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Effect of shape and interstice on surface
enhanced Raman scattering (SERS) of
molecules adsorbed on gold nanoparticles in
the near-dipole and quadrupole regions

T. Abdallah,® T.A. El-Brolosy,> M. B. Mohamed,® K. Easawi,® S. Negm®
and H. Talaat®*

Surface enhanced Raman scattering (SERS) of adsorbed molecule on colloidal gold nanoparticles of different shapes, namely
nanospheres (NSs), nanorods (NRs), and nanoprisms (NPs) as well as the three NPs arrays of different interstice prepared by NS
lithography, are studied with incident wavenumbers in the near-dipole and near-quadrpole regions of the nanoparticles. In
the colloidal gold nanoparticles, the SERS enhancement is the largest for the sharp tip followed by the truncated tip NPs, then
the NRs and least enhancement for the NSs. This decreasing order of enhancement occurs although the incident wavenumber
was near the dipole resonance of NSs and the quadrupole resonance for the NPs. These varied enhancements are explained
in part as due to the binding energies of the nanocrystal facets, but the larger contribution results from the plasmon
electromagnetic fields. A parallel finite difference time domain (FDTD) calculations were carried out, which corporate the
experimental results and show agreement with ratios of the SERS enhancement for the different shapes. The normalized SERS
intensity for NPs of different interstice distances show a sharp rise with the decrease of the interstice distances because of
interparticle dipolar and quadrupolar coupling as evidenced also by FDTD calculations. Furthermore, these calculations show
that the enhancement is polarization independent for an incident wavelength near quadrupole resonance but polarization
dependent for an incident wavelength near the plasmon dipole transition. In the last case, the enhancement is larger by an
order of magnitude for a polarization parallel to the NPs bisector than for polarization normal to the bisector with no hot
spots for the relatively large interstice dimensions used. Copyright © 2012 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.
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oscillations of metal electrons in resonance with incident light at
a certain wavenumber.'" These resonances are functionally
dependent on the shape (geometry) and size of the metal nano-
particles.'? Although there is a wealth of experimental and
theoretical studies'*2® to account for the geometry of these
metallic nanoparticles, there are few studies in the literature that

Introduction

Since the discovery more than 3decades ago, of surface
enhanced Raman scattering (SERS) of molecules adsorbed on
specially prepared metal surfaces, the plasmonic nature of the
enhancement has been formulated to account for this process.

In such an enhancement, the spectra of molecules show intensi-
ties that can increase up to 14 orders of magnitudes!? of what is
excepted (in the absence of these substrates). This enhancement
allows the possibility for single molecule spectroscopy™®=® which
has a great impact in other fields of biology and medicine, in
addition to the fundamental spectroscopic studies of the mole-
cules. It is generally accepted that this plasmonic-induced
enhancement accounts for up to 12 orders of magnitude!”
and others like chemical effects may account for the other
enhancements. These large plasmonic enhancements are caused
by the resonant surface plasmons associated strong electromagnetic
(EM) fields in the metallic nanostructrures substrates. The extensive
observations of SERS of molecules on metal island films (~5 nm)®
and on silver and gold aqueous colloidal solutions' have
shown that SERS is truly a nanostructure phenomenon that
depends on localized surface plasmon resonances rather than
surface effect."” These localized surface plasmons are coherent

are concerned with the comparison of the enhancement because
of different shapes. Discrete dipole approximation (DDA) calcula-
tions have been used to investigate the EM enhancement
induced by optical excitation of localized Surface Plasmon Reso-
nance (SPR) of isolated Ag monomers and dimmers.2? On the
other hand, experimental evaluations of the EM enhancement
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involved in the surface enhanced ‘resonance’ Raman scattering be-
cause of Ag monomers, dimmers, trimmers, and tetramers nano-
particles were reported and compared with the corresponding
finite difference time domain (FDTD) calculations.*” There is still
a need for experimental comparison of the enhancement because
of different shapes in the ‘non-resonance’ Raman scattering and in
the near dipole and/or quadruple resonance region of the Au nano-
particles.”® In this ‘non-resonance’ Raman region, the chemical
enhancement in SERS may play a significant role in the enhance-
ment*”! The recent advances in chemical synthesis'®® as well as
in nano-lithography®” techniques have made it possible to
perform such comparison. Colloidal particles of shape homogene-
ity are appropriate systems for studying the effects of the shape
of the metal nanoparticles on the SERS. As nanospherical metal par-
ticles are transformed into nanorods (NRs) or triangular nanoprisms
(NPs),%3?! the surface plasmon resonances are strongly affected,
typically red-shifting, and even splitting into distinctive dipole
and quadrupole plasmon modes”® On the other hand, nano-
sphere (NS) lithography and electron beam Iithography[33] can be
employed to produce more uniform geometry nanoparticles with
controllable size and interstice distances.

