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A comparative study of the surface-enhanced Raman scattering (SERS) effect of the spherical
gold nanoparticles (NPs) and highly uniform and oriented gold nanotriangles (NTs), anchored on
indium tin oxide (ITO) coated conducting glass surfaces is reported. Contact and non-contact mode
atomic force microscopic (AFM) analyses conﬁrmed that all the triangles observed are equilateral
and uniformly stacked. The NTs-coated ITO exhibited intense near-infrared (NIR) absorption and
showed an extremely strong SERS activity than the spherical NPs. The NTs showed a very good
SERS enhancement factor on the order of 4 × 108 . The results are interpreted in terms of the
increased density of hot spots on the NTs-coated surface.

Keywords: Gold Nanotriangles, ITO, Seed-Mediated Method, Atomic Force Microscopy,
SERS.

1. INTRODUCTION

∗

Author to whom correspondence should be addressed.

J. Nanosci. Nanotechnol. 2009, Vol. 9, No. xx

2. EXPERIMENTAL DETAILS
Tetrachloroauric acid trihydrate (HAuCl4 · 3H2 O), cetyltrimethylammonium bromide (CTAB), ascorbic acid, sodium
citrate and crystal violet (CV) were purchased from CDH,
India. Aminopropytrimethoxysilane (APTMS) and sodium
borohydride (NaBH4 ) were purchased from Aldrich. Optically transparent ITO with a resistivity of 70 /cm was
used throughout this work. All chemicals were used as
such without further puriﬁcation. Triply distilled water was
used throughout the experiments.
The ITO glass slide of dimensions 1 cm × 2 cm were
washed with a mild detergent solution, ethanol and ﬁnally
with pure water. It was then soaked in 10% HCl solution for activation, washed with water and dried under a
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Surface-enhanced Raman scattering has attracted considerable attention due to its unique advantages over other
surface characterization techniques.1 It is a powerful analytical tool for obtaining vibrational information of molecules
on metallic substrates. SERS can be exploited for sensitive and selective molecular identiﬁcation and is being
extensively used for biological and chemical sensing.2
The SERS phenomenon is often explained by the electromagnetic and chemical enhancement mechanisms.3 The
chemical enhancement mechanism involves charge transfer excitation4 between the analyte molecules and the metal
particles, whereas the electromagnetic mechanism is dominated by plasmon excitation leading to hot spots5 around
nano-sized metal particles by an increase in the local
optical ﬁeld. The magnitude of electromagnetic enhancement is highly dependent on the plasmon absorption of
the substrate. The enhancement of a given electromagnetic
ﬁeld in the proximity of a nanoparticle critically depends
on the size, shape and orientation of the nanoparticles.
Gold NTs are a promising class of nanomaterials for
the SERS study because of strong enhancement of electric ﬁelds at the vertices.6 In order to fabricate SERS
based reliable and reproducible functional materials and
devices, it is necessary to have a periodic and ordered
assembly of these nanoparticles on solid planar substrates.

