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The local electric field enhancement at various regions of an individual nanometre-thin gold
mesotriangle has been demonstrated both numerically and experimentally. This work provides, for the
first time, direct experimental evidence of localized enhancement of Raman signals at three edges of
nanometre-thin gold mesotriangles at single particle level, using Raman microscopy. Raman images
were collected from mesotriangles of ~11 pm edge length and ~30 nm thickness, using adsorbed crystal
violet as the probe molecule. Spatial distribution and the extent of electric field enhancement around
a single mesotriangle are investigated theoretically by finite-difference time-domain (FDTD)
simulations. Confocal Raman studies provided direct proof for the substantial electrical field
enhancement at the edges and corners compared to the face of the mesotriangle. The simulated electric
field enhancement was in the order, corner > edge > surface, which is in complete agreement with the

experimental results.

Introduction

As an extremely sensitive technique enabling the detection of
chemical and biochemical species at single molecule level,
surface-enhanced Raman scattering (SERS)" has been an active
area of research for the past few decades. Enhancement of the
Raman signal occurs principally due to the enhancement in the
electric field felt by the analyte in the vicinity of a substrate,
which is often a nanomaterial. Understanding the origin of
enhancement at the single particles of definite shape is of great
interest since the enhancement of the electric field near it depends
on its geometry. Among the anisotropic nanostructures, the
nanotriangle is extensively used as a model object for theoretical
studies of the electric field enhancement.? To study the shape-
dependent SERS property of a nanoscale object, it is important
to have a quantitative understanding of the electric field
enhancement near the nanostructures. Our research group has
been actively involved in the development of various SERS active
anisotropic nanostructures.?

Theoretical predictions of field enhancement around various
core-shell and simple nanostructures like spheres, spheroids,
rods, triangles, etc. have been reported.* Several methods such as
the multiple multipole (MMP) technique,® finite element,®
boundary element,” and finite-difference methods have been used
for the numerical calculations of electromagnetic fields generated
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around an object. Among them, the finite-difference time-
domain (FDTD) method® has been used extensively because it
has a distinct advantage in handling field-sample interactions.

Surface-enhanced spectroscopies are mainly based on chem-
ical and electromagnetic interactions between the analyte
molecules and metal surfaces. Electromagnetic mechanism® is
considered to be the major factor responsible for the enhance-
ment, which deals with the excitation of localized surface
plasmons of the nanomaterials by the interaction with electro-
magnetic radiation, leading to the formation of ‘hot spots’ where
the intensity of the SERS signals will be maximum.'® Free elec-
tron resonance at the metal surface enhances the electric field.
Due to the increase in the polarization of analyte molecules
sitting in the vicinity of this enhanced local field, the optical
cross-section enhances. This results in the increased intensity of
the Raman scattered light. Since the plasma frequency of the
electron gas for the metals like gold and silver lies in the optical
range, this can generate a highly dispersive dielectric function at
the optical frequencies'' when these metals interact with elec-
tromagnetic radiation. For aggregated nanoparticles, a strong
electric field is expected between the nanoparticles.?

The objective of the present work is to study the extent of
SERS activity at different locations of gold mesotriangles both
experimentally and theoretically. It is known that the sharp edges
and tips of the metallic nanoparticles can exhibit large electro-
magnetic fields.”* The resultant field will enhance the Raman
vibrations of the analyte molecules at these locations. Although
there have been reports on the enhanced electric field of the
nanotriangles and other nanostructures using finite element,
boundary element, finite difference, ezc. simulation methods,>%¢
this is the first study which provides direct experimental and
theoretical evidence for the enhanced electric field at the edges
and corners compared to the faces of a single mesotriangle.
However, it is to be noted that optical spectroscopies and
microscopies at single particle level have been reported in several
publications. We summarize these studies below. Near-field
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microscopic studies of surface plasmons in nanorods, triangular
nanoplates, and aggregated nanospheres have been reported.'*
Using electron energy loss spectroscopy (EELS) and microscopy,
the eigenmodes complementary to the optical surface plasmon
polarization have been studied in Ag nanoprisms.'’ Visualization
of localized intense electromagnetic fields in real space in well-
tailored dimeric and trimeric gold nanospheres has also been
achieved by using near-field optical technique.’® Surface plas-
mon resonance (SPR) and subsequent surface-enhanced Raman
scattering of gold nanoaggregates were investigated with refer-
ence to the availability of hot sites.'* Electric field enhancement
at a nanoscale gap between two metallic nanostructures has
also been reported.’® Using interferometric homodyne tip-
scattering scanning near-field optical microscopy, the selected
vector field components of the local-field distribution of
crystalline triangular nanoprisms have been characterized.”
Electromagnetic mechanism of surface-enhanced Raman scat-
tering has been probed via Au nanodisk arrays generated using
on-wire lithography.'®” Raman scattering from individual gold
nanostars, coated with self-assembled monolayers of 4-mercap-
tobenzoic acid has also been reported.”® Recently, we have
demonstrated experimentally the enhancement of electric field at
the edges of triangular gold superlattice structures, formed by the
assembly of smaller spherical nanoparticles, by Raman
imaging.*®