In this study, we first demonstrate the effect of the shape of the
colloidal gold nanoparticle on surface enhanced ‘non-resonance’
Raman scattering of cetyltrimethyl ammonium bromide (CTAB)
acting as surfactant. Therefore, gold nanoparticle of three different
shapes, namely, NSs, NRs, and NPs of sharp and truncated tips have
been investigated to determine the best effective nanoparticle
shape for SERS. Second, we study the SERS for pyridine molecule
adsorbed on three different sizes of NPs in array structures
prepared by NS lithography (NSL) at varying interstice spacing.
Third, a parallel computational study was carried out to calculate
the electric field intensity distributions, using FDTD, to corporate
our experimental results of SERS response of different shapes and
the variation of SERS with NPs interstice spacing.

Experimental
Preparation of colloidal gold nanoparticles of different shapes

Gold nanoparticles of different shapes have been prepared using
the seed mediated growth method®***! to prepare metallic
nanoparticles of different shapes; NSs, NRs, truncated, and sharp
NPs in aqueous solution. The different shape colloidal gold
nanoparticles are prepared using CTAB as a capping material.
Gold NSs were prepared by reducing gold ions using Sodium
borohydride. Gold NRs and NPs were prepared via seed-mediated
method as described and developed by El-Sayed et al*® and
Murphy et al®”’ but with our little modification in order to
obtain sharp prism and truncated prism. In a typical method,
CTAB-stabilized gold nanoparticles (seed crystals) were prepared
by reduction of 5-ml solution containing 1-mM HAuCl, and 0.2-M
CTAB with 1.2 ml of ice cold aqueous 0.01 M NaBH,4, whereas 5 ml
of an aqueous growth solution containing 0.2-M CTAB, 70 pl
of 4-mM AgNO;, and 1-mM HAuCl,.3H,0 in a test tube. Addition
of the CTAB produced a color change from yellow to brown-yellow
suggesting the presence of legend-substituted anions such as
CTAB-AuU" complex, 50 pl of 0.1-M L-ascorbic acid was added and
followed by addition of specific volume of the seed crystals
solution, were added to the test tube and left without any
disturbance. The color of the solution gradually changed within
30-60 min. The key parameter to obtain different shapes of gold
NRs, sharp prism, and truncated prism is the amount of Silver ions

added and the pH of the solution. For all the chemically synthesized
nanoparticles, a droplet of the solution containing the particles was
dispersed on the sample holder for scanning tunneling microscope
(STM), OMICRON system. After drying in air, they were studied by
operating the system in ultra-high-vacuum, (4 x 10" Torr) at room
temperature. All samples prepared and used for SERS measurement
have the exact same gold ions concentration (1 mM). For the micro-
Raman measurements, the droplets was deposited on microscope
slide and extra care was taken to have the same volume of the
colloid before the evaporation of the solvent and the incident
beams of the same cross-section area. SERS was performed using
HORIBA JOBN YVON Ramanor HG2S spectrometer equipped with
a micro-Raman attachment and Ar* laser excitation 514.5 nm.

