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FINITE DIFFERENCE TIME DOMAIN (FDTD)
CALCULATIONS OF SURFACE PLASMON RESONANCE OF
DIFFERENT SIZE AND SHAPE METALLIC NANOPARTICLES

FRANCOIS K. GUEDJE'" SANDA BOCA', MONICA POTARA 1,
ARINA MODREA 2, SIMION ASTILEAN *

ABSTRACT. In this work we employ the Finite Difference Tim@main (FDTD)
method to calculate the optical spectra and tremgitly of local electromagnetic field
at the surface of different size, shape and assgmbbnfiguration of nanoparticles
(NPs) with a view to optimize their sensing activiwwe first consider gold
nanospheres of 20 nm diameter where analyticai@miuare available for comparison.
The other shapes we consider include gold nanonodsiédver nanoprisms which
are particularly important for applications, beatisey allow tuning the plasmon
resonances across the whole visible and nearéadfr@ange. The theoretical spectra
are compared with experimental data from synthdssaenples in our laboratory.
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1. Introduction

In recent years, plasmonics has attracted a gesdtod attention due to its
important potential toward applications in sensingedical imaging and
information processing [1]. This branch of photenitevelops new concepts to
confine light beyond the diffraction limit and emfta the electromagnetic field at
the nanoscale. The past decade has seen signifidaahces in the synthesis and
fabrication of disperse noble metal nanoparticléh \a variety of shapes, from
spheres to branched multipods. These particlestadied for a large variety of
applications due to their localized surface plasmesonance (LSPR). LSPR
occurs when the electromagnetic field of light davthe collective oscillations of a
nanoparticle’s free electrons into resonance.
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The LSPR enables many relevant applications inofydiiological and
chemical sensing [2-3], biological imaging labek], [and nanoscale optical
waveguides [5]. In particular, LSPR in the nearanéd (NIR) enables a significant
step toward diagnostic and therapeutic in canceeareh and other biomedical
applications [6].

Here we employ the FDTD method to evaluate thenpdegc resonances
and the intensity of local electromagnetic fieldtia¢ surface of different size,
shape and assembling configuration of GNPs in viéwptimizing their sensor
sensitivity. We first consider gold nanospheres] s compare the results with
available analytical solutions. Then we consider tnorods with variable aspect
ratio. For other particles of sufficiently anisqiyo like the case of nanoprism, it
can give rise to additional peaks in the absormijpectrum as a result of multipolar
plasmon excitation. In most of the works dedicatedinvestigating metallic
nanostructures the background is usually air. Ia #ork, we study the optical
properties of the nanostructure within a naturat@wnding medium different from
air. This allowed to explain and better understahd effect of layers of
cetyltrimethyl ammonium bromide (CTAB) surfactamidamethoxy polyethylene
glycol-thiol (MPEG-SH) in case of gold nanorods ahdosan polymers in case of
silver nanoparticles.

2. Numerical Methodology

Mie [7] was the first who solved exactly and contglg the problem of
plane electromagnetic wave scattering by a homagendaielectric sphere. To
properly treat the interaction of nanoparticles hwibptical fields, a full
electromagnetic solution to the Maxwell's equatismeeded. For more complex
geometries, one has to rely on numerical simulatioBeveral methods for
numerically solving electromagnetism for arbitrggometry exist. Of all, the finite
difference time domain (FDTD) technique of Tafloj@ and Sullivan [10] has
proved to be a powerful tool to calculate the speets well as the near field
properties of metal colloids.

This method solves the time-dependent Maxwell'saggns by discretizing
space and time and involves a relativity simpleetstepping algorithm. The
electric flux dependent form of Maxwell’s equatidagiven by:

%'? - OxH (1)
Dga;) = ¢(e) E(a) )
H__1.,¢ 3)
ot Ho

Where H, E, and D are the magnetic, electric, and displacement field
respectively./, is the permeability of free space aa(h,) the complex dielectric

constant.
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The technigue consists of solving these equatiomsaodiscrete grid,
replacing all derivatives with finite differencdsollowing the Yee algorithm [11],

both D and H are offset in both space and time. This allows tinese central
differences, making the algorithm second-order eateu In one dimension,
Equation (1) can be written as:

D™ (k)= D" (k) _ H"(k-+ )= H" (k1)
At AX
Wherek is the spatial coordinate and the supersanigenotes time. It is
then straightforward to solve fob"*(k) in terms oD"*(k), H"(k +3) and

H n(k—}/z)which are already stored in memory. Two points mhesttaken into

account. First, the griddu must be fine enough to describe the smallest dpatia
features, whether it is the particle geometry atigle separation, where is the
side of a cubical cell. The time stefit must be chosen with even greater
consideration. The FDTD algorithm is stable onlythe conditionAtSL} is

cv3
verified. The simulation is generally computatidpahtensive when high spatial
precision is required.

Typically, FDTD calculations have been carried dor dielectric
materials. Recent advances have extended the W@ Td to the treatment of the
materials with frequency dependent, complex digleatonstants [12]. It is the
category of real metals.