In order to observe electric field enhancement, Raman images
were collected from a single gold mesotriangle, using crystal
violet (CV) as the probe molecule. Field enhancement at the
edges was investigated theoretically by FDTD simulations.
The dispersive behavior of permittivity has been incorporated by
the Drude model.

Experimental details
Materials

Tetrachloroauric acid trihydrate (HAuCly,-3H,0) and citric acid
were purchased from CDH, India. CV was procured from
Sigma Aldrich. All chemicals were used as such without further
purification. Triply distilled water was used throughout the
experiments.

Synthesis of gold nanoplates

The gold nanoplates were synthesized through a simple citric
acid reduction method. In a typical synthesis, 5 ml of 2.5 mM
citric acid was taken in a sample bottle. Into this solution, 2 ml
of 25 mM HAuCl,; was added. The resultant solution was
kept undisturbed for 50 h at room temperature. It was then
centrifuged at 3000 rpm for 5 min and a sand colored residue
was collected. It was washed thrice with water in order to
remove unreacted ions. The residue was then redispersed
in distilled water for further use. Single mesotriangles, observ-
able under optical microscope were selected for Raman
measurements.

Methods

Scanning electron microscopic (SEM) images and energy
dispersive analysis of X-ray (EDAX) studies were done in a FEI

QUANTA-200 SEM. For the SEM measurements, samples were
drop-cast on an indium tin oxide (ITO) conducting glass and
dried. The optical, Raman and atomic force microscopy (AFM)
measurements were done using a Witec GmbH confocal Raman
spectrometer equipped with a 514.5 nm Ar ion laser with
a maximum power of 40 mW. Several different shapes such as
truncated triangles, equilateral triangles, polygons, efc. were
seen in the as-synthesized plates along with a large number of
triangles. They can be seen using optical microscopy, although
their thicknesses are in nanometre region. For measuring
Raman images, the mesotriangle-coated glass substrate was
dipped in 10-* M CV solution for 1 h. This substrate was then
gently washed with distilled water, dried and mounted on
a piezo-equipped scan stage of the Raman spectrometer to enable
spectral imaging. The signals were then dispersed using
a 600 grooves/mm grating. The back-scattered light was collected
by a 100x objective at an integration time of 50 ms and sent to
the spectrometer through a multimode fibre. The dispersed light
was collected by a Peltier cooled charge coupled device (CCD)
detector. Spectra from various parts of the Raman image were
collected and analyzed. For spectral imaging, the desired area
was partitioned into 15,625 squares (an imaginary 125 x 125
matrix drawn over it), with each square representing a sampling
point and consequently a pixel for the image. Typical signal
acquisition time at each pixel of the image was 50 ms. Intensities
of the desired portion of the spectra collected over all the pixels
were compared by Scan CTRL Spectroscopy Plus Version 1.32
software, to construct a color-coded image. Spectral intensities
acquired over a predefined area were automatically compared to
generate color-coded images. For the simulation, FDTD code
has been developed in MATLAB. Code consists of imple-
mentation of 3D FDTD method in Cartesian coordinates with
dispersion behaviour of permittivity. Simulations have been
performed on a platform consisting of 3.0 GHz Core 2 Duo
Processor of Intel with § GB RAM.