Nanosphere lithography (NSL)

Three different periodic arrays of gold NPs were prepared using
NSL method with spheres of three different diameters®83'3% to
examine the effect of interstice distances on SERS. Quartz slides
were used as the substrate and were cleaned in a piranha solu-
tion 3:1 H,S0,4:30% H,0, at 80 °C for 1.5h. A 5-ul polystyrene
(PS) sphere suspension solution was deposited on the quartz
slide, the substrate was slowly immersed in distilled water. A
monolayer of PS spheres was formed on the surface of the water.
One drop of 2% dodecylsodiumsulfate surfactant was then
added to the water and an ordered monolayer of PS spheres
was formed. After deposition, the PS spheres were removed by
sonication in absolute ethanol. The NSL generated arrayes
were also investigated using high resolution scanning electron
microscopy JEOL 4000EX, as well as the OMICRON STM system

Measurements

The STM images of colloidal gold nanoparticles of different
shapes are shown in Fig. 1 (a—d), the images show that the diam-
eter of gold NSs is ~20 nm, the gold NRs are of length 38 nm and
width 20 nm, the truncated and sharp tip gold NPs are of bisector
12 and 14 nm, respectively. The UV-visible absorption spectra for
the colloidal prepared samples have been obtained using Ocean
Optics USB 2000 spectrometer. The absorption was recorded
within the appropriate scan range from 190 to 1100 nm. Fig. 1 (e)
shows the absorption spectra for the four shapes of nanoparticles
as indicated. The plasmon dipole absorption peak for gold NSs
occurs at about 535 nm. The diople and quaderupole modes for
NSs are not dintinguishable from one another.*” It is noticed
that this peak has a resemblance in all the shapes used but with
much reduced intensity. These reduced peaks in the case of NPs
are assigned to the presence of a largely reduced number of the
NSs that are formed concomitantly and mixed with higher multi-
poles of the modulated shape nanoparticles. The rod-shaped
gold nanoparticles absorption spectrum shows two absorption
bands, the first peak is at 535 nm because of coherent electronic
oscillation along the width of the rods (transverse plasmon diople
mode). The second absorption band, that appears at 712nm s
caused by the oscillation of the free electrons along the rod axis
(the longtudinal plasmon diople mode). This second peak is
generally much more intense than the first and has been normally
used for SERS and other enhancement of optical phenomena.
The relatively larger than excepected intensity of the transverse
mode is caused by the same dimensionality of the NRs diameter
and the residualy formed NSs diameter. The sharp-tipped gold
NPs have their corresponding peaks at 535, 615, and at 705 nm
and the truncated tip NPs have their peaks at 535, 593, and
730nm. The first peak in each spectrum of NPs is assigned as
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Figure 1. STM images of gold nanoparticles different shapes (a) NSs, (b)NRs, (c) truncated tip NPs, and (d) sharp tip NPs. (e) The optical absorption of
collide gold nanopaarticles of different shapes. This figure is available in colour online at wileyonlinelibrary.com/journal/jrs

mentioned before, to the residual NSs mixed with the out of plane
quadrpole of NPs, the second peak to the in-plane quadrupole, and
the third peak to the in-plane NPs diople.*"! The in-plane dipole
plasmon results from the electron cloud moving parallel or antipar-
allel to the incident field, whereas the quadrupole results from part
of the electron cloud moving parallel and the other part moving
antiparallel. It is noticed that the in-plane quadrupole peak for the
truncated tip NPs is blue shifted, whereas the dipole is red shifted
relative to the sharp tip NPs. This is because of the electron cloud
density changes across the particle surface.*?! The ability to resolve
these modes (quadrupole and dipole) in the case of NPs is a result
of their strong anistropicity.

The STM measurements for NSL prepared NPs arrays are
presented in Fig. S1(a), which show that the NPs are of bisectors
60, 80, and 100 nm with an interstice (center to center) given by
103, 144, and 200 nm, respectively. Fig. S1(b) shows the high resolu-
tion scanning electron microscopy images for the first case, whereas
the other images are given in the supporting information Fig. S2.

Results and discussion

Surface enhanced Raman scattering spectra of CTAB acting as
surfactant on the colloidal gold nanoparticles are shown in Fig. 2

for the four different shapes used. The SERS were measured at an
incident Ar* line 514.5 nm that is near to the dipole resonances of
the NSs, the transverse modes of NRs, and the out of plane
quadrupole of the NPs. The measured spectra are in a good
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Figure 2. Raman spectra of CTAB as surfactant for collodial gold nano-
particles of different shapes indicated in Fig. (1).
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Figure 3. FDTD for field intensity around gold nanoparticles (a) NS, (b) NR, and (c) sharp NP for an incident wavelength 514.5 nm near the dipole
of the NS, the transverse dipole for NR, and out of plane quadrupole of NP at the indicated polarization. This figure is available in colour online at

