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We report a simple method for preparing three different SERS-active substrates. Concentrated hydrazine solution
as the reducing agent and tellurium dioxide as the precursor were used to prepare Te nanowires (NWs). The as-prepared
Te NWs have an average length of 547.7( 111.6 nm and an average width of 15.1( 2.7 nm. Through the reaction
of Te NWs with sodium tetrachloroaurate in the presence of hexadecyltrimethylammonium bromide (CTAB) over
reaction times of 10, 20, and 60 min, gold-tellurium nanodumbbells, gold-tellurium nanopeapods, and gold pearl-
necklace nanomaterials (Au PNNs) were obtained, respectively. By controlling the reaction time, the distance between
adjacent gold nanoparticles (Au NPs) in each Te nanowire was tunable, allowing us to investigate its effect on the
SERS signals. Having shorter distances among Au NPs (greater electromagnetic fields), the Au PNNs provided a
reproducible enhancement factor of 5.6× 109.

Surface-enhanced Raman scattering (SERS) spectroscopy is
a powerful analytical tool and is used when molecules are adsorbed
on rough metal surfaces or on aggregated metal nanoparticles.1

Enhancements in SERS of up to 1014 are theoretically possible
and have been demonstrated in some cases by applying
sophisticated techniques.2,3Not surprisingly, attention has turned
toward the development of SERS for use as an ultrasensitive
platform for the detection of biological molecules in particular.4

Among the various SERS-active metal substrates, gold and silver
are used most widely. Relative to silver nanoparticles, gold
nanoparticles (Au NPs) have the beneficial properties of long-
term stability and a narrow size distribution.5 Nevertheless, the
Raman enhancement factors of molecules adsorbed onto Au NPs
are usually 100-1000 times lower than those adsorbed onto Ag
NPs. To take advantage of Au and Ag nanomaterials for SERS
applications, Ag/Au NPs6 and nanowires7 have been previously
reported. However, the reproducibility and enhancement factors
of SERS signals using such core/shell nanostructures are
challenged.

To prepare new SERS-active metal substrates that provide
strong, reproducible SERS signals of analytes, we used Te
nanowires as templates and Au3+ ions as the oxidant on the basis
of the fact that Au3+ ions are capable of oxidizing Te atoms in
Te nanorods to form TeO32-.8 In this study, we prepared three

SERS-active substrates, namely, gold-tellurium nanodumbbells
(Au-Te NDBs), gold-tellurium nanopeapods (Au-Te NPPs),
and gold pearl-necklace nanomaterials (Au PNNs). These three
nanomaterials were obtained through the reaction of Te NWs
with sodium tetrachloroaurate in the presence of hexadecyltri-
methylammonium bromide (CTAB) over reaction times of 10,
20, and 60 min, respectively. Te NWs were prepared using
concentrated hydrazine solution as the reducing agent and
tellurium dioxide as the precursor. The as-prepared Te NWs
(Figure S1) have an average length of 547.7( 111.6 nm and
an average width of 15.1( 2.7 nm. We point out that CTAB
is one of the most commonly used surfactants for growing 1D
gold nanostructures.9

The UV-vis absorption spectra (Figure 1) of the three as-
prepared nanomaterials exhibited increased surface plasma
resonance (SPR) absorbance at 505 nm upon increasing the
amount of Au in the nanomaterials. The characteristic absorbance
at 650 nm of the Te NWs10 gradually decreased and eventually
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Figure 1. UV-vis absorption spectra of the synthesized (A) Au-
Te NDBs, (B) Au-Te NPPs, and (C) Au PNNs.
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disappeared upon progressing from the as-prepared Te NWs to
the Au-Te NDBs, Au-Te NPPs, and Au PNNs. In addition,
their maximum absorption wavelengths underwent blue shifts.
These features resulted mainly from the increased Au content
and decreased Te content. The absorption profile of Au PNNs
is similar to that of the longer gold nanorods, which also have
progressively increasing longitudinal SPR absorption in the near-
IR region.11

Figure 2A indicates that spherical Au NPs having an average
diameter of 12.8( 2.4 nm grew at the ends of each Te NW
through the redox reaction: Au3+ ions were reduced to Au atoms,
and Te atoms were oxidized to form TeO3

2- ions.8 The similar
sizes of the Au NPs suggest that the redox reaction occurs at
approximately the same time on each tip. To the best of our
knowledge, the prepared metal-semiconductor NDBs using our
developed method are longer than the previously reported ones,12

which are shorter than 100 nm. Besides, all of the previous
approaches were demonstrated in the organic phase at high
temperature. On the basis of the principle of “green chemistry”,
preparation at ambient temperature is favorable. Upon increasing
the reaction time, more Au NPs formed on the Te NW templates.