Results and discussion

The characterization of mesotriangles was done by scanning
electron microscopy (SEM) and atomic force microscopy
(AFM). The low magnification SEM image (ESI, Fig. S1t)
indicates that synthesis yields particles of hexagonal, truncated
triangular and trianglular shapes along with few nearly spherical
nanoparticles. Most of these plates have an edge length in the
range 5-12 pm with a thickness of around 30 nm. Even though
the thickness of the triangular plates is less than 100 nm,
we prefer to call them mesotriangles (mesoscopic materials are
characterized by a length scale ranging from 10 nm to micro-
metres®®), since the edge lengths are in the range of several
micrometres. These nanometre-thin mesotriangles were clearly
visible under the optical microscope (ESI, Fig. S1t). Smaller
particles, seen in SEM, were not observed, as expected. Fig. 1A
shows an SEM image of a single gold mesotriangle synthesized
by this method. The corresponding Au Ma based EDAX image
(Fig. 1B) reveals the chemical composition of the mesotriangle
formed. The elemental map confirmed that the triangle is prin-
cipally composed of gold.

The edge length and thickness of the mesotriangle selected for
the Raman study were measured by AFM. Fig. 1C shows the
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Fig.1 An SEM image (A) and the corresponding Au Ma based EDAX
image (B) of a single nanometre-thin gold mesotriangle. (C) An AFM
image of the mesotriangle used for Raman imaging. (D) A line profile
taken along the diagonal of the mesotriangle, marked in C.

AFM image of the mesotriangle used for the Raman measure-
ments. The height profile taken along the line drawn across the
diagonal of the mesotriangle (marked in the image) is shown in
Fig. ID. The profile reveals that the mesotriangle has an edge
length of ~11 pm with a thickness of ~30 nm. Line profile
analysis also shows that the surface of the mesotriangle is not
perfectly smooth, possibly due to the adsorbed smaller nano-
particles.

Fig. 2A shows the Raman image of a CV-adsorbed, single
mesotriangle in the spectral range of 200 to 2000 cm~'. The
Raman image provides a clear picture of the geometry and the
chemical environment around the mesotriangle. In the images,
regions coded yellow have maximum Raman intensities and
regions shown in black have minimum signal intensities. To get
better clarity of the field enhancement at the edges and corners of
the triangle, we selected the prominent Raman features of the
adsorbed CV centered around 1100 to 1700 cm~' alone to
generate the Raman image (Fig. 2B). Interestingly, we found
a difference in the intensity of the Raman signals at various
regions of the mesotriangle. Since edges of mesotriangles are
highly active for electric field enhancement, a larger Raman
intensity at the edges than the surface was observed. Among the
three corners, the intensity of Raman signals collected from
position ‘b’ was slightly lesser than the other two. At the same
time, the Raman intensity was poor at the face of the meso-
triangle. We analyzed Raman spectra collected from various
points over the surface of the triangle and found that the SERS
intensity varies at different locations of the surface. The rough-
ness of the surface may be the reason for the varying SERS
activity at different locations of the mesotriangle surface. It is
known that highly roughened metallic surfaces can act as hot
spots for Raman enhancement.

Raman images were also collected at different depths. The
confocality prevents the fluorescence and the Raman signals
coming from out-of- focal planes to reach the spectrometer.

-
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Fig.2 Raman images of a single mesotriangle acquired by collecting the
intensities in the range of 200-2000 cm~' (A) and 1100-1700 cm~" (B). (C)
Raman spectra collected from the different points marked in B. The
region used for collecting image B is marked in C.

First, the microscope was positioned at the focal plane near to
the surface of the mesotriangle. This was considered as the initial
position. Subsequently, the microscope objective was moved
downwards, in steps, towards the sample surface. Fig. 3 shows
the Raman images collected this way. Each pair of images shown
in Fig. 3 corresponds to the data at distinct depths ranging from
0 to 8 um by a step of 2 um, from the focal plane. Fig. 3A shows
the images created by integrating spectral intensities in the range
of 200 to 2000 cm~'. Fig. 3B gives the data in the 1100-1700 cm™!
window, where the Raman features of crystal violet molecules
are prominent. As the objective moves closer to the sample, we
observed a considerable decrease in the Raman intensities from
the top surface of the mesotriangle, with the triangular frame and
the edges growing in prominence.
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Fig. 3 Confocal Raman images of the gold mesotriangle collected at
different depths. Sets of Raman images at different depths were created
by integrating Raman spectral intensities between (A) 200-2000 cm~' and
(B) 1100-1700 cm~'. Depths at which the images were collected are
indicated. The locations from which spectra are collected are marked
with circles and triangles.