wileyonlinelibrary.com/journal/jrs

agreement with the regular Raman spectrum for CTAB.**! The
enhanced peaks are highest for the sharp-tipped NPs, followed
by the truncated NPs and NRs. At a clearly less SERS intensity is
the spectrum for the NSs in spite of the fact that the incident radi-
ation is near-resonance to the NSs plasmon dipole. The variation in
the enhancement may be explained by considering first the chem-
ical reactivity of the different crystal facets at the end of the growth
process. Because in these near dipole and near quadruple reso-
nance plasmon coupling of the nanoparticles and non-resonance
Raman scattering of CTAB, chemical enhancement becomes
an important issue and may be comparable with the EM
enhancement. Second, the geometric effects represented by the
ratio of surface area to volume (S/V) per unit volume for each shape;
NSs, NRs, and NPs, which would eliminate the size effect. Third, the
EM enhancement due to plasmonic field distribution of the three
shapes, which can be calculated using FDTD.

It is known that CTAB having halide ions would bind to the gold
surfaces via the Br, with binding energies that scale with
[{111} > {110} > {100}1.”** It is also known that the growth direction
of the NRs is [100] with the {110} facet along their length, (absent in
the case of NSs), which would result in a larger binding of CTAB to
the NRs than the NSs, leading to a larger enhancement. In the case
of NPs, the {111} crystal facet compose the broad triangular faces of
the NPs while they lie at the end of the NRs.!**’ Furthermore,
I' (which was proved to be present in commercial CTAB®) has great
affinity to the {111} facet, that in addition to the strong binding of
CTAB to the {112} that composes the sides of the triangular NPs*®
would result in a better enhancement of NPs than NRs. These taken
together would partly explain the observed variation of
enhancement because of chemical effects with the morphology
of the nanoparticles. As for the other channel of the enhancement
because of surface area, the S/V ratio per unit volume was calcu-
lated for our nanoparticles samples and stands as 6.56, 5.20, and
4.84 for the NPs, NRs, and NSs, respectively. These decreasing
ratios, in addition to the aforementioned arguments, may
elucidate the observed scaled SERS for the different shape nano-
particles in addition to the surface plasmon EM fields discussed
in the following.

The contribution of surface plasmon field enhancement in
SERS was estimated using FDTD calculations version 7.5.3.14¢!
These calculations would determine the field intensity distribu-
tion in and around the three nanoparticles shapes, NSs, NRs,
and the sharp tip NPs of the same dimensions as those measured
by STM. In order to compare with the experimental results, the

calculations were carried out for an incident wavelength
514 nm, for two polarizations, one along a particular axis of sym-
metry and the second normal to it. The computed FDTD results
are shown in Fig. 3, where the highest field intensities are 13,
18.2, and 22 for NSs, NRs, and for NPs, respectively. As expected
for NSs, there is no change in the field intensity of the two normal
polarizations because of symmetry. However, in the case of NRs
with the polarization along the length of the rod (longitudinal
plasmon), the field intensity (28) is double that for polarization
across the diameter (transverse plasmon) (14) (see Fig. 3) (see
the supporting information for the other polarization Fig. S3),
although the incident wavenumber is closer to the transverse
mode resonance. The aforementioned values are almost an order
of magnitude smaller than the computed values for silver
nanoparticles reported in reference,”” using discrete dipole
approximation. In the case of NPs, the field enhanced intensity
is localized at the tips of the prisms that is parallel to the polari-
zation direction. Accordingly, the ratio of the increase in the SERS
effective field (E*) for the NPs to that of the NSs is 2.42, whereas
for NRs to NSs is 1.77. These FDTD results are in a reasonable
agreement with our experimental observation which gives these
ratios as 2.86 for the sharp NPs to NSs and 1.96 for the ratios of
NRs to NSs. The fact that the experimental values are larger than
the calculated ones is because of the presence of the binding
energies of the different shapes facets as discussed earlier. It is
to be noticed that the calculations using FDTD version 7.5.3 for
the field intensity distribution is a sum over all the multipoles
and does not differentiate the contribution for each multipole
separately.