If the metal is assumed to follow the Drude modeie can write the
permittivity £ as

(4)

a)Z

—g —— P 5
tlw) =€, Frive (5)

Where « is the angular frequency,, is the plasma frequency, is the

collision frequency an@_, the high frequency dielectric constant. The Dmmielel is

appealing in that it is derived from the simplebygical picture of free electron
gas. The response of near-field probe has beenatgdu13] under Drude model
using FDTD. However, the Drude model does not ately describe the real and
imaginary indices of refraction of noble metals paeavide frequency range. Also,
the Fourier transform of the susceptibility is ofteot numerically stable.

3. Computation of optical spectra and field enhancemds for
nanoparticles of different shapes

Figure 1 shows the nanostructures we study usirgg dbde from
Lumerical™ [14] and compare their theoretical spectra with expertaielata from
synthesized samples in our laboratory. All our itsstefer to absorption spectra
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and field enhancement of gold nanosphere (diam2@rm), gold nanorod
(diameter 24nm, length 53nm), and regular silvenopgisms (edge length of
100nm with variable thickness) in water solution.

Figure 1. Example of nanoparticles shapes (sphere, rod, @sm)pwve study in this work.

3.1 Gold nanosphere

In a first step, we calculate here the absorptiwrgbld nanosphere by using
FDTD method and compare our result with that gifrem the Mie theory [7, 15].
Figure 2a shows for comparison, the experimental oldtained in our laboratory, our
result and Mie Theory, for gold nanosphere of di@m&7 nm in water. Figure 2b
present the field enhancement at the Plasmon nmesen®23.6nm). It shows the
amplitude of the local charge density oscillationthe sphere. From the symmetries of
the distribution, the resonance peak can be lalasldioe dipole resonance.

experimental data - Mie Theory - FDTD (gold sphere =13.5nm) |;—|'--_‘ n x—y plare ot 523664 nm
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Figure 2. (a) The absorption spectra of a gold sphere with.5nm radius calculated by
FDTD and Mie theory. The experimental absorptioecsfum is shown with dots for
comparison. (b) The field enhancement|}|&t the surface of nanoparticles calculated by
FDTD. The field polarization is along x axis. Thedyis 0.5 nm.

For gold dimers or particle chains, the spectrangbadrastically with the
interparticle distance. We present in Figure J#selts of the FDTD calculations. For
the interparticle distanak> D ,D being the sphere diameter, the electromagnetic
coupling is very weak and the spectrum calculatedsfich a dimer coincides with
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that of an isolated particle. It can be seen frdgufe 3a that the transverse and
longitudinal local surface resonances appear atehand longer wavelengths for
d << D when the electromagnetic coupling between partidedrong. When the
spheres are in contact, the resonance splitswiaadtstinct peaks. The first is the
transversal resonance and the second is the lolmgiuresonance for the dimer
illuminated with incident plane wave. The longitodi LSPR at 632 nm is not due
to dipolar (521nm) but due to higher-polar colleetioscillation of conduction
electrons. Figures 3b show that the electromagffietat at the junction excited by
the light polarized along x-axis is larger thanttbzcited by light polarized along
y-axis. One can conclude that the SERS enhanceyeiongitudinal LSPs is due
to the presence of enhanced electromagnetic fiedd anterparticle junction on the
long axis of the dimer of gold nanospheres.

gold dimer, diameter 20nm, d the interparticle distance

— =30 M

d=20 nm
— d=10 nm
—— d=5nm
— de3 am

d=Z nm

d=0 nm

Absorbance {a.u)

400 500 600 700 500 500
Wavelength (nm)

in *—y pine o 632 rm ,
-

1o Iiii' 2

in x-y plre o 521 nm

nm,)

&=
I m
es 0

Figure 3. (a) FDTD calculated spectra of two spheres (dianilam), where d is the
distance between the spheres. As the particldsraught together until they are touching
(d=0), the plasmon resonance peak shifts red. @xtfd field near the dimer calculated by
the FDTD model at the resonances 632 and 521nthdqgparticle close together. Note the
incident light is propagating along the z-axis @ngolarized along the x-axis (left) and

along y-axis (right).
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3.2 Gold nanorod

For our calculations, the nanorod is modeled agliader which ends are
capped by half spheres, the aspect ratio is defasethe ratio between its length
and diameter. The layer of 5nm of CTAB is wrappealiad a longitudinal face of
the gold nanorod while the mPEG polymer sticksahlends of the rod. First we
study the nanorod of 55nm length and 24nm diamé&r.CTAB we consider a
value of 1.41 for its refractive index and 1.42 foPEG. The presence of these
polymers on the surface of gold nanorods playsheir bptical properties. As the
aspect ratio increases, the intensity of the absorgoefficient increases due to
the larger degree of anisotropy of the particlee Tésults show a linear increase in
the maximum of the longitudinal Plasmon resonamtenisity and wavelength as
the aspect ratio is increased in Figure 4. Thestrarse Plasmon is not presented
here, as it is insensitive to the aspect ratio fixid diameter.
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Figure 4. Longitudinal plasmon resonance absorption of siggld nanorod with diameter
24nm, coated with 5nm thickness of CTAB, calculdtedifferent aspect ratios using
FDTD simulations with 1.5nm grid resolution andident light polarization along the

major axis of the nanorod.