Several strategies have been employed for the fabrication
of triangular metal nanoparticles onto planar surfaces such
as nanosphere lithography,7 seed-mediated method,8 galvanic displacement reactions,9 sputter deposition and thermal vapor deposition.10 Here we adopted a method reported
from our group11 for making highly SERS active and oriented gold NTs array on ITO surfaces. These NTs-coated
substrate exhibited high NIR absorption also. In this paper
we have provided a comparative study of the SERS activity
of the NTs-coated ITO as well as NPs immobilized ITO
surfaces. The results show strong SERS activity of NTs
over NPs.
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3. RESULTS AND DISCUSSION
The NTs were synthesized on the ITO plate as described
in the experimental section. The characterization of these
NTs was done by optical absorption measurements, AFM,
SEM, optical microscope and XRD (details are presented
in Ref. [11]). Figure 1 shows the UV-vis spectra of the
AuNPs (trace A) and NTs-coated ITO (trace B). The
NPs-coated substrate exhibited an absorption maximum
2
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stream of nitrogen. These plates were annealed at 400  C
for 8 h and cooled in a desiccator. The glass slides were
dipped in 30 mM APTMS solution in methanol for 1 h.
Afterwards, they were washed with methanol and water in
sequence and kept at 100  C for 1 h.
Spherical gold nanoparticles were synthesized by
NaBH4 reduction method.12 The silanized ITO plates were
immersed in gold nanoparticles seed solution for 20 min.
It is then washed and dried. The seed immobilized substrate and an identical blank ITO glass plate were kept
at 5 mm apart such that the conducting surfaces faced
each other and were connected to the −ve and +ve terminals of a DC power supply. The distance was maintained using a Teﬂon® spacer. A potential of 110 mV was
applied between the plates. The area of contact of both
electrodes in the growth solution was ﬁxed at 1 cm2 . The
growth vessel was kept inside an ice bath throughout the
process. 20 mL, 100 mM CTAB solution was added and
kept for 3 min. After this, 900 L, 10 mM HAuCl4 · 3H2 O
was added followed by 100 L, 100 mM ascorbic acid.
The set-up was allowed to stand undisturbed for 1 h. After
the completion of growth, the substrate was taken out,
washed using distilled water and was characterized. The
edge length of the as prepared NTs was found to increase
by introducing excess amount of Au3+ (100 l, 10 mM)
and ascorbic acid (100 l, 100 mM). Experiments were
also carried out after varying the parameters, as described
in the text. For the SERS studies, we prepared the crystal
violet solution of various concentrations in water.
Atomic force microscopy (AFM) and Raman spectroscopy were conducted using AFM-CRM 200 spectrometer of WiTec GmbH. Scanning electron microscopic
(SEM) images were taken in a FEI QUANTA-200 SEM.
For the vibrational characterization, the substrate was
mounted on the sample stage of a confocal Raman microscope (CRM). The spectra were collected with 514.5 nm
Ar ion laser. The beam size used was <1 m. The backscattered light was collected by a 60× objective and sent
to the spectrometer through a multimode ﬁbre. Data from
liquid droplets were collected with a liquid immersion
objective. UV-vis-NIR measurements were done using a
Varian 5E spectrometer in the range of 200–2500 nm.
XRD data were collected with a Shimadzu XD-D1 diffractometer using Cu K radiation ( = 154 Ǻ). The samples
were scanned in the 2 range of 10–90 degrees.
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Fig. 1. UV-vis spectra of NPs-coated ITO (trace A) and NTs-coated
ITO (trace B) prepared using 10 mM Au3+ after 1 h growth.

at 520 nm, which is due to the surface plasmon resonance
(SPR) of spherical gold nanoparticles. The broad peak in
the NIR region and that at 540 nm of the NTs-coated
substrate (trace B) are attributed to in-plane13 and out of
plane6 13 SPRs of NTs. The quadrupole resonance13 of the
NTs was observed as a broad band at 730–800 nm.
We analyzed the sample in the non-contact mode AFM.
Figures 2(A) and (B) are the respective large area topographic and phase contrast mode AFM images of the NTs.
The image shows that a large number of NTs are formed
on the ITO after 1 h of the reaction by applying a potential of 110 mV. From the height proﬁle analysis (inset
of Fig. 2(B)) it is conﬁrmed that the NTs are ∼375 nm
in length and have a thickness of ∼20 nm. We have done
a range of control experiments to understand the various
factors important in this process.11 From these observations, we came into a conclusion that the temperature and
the applied potential play important roles in the formation of the NTs. We optimized the experimental condition
in order to yield oriented equilateral NTs.11 Figure 2(C)
shows the contact mode AFM image of the NPs-coated
on the ITO surface. The NPs were slightly aggregated on
the surface of ITO. The ﬁve diffraction peaks of face centered cubic (fcc) gold, (111), (200), (220), (311) and (222)
are observed in the XRD (Fig. 2(D)) of the NTs-coated
ITO. The intensity ratio of the (111) to (200) peak in the
XRD pattern of nanoplates was higher than the bulk value.
This result suggests that the Au nanoplates are rich in
(111) planes and are lying ﬂat on the surface, as seen in
AFM. Peaks other than (111) are seen as the X-ray looks
at a larger region where other nanostructures could also be
present.
The SEM image of the NTs formed on the ITO surface after 1 h growth is shown in Figure 3(A). The SEM
images taken from various areas of the ITO show the
presence of NTs, which are stacked one over the other.
Because of the large edge length to thickness ratio, the
J. Nanosci. Nanotechnol. 9, 1–5, 2009
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Fig. 2. The large area non-contact mode topographic (A) and phase (B) AFM images of NTs formed on ITO after 1 h. The height proﬁle of one NT
along the dashed line in A is shown in the inset of B. (C) Contact mode AFM image of the NPs-coated ITO and (D) X-ray diffraction pattern of NTs
formed on ITO after 1 h growth (1). The intensities from a polycrystalline sample are shown as the stick spectrum (2), taken from the standard XRD
data ﬁle. The patterns are normalized to the (111) diffraction.