The edges dominate in all the images. We analyzed the Raman
spectra collected from a specific area of the surface (marked by
circles in Fig. 3B) of the mesotriangle at different depths. The
spectra are presented in Fig. 4A. A decrease in the intensity of the
Raman signals, as the objective moves closer to the surface of the
mesotriangle was seen.

An enhancement in the Raman intensities at the edges is
expected because of the increased number of analyte molecules at
the edges than at the top surface in a given cross-section, as the
Raman imaging is being performed normal to the surface plane.
However, this possibility may be ruled out by performing the

Spectra collected at different depths (top surface]
—0fm
08pm
2 —un
< 210
> p
@
=
o220
=
%
1961
1800 1200 6 Dp
Raman shift (cm )
500 B Spectra calacted ot @Merant depthe rdgm)
= 450 e
=3 ——08um
s 08 um
250

1800 1200 600
Raman shift (cm™)

100 &— _©C S Fromthe st

— 80{ \ R
> 604
w A
c 40 L%
— 20_ .—‘."""-».__

01, -

0 8

2 4 6
Depth (um)
Fig. 4 Raman spectra collected from two different areas of the
mesotriangle marked in Fig. 3B, at different depths. (A) From the surface

and (B) from the edge. (C) A plot of intensity of the Raman band
at 1595 cm™! verses the depth, collected from edge and the surface.

depth scan. The signal collected from the edges showed only
a negligible decrease in the intensity at various depths. This
indicates that the enhancement may not be due to the larger
number of analyte molecules sitting at the edges, but due to the
electric field generated at the edges influencing the enhancement
in the Raman intensity. The Raman spectra collected from the
edge of the mesotriangle (marked by triangle in the Fig. 3B) at
various depths are presented in Fig. 4B. A plot of relative spectral
intensity at different depth collected from the top surface and
edge of the mesotriangle (positions are marked in Fig. 3B) is
presented in the Fig. 4C. A drastic decrease in the intensity at the
surface compared to the edge is clear in the graph. Despite this,
the concentration effect cannot be completely disregarded. By
optical microscopy, it will be impossible to select nanometre thin
sections and so, confocal imaging alone is inadequate to judge
the concentration effects. Nevertheless, the intensity enhance-
ment is non-uniform at different edges, although concentration is
expected to be uniform in view of the similar thickness. However,
the presence of distinct enhancement at the edges in the images
and the near-complete absence of the spectrum from the top
surfaces (Fig. 2C) suggest that difference in enhancement and not
concentration is the dominant factor. In order to interpret the
observed results, we have simulated the local electric field
enhancement around the mesotriangle using the FDTD simula-
tion method.

This journal is © The Royal Society of Chemistry 2010

J. Mater. Chem., 2010, 20, 2108-2113 | 2111



Simulation

In FDTD simulations, Maxwell’s equations are discretized in
time and space and differentiation operators are replaced by
difference operators.® In order to incorporate dispersion behavior
of the metal, there have been several models, of which we have
used the Drude model for the simulation of field enhancement.
In this, permittivity of the particle is described! by:

2
“p

()

)
where ¢, is the dielectric constant far above the plasmon
frequency, wp is the plasma frequency and vyp is an intrinsic
damping parameter. To facilitate calculation and due to the
memory consuming behavior of FDTD, we have used the auxil-
iary differential equation (ADE) method.? We have used the total
field scattered field (TFSF) technique in order to apply plane wave
condition for the incident field, also Mur boundary condition has
been used as an absorbing boundary condition (ABC).? We
have used parameters for gold by fitting the model parameters
with experimentally measured values,®* in which ¢, = 5.3983,
wp = 1.3978 x 10' radls, and vyp = 1.0334 x 10" radls.

