seen that the diameter of the nanowires
influences the frequency of the adsorbed SCN- distinctly; i.e., the frequency blue-shifts in about
20 cm1 with the increase of the diameter from 15 to 50 nm. When the diameter was larger than about
50 nm, the frequency of C = N stretching vibration (vy) of the adsorbed SCN- approached a constant
value, and was close to that from the roughened bulk Cu electrodes at the open circuit potential. This
may infer that the property of large-diameter nanowiresis similar to that of the bulk metals. Our previ-
ous studies of SCN- adsorbed on the normal Cu electrode showed that the vy decreases, with the
electrode potential moving negatively. Thisismainly dueto the greater tendency to give electrons at the
more negative potential, leading the down-shift of the vy [33,34]. In our present investigation, al
measurementswere carried out at the open circuit potential asthe nanowiresare withinthe AAO film as
electronic insulator. Therefore, the frequency—diameter dependence may result from other factors.

Fermi level iswell known to be one of the most important parameters characterizing a metal
sinceits value determines the gross el ectronic properties that could consequently influence the relevant
vibrational frequency of the adsorbate. To move the applied el ectrode potential negatively would cause
the up-shift of the Fermi level and the greater tendency to give electrons from the electrode to the
adsorbate. The Fermi level of ametal nanorod could be estimated in a simple way by considering free
electrons confined to acylinder box of length | and radiusr. The energy level in atomic unitsisgiven by:
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where C,,,isaparameter determined by the Bessel function. Thisequation indicates, at least qualitatively,
that the Fermi level of the nanorod would shift up asthe diameter decreases. The more detailed discussion
on this aspect will be given elsewhere [35].

In summary, the devel opments of SERS and the metal nanowire materials are obviously mutually
beneficial and complementary in their studies. The ordered metal nanowires, especialy the transition
metal nanowires, with suitable dimension can serve as high SERS active substrates, which are better
than the normal roughened surfaces. Taking the template-synthesized strategy, one will be ableto get a
deeper insight into the complicated SERS mechanism(s) by fabricating ordered nanostructuring sur-
faces with regular shape, size, and length of nanorods (nanowires) for the systematic investigation. On
the other hand, by taking the probe molecule strategy, the SERS could be a diagnostic tool to probe the
electronic properties and even optical properties if surface-enhanced resonance Raman scattering
(SERRYS) is applied. Moreover, SERS could be developed as an in situ tool in monitoring the etching
process of metal nanowires with various length and diameter.
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