NTs often appeared in a fused state. But they maintained
their stacking property. NTs when grown to larger size by
the treatment with excess Au3+ and ascorbic acid could
even be imaged with optical microscopy (Fig. 3(B)).
In order to demonstrate the high SERS activity of the
NTs, we conducted a comparative study of the SERS activity of the NTs and a monolayer assembly of Au@citrate
NPs of the size >20 nm, synthesized by the Turkevich
method.14 The SERS property was investigated using crystal violet molecules. We measured the SERS spectrum at
various concentrations of CV adsorbed on NTs and NPs.
In the typical experiment, 10 L of CV solution of various concentrations was drop-casted on the substrate. In
the case of NPs-coated substrate, a solution of 10−6 M CV
showed a distinct SERS spectrum, which contains all the
vibrations characteristics of CV molecules.
At a lower concentration, beyond 10−6 M, no distinct
Raman signals were observed. At 10−7 M CV, the spectrum
J. Nanosci. Nanotechnol. 9, 1–5, 2009

was looking almost similar to that obtained from blank
ITO. Figure 4(A) shows the SERS spectra taken at various
concentrations of CV spotted on NPs-coated ITO. But in
the case of NTs-coated substrate, it was found that even
at a concentration of 10−10 M, the CV molecules adsorbed
on NTs showed well deﬁned Raman features (Fig. 4(B)).
We repeated the same experiment using a blank conducting
glass and drop-casted 10 L of 10−10 M CV. There were
no signals observed at 10−10 M of CV adsorbed on a blank
ITO plate. Even at 10−8 M of CV, no distinct Raman signals
were observed from the blank ITO. The SERS enhancement factors were calculated15 for CV molecules adsorbed
on the NTs and NPs and the values were of the order of
∼4 × 108 and ∼5 × 104 , respectively.
It is known that the highly localized plasmon modes
could be generated at the interparticle spacing between
the NPs.16 These sites are often referred to as “hot spots.”
3
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Fig. 3. (A) SEM image of the NTs formed on the ITO surface. The
stacking of the NTs is clear in the image. (B) An optical image of larger
uniform NTs grown on ITO.

The reason for the enhancement of the observed spectral
characteristics of the CV molecule is the conﬁnement of
the molecules in these hot spots of the nanostructures.
In the case of NTs, they are well stacked and each triangle is close to each other so that inter-particle spacing
will be less. This creates large number of hot spots. The
molecules sitting in close proximity to these sites experience an exceptionally large electromagnetic ﬁeld. These
large electromagnetic ﬁelds at the hot spots of the NTs act
as optical traps for the CV molecules and yield enhanced
scattering signals. SERS property also depends on the
shape of the nanoparticles.17 The large ﬁeld enhancement
at the tips of each triangle also increases the SERS activity.
In the case of spherical NPs, they are randomly distributed
on the substrate. Since these are monolayers, the probability of two particles to come closer will be comparatively
less. It is established16 that increase in the inter-particle
separation distance results in decrease in the SERS intensity of the analyte molecules. Therefore, the number of hot
4
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Fig. 4. The SERS spectra of CV solution of various concentrations
adsorbed on (A) NPs-coated ITO and (B) NTs-coated ITO.

spots will be relatively less in the NPs assembly than in
the stacked NTs.

4. CONCLUSIONS
In conclusion, we have demonstrated the high SERS activity of the uniform and oriented equilateral gold NTs
synthesized on ITO surface via an electric ﬁeld assisted
seed-mediated approach. Shape effects of gold nanoparticles on SERS properties were investigated and found that
NTs show an extremely strong SERS property than the
spherical NPs. The SERS enhancement factor is calculated for both NTs and NPs, which was very high in the
case of NTs. The NTs were characterized by UV-vis NIR
spectroscopy, SEM, AFM and XRD. These NTs would
have promising applications in surface enhancement spectroscopic methods, infrared ﬁlters and biosensors.
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