As per the measurement, the incident light comes from the
laser to the optical fiber. Light at the sample surface is randomly
polarized. For better comparison between the simulation and the
experiment, random polarization should be considered. In order
to implement effect of random polarization, simulation has been
done for two orthogonal polarizations (0° and 90° polarization
of electric field). As the system of equations governing the system
is linear, it can be easily shown that the result of random
polarization excitation is a superposition of two orthogonal
excitations:

(1) = 2{EG | + |E3o-l} (@)

Incident wavelength is 4o = 514.5 nm. The structure which has
been simulated is depicted in Fig. 5(I) and 5(II) in x-y and x-z
cross sections, respectively. The simulation has been performed
to get the intensities from various points marked in Fig. 5(I).
Raman signals from the respective points were also analyzed to
validate the simulated results. For the theoretical calculation, we
have selected a gold nanotriangle with an edge length of 100 nm
and height of 20 nm, which is placed on the glass substrate with
refractive index, n = 1.5.

Fig. 5(III) and (IV) show the electric field distributions around
gold layer at the vicinity of air—substrate interface for 0° and 90°
polarization of electric field, respectively. The first simulation
was done without a nanotriangle on the substrate, next the
simulation was repeated in the presence of a nanotriangle for two
polarizations. In each case, values of electric field have been
normalized to that obtained from the gold free layer. Zero indices
of electrical field indicate gold free simulation.

As can be seen from Fig. 5, field enhancement in 0° polariza-
tion are at points B and C and in 90°, they are at A, B and C. The
results are in good agreement with the literature.?* Experimen-
tally obtained results are also showing the same kind of field
enhancement at the edges and corners. Fig. 6(I) demonstrates
temporal evolution of superposed intensities of optical field at
the three corners (A, B, and C), side (D) of triangle and one point

Air I Air II

Fig. 5 X-Y (I) and X-Z (II) cross sections of the simulated structure.
JETE
VES+Ey

layer and substrate for 0° (III) and 90° (IV) polarization of electric field.

Normalized electric field, distribution on the vicinity of gold

on the glass substrate (E) for two distinct polarizations of electric
field. Intensities are obtained by superposition of electric fields at
two polarizations according to eqn (2).

Fig. 6(I1) depicts superposed (between 0° and 90° polarization
of excitation) intensity distribution versus distance from glass for
the same points of Fig. 5(I). Zero point indicates the gold-glass
contact point. According to this figure, the intensities have the
highest values at the glass-gold and air-gold vicinities, respec-
tively. From these results, it may be said that the intensities are
largely enhanced at the corners and to a lower extent, at the
edges. Enhancement of the intensity on the face of the nano-
triangle is found to be less than at the edges and corners. The
electric field is enhanced mostly at the corners. To verify the
theoretical results, we analyzed the Raman spectra collected
from various points from the triangle (ESI, Fig. S2t). The spectra
showed an increased intensity at the corners and edges than the
face of the mesotriangle. A plot of the Raman intensities (ESI,
Fig. S2t) of the peak centered at 1595 cm™! collected from the
mesotriangle clearly shows the difference in the field enhance-
ment at various points. The Raman intensity was almost zero at
the surface of the glass plate. The intensity was maximum at the
corners of the triangle. The order of field enhancement, namely,
corner > edge > surface, is in accordance with the theoretical
results (ESI, Fig. S2+).

Conclusions

In conclusion, we studied the local electric field enhancement at
the various regions of isolated gold mesotriangles, both experi-
mentally and numerically. Confocal Raman studies showed
a substantial enhancement in the electrical field at the edges and
corners compared to the face of the mesotriangle. We have
performed FDTD simulations to find the spatial distribution
and the extent of electric field enhancement around a single
nanotriangle. Simulations have been done for two orthogonal
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(I) Temporal evolution of superposed (between 0° and 90° polarization of excitation) intensities in the vicinity of substrate and the gold

nanotriangle. Solid lines indicate the mean value (A, B, C, D, and E are same points indicated in Fig. 5(I)). (II) Superposed (between 0° and 90°
polarization of excitation) intensity distribution versus distance (A, B, C, D, and E are the same points indicated in Fig. 5(I)). Zero points indicate

gold-glass contact point.

polarizations (0° and 90°) and the results are in good agreement
with the experiments. The electric field enhancement was in the
order corner > edge > surface. Though there are plenty of
theoretical predictions on the filed enhancement around trian-
gular nanoparticles, we provide theoretical results and experi-
mental evidence simultaneously for the first time by performing
FDTD simulations and single particle Raman imaging.
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