Au NPs grow onto the defect sites of the nanowire surface. Such
peapodnanostructuresmayserveaswavelength-dependentoptical
nanoswitches for the SPR frequency of the encapsulated metal
nanoparticles.13 The lengths of the as-prepared Au-Te NDBs,
Au-Te NPPs, and Au PNNs were 565( 119, 567( 121, and
574 ( 127 nm, respectively. Figure 2D presents an HRTEM
image of the Au NPs on Au-Te NDBs. The observed lattice
spacings from the Au NPs match the expected spacings for Au-
(111) planes. From ICP-MS data, we confirmed the components
of the three as-prepared nanomaterials. The Au mole fractions
in the as-prepared Au-Te NDBs, Au-Te NPPs, and Au PNNs
were 0.1, 0.6, and 1.0, respectively.

We used a near-infrared (NIR) laser (785 nm) to obtain Raman
spectra of rhodamine 6G (R6G) on the as-prepared nanomaterials.
In this study, the SERS intensities were compared under the
identical number of Te nanowires. Unlike typical SERS experi-
ments using visible lasers, recording SERS spectra in the NIR
region minimizes problems associated with photochemical
reactions, interference from native fluorescence, and degradation,
especially for large biological molecules.14When using the Au-
Te NDBs as the substrate, the SERS spectrum of R6G in Figure
3A represents an enhancement factor of only 48, when comparing
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Figure 2. TEM images of SERS substrates (A) Au-Te NDBs, (B) Au-Te NPPs, and (C) Au PNNs obtained using the developed solution
procedure. (D) HRTEM image of the Au NPs on Au-Te NDBs. The observed lattice spacings from the Au NPs match the spacings of the
Au(111) planes.
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conventional Raman spectroscopy. The small enhancement effect
was due to (a) the small content of Au NPs (present only at the
ends of the NWs) in the as-prepared Au-Te NDBs and (b) the
distance between the pair of Au NPs within each NW being too
large to generate a sufficiently high electromagnetic field.
Nevertheless, this type of structure might be useful in tip-enhanced
Raman spectroscopy (TERS),15 which is a promising tool for
nanoscale chemical analysis. The distances between pairs of
adjacent Au NPs in each Au-Te NPP were shorter (average
distance, ca. 23.0 nm) than those in the as-prepared Au-Te
NDBs. On the basis of the knowledge that extremely intense
local electromagnetic fields can be generated if the distance
between adjacent metallic nanostructures (hot spots) is short,16

we expected the Au-Te NPPs to provide more-intense SERS
signals than the Au-Te NDBs. Indeed, the SERS spectrum in
Figure 3B represents a SERS enhancement factor of 2.2× 106.
This value is similar to that reported from SERS analyses
employing Au nanodisk arrays that had been prepared using
relatively complex on-wire lithography techniques.17 The SERS
enhancements of our Au-Te NPPs are, however, lower than

those of aggregated Au NPs.18The spectrum in Figure 3C indicates
that the largest SERS enhancement factor (5.1× 109) resulted
from the use of Au PNNs, in which the Au NPs were closely
connected within the NWs. The SERS enhancement factor is
much higher than that (1.9× 106) using aggregates of 13 nm Au
NPs and that (2.4× 106) using flower-shaped Ag NPs.19 It has
been suggested that extremely high SERS enhancements can be
achieved when interparticle distances are in the sub-10-nm
range.20 Unlike the situation when using aggregated nanoma-
terials, the SERS signals of R6G from four different batches of
Au PNNs (Figure S2) were reproducible (relative standard
deviation, 9.6% from five runs). Under normal conditions, our
limit of detection for R6G was about 2.5 pM. We predict that
the detection limit would be lower if the SERS measurements
were conducted under optimal conditions (i.e., using an argon
ion laser with emission at 514 nm, although such an apparatus
was unavailable to us).

In summary, we report a simple method for preparing three
different SERS-active substrates. By controlling the reaction time,
the distance between adjacent Au NPs in each NW was tunable,
allowing us to investigate its effect on the SERS signals. With
shorter distances, greater electromagnetic fields were generated,
which therefore led us to achieve extremely large SERS
enhancements (e.g., the Au PNNs, with their multiple hot spots,
provided a reproducible enhancement factor of 5.6× 109). When
using the Au PNNS, it was quite easy to find hot sites for most
of the enhanced SERS signals. Typically, we required less than
2 min to obtain reproducible SERS spectra. We also highlight
the fact that the preparation of these Au PNNs was simple and
reproducible. With their extremely high sensitivity, reproduc-
ibility, and simplicity, it is our belief that the as-prepared Au
PNNs hold great potential for use in bioanalysis.
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Figure 3. SERS spectra of R6G molecules adsorbed onto (A) Au-
Te NDBs, (B) Au-Te NPPs, and (C) Au PNNs. The concentrations
of R6G were 8.5×10-6, 9.5×10-10, and 1.8×10-11M, respectively.
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