The gold NPs fabricated by NSL technique of bisectors 60, 80,
and 100 nm with an interstice (center to center) given by 103,
144, and 200nm, respectively, were employed to investigate
the effect of the interstice separation on the SERS enhancement.
In this case, we applied pyridine molecules on the NPs structures,
so we can study only the effect of interstice distances on the
enhancement separate from the role played by chemical activity
of the surface facets. The SERS spectra of pyridine molecules
adsorbed on the gold NPs with the three different interstice
separation as indicated, together with the Raman spectrum of
bulk pyridine are shown in Fig. 4. The pyridine wavenumber at
749 and 651cm™ were used to measure the SERS intensities
which show decrease with increasing the separation. To
eliminate the size effect of the NPs, we divided the interstice
distance d by half the bisector a of the prisms and plotted In Isgrs
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Figure 4. The Raman spectrum of pyridine adsorbed on NPs of different
bisectors 60, 80, and 100 nm as indicated.

against d/a (Fig. 6 solid lines). The plots show an accelerated
decrease in intensity with separation that is characteristic of the
interaparticle multimodal coupling that is responsible for the
enhancement.*” The corresponding calculations by FDTD at an
incident wavelength 514 nm, near the NPs out of plane quadru-
pole resonance, and polarization along the bisector (to simulate
the experimental results), together with polarization normal to
the bisector are shown in the left panel of Fig. 5. The field
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intensity is localized at the NPs tips parallel to the polarization
in each case. These fields are mainly a result of the add mixture
of the dipolar and quadrupolar modes with less effect of the
former. The localization of the maximum enhancement on the
prism tips is also in agreement with the calculations in refer-
ence,* where they found the maximum enhancement either
close to or on the particle, for separation larger than 6 nm.
The resulting variations of SERS intensity with interstice sepa-
ration are shown in Fig. 6 (dash line). In the graph, the FDTD
calculated values of field intensities are shown, not on the
same scale to indicate the behavior. To examine the enhancement
for an incident wavelength close to the dipolar resonance
transition for NPs™“® calculations were also carried out at
673 nm for both polarizations and are shown in the right panel
of Fig. 5. In this case, the fields are fully localized at the tips of
the NPs parallel to the polarization direction. The field intensity
for polarization along the line of apex (along the bisectors) is
an order of magnitude larger than for polarization normal to
the line of apex. The resulting enhancement in the SERS
intensity (E% is of order 10°. Therefore, to exploit the large
plasmon dipole field enhancement for head to head NPs
dimmers, the incident wavelength should have a polarization
along the prisms bisectors in agreement with the discrete
dipole approximation in reference® Furthermore, at the
relatively large interstice separation used in this work, the
computed FDTD enhancement indicate the absence of hot spots
in between the NP’s and shows as seen in Fig. 6 that the
maximum field intensity occurs at the upper tip of the head to
head dimmers.
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Figure 5. FDTD calculations for the field intensity around gold NPs arrays for particle (a) prism bisector a=60nm and interstice d= 103 nm, (b) prism
bisector a =80 nm and interstice d = 144 nm, (c) prism bisector a= 100 nm and interstice d =200 nm. (d) The SERS intensity for pyridine adsorbed on NPs
versus gap/bisector; solid line for Raman lines (left scale), whereas dash line is for In FDTD calculated field intensities (right scale). This figure is available

in colour online at wileyonlinelibrary.com/journal/jrs
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Conclusions

The SERS of CTAB molecules acting as surfactant adsorbed on
NSs, NRs, sharp NPs, and truncated NPs show that the largest
enhancement occurs for the sharp tip NPs, followed by the trun-
cated NPs, NRs, and NSs in spite of using an incident wavelength
near the dipole resonance of NSs. These enhancements result
from being near to the particles quadrupole resonances. The
experimentally determined enhancement is larger than the FDTD
calculated enhancement because of the additional chemical
activity of the facets. The SERS for pyridine adsorbed on NPs at
different interstice separation produced by NSL show accelerated
decrease as the interstice distances increase, that is, the charac-
teristic of interaparticle multipole coupling. The FDTD calcula-
tions for the different configurations give values in reasonable
agreement with experimental results. The calculations also indi-
cate that the largest SERS enhancement occurs at the tips of
the prisms for the relatively large interstice gaps used with the
absence of hot spots.
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