Figure 5 represents the near field on the rod edaitith a field propagated
along z-axis and polarized along the long x-axithefrod at 646nm. One can see a
collective oscillation of the charges along thegl@xis of the rod. This great field
enhancement is important in the development ofrdiatics tools. Nanorods are
observed to have higher SERS signals than sphdiesp the higher electric field
generated at the tips of the nanorod.
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nm)

Figure 5. Electric field enhancement near the rod coated in B, TEe incident light is
propagating along the z-axis and is polarized atbegk-axis.
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Figure 6. Absorption spectra of gold nanorods with 2.2 aspict (L=53 nm, D=24 nm). From
the top, the first and the second (red and turguoigves represent the experimental spectra of
gold nanorods embedded in CTAB, and of nanorodsigated with mPEG-SH respectively. The
third and the fourth (blue and green) spectranar&DTD corresponding simulations. We model
the CTAB as 5 nm layer with n=1.41 refractive indeound the longitudinal face of the rod. The
mMPEG is modeled by a 2 nm thickness half spheridat layer, having n=1.42 refractive index
around the half sphere situated at the end obthéy;= 519.6 nm and\r,= 520.8 nm
M1= 632.6 nm and, ,= 635.4 nm

45



FRANCOIS K. GUEDJE, SANDA BOCA, MONICA POTARA, ARIN MODREA, SIMION ASTILEAN

Figure 6 represents the results of our calculatioospared with the
experimental data. The calculations are done fsingle nanorod with 2.2 aspect
ratio. This result proves that the maximum contitdruis referred to this ratio and
that the mPEG has a slight effect on the positidheoplasmon resonances. Moreover,
the methoxy (polyethylene glycol)-thiol (nPEG) che used to overcome the
cytotoxicity caused by the presence of residuallcehethyl ammonium bromide
(CTAB), a surfactant required for nanorod synthesid stabilization.

3.3 Silver nanoprism

In this section, we calculate with FDTD the optigabperties of regular
triangular silver prisms in water. We consider @edse set of prisms to cover the
range of possible excitations for this structutevds noted that the full orientation
could be approximated using three orientations,[b6 orientations where the
polarization vector E is parallel to the triangutanss section are most important to
the overall extinction, while orientations wheree ttpolarization vector is
perpendicular to the plane contribute much less.
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Figure 7. Absorption spectra of a triangular silver nanapria water solution.(a) edge
length of 200nm and thickness of 20nm, (b) edggtlenf 100nm and thickness of 15nm,
(c) corresponding electric field enhancement at4&1, (d) corresponding electric field
enhancement at 781.4 nm. In every case the inciidgatis propagating along the z-axis

and is polarized along the x direction.
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We see in these figures 7a and 7b that for eacticlgathere are three
dominant peaks in the absorbance spectrum, comdsppto different modes of
plasmon excitation. In Figure 7a, we have abroadnmance with two maxima at
441.2 and 503.8nm attributed to quadrupole exoitatand a peak at 727.2nm
corresponding to in-plane dipolar excitation. Irgie7b we find that the most
intense peak 781.4nm corresponds to in-plane digXatation. Also, the middle
resonance 467.2nm is associated with in-plane gpatl excitation and the bluest
resonance which is at 334.4nm refers to out-ofglguadrupole excitation. The
positions of plasmon resonances depend, among p#nemeters, on particle size,
or more specifically on the ratio between lateliaiehsions and thickness (aspect
ratio). Calculations indicate that the extinctiggestrum of the nanoprisms is also
sensitive to the thickness of the particles. Fareasing the prism aspect ratio for
fixed edge length, we note a red shift of the rasae corresponding to the dipole
mode from 727.2 to 781.4nm. Figures 7c and 7d sti@nfield enhancement for
the two cases of nanoprisms we consider heregglets contours of {E One can
see that the intensity of the near field is selsibl the prism aspect ratio. The
anisotropic nanoparticles produce much strongectridefields than that of the
simpless structures as nanospheres, particularigaiooparticles with sharp points
such as triangular nanoprisms and branched narialsys

4. Conclusion

In this work we calculate the optical properties gdld and silver
nanoparticles of different shape and size. First stiedied the gold sphere
properties and the calculations are compared wighanalytical existing results.
The computed spectra agree very well with expertalenesults. The simulations
showed a local electric field enhancement aroursl rnanostructures, and in
particular the nanoparticles assemblies show thgesa field enhancement,
confirming their utility in surface-enhancement Ramspectroscopy. We finish by
theoretical calculations of the optical spectraegfular triangular silver prism and
discuss their properties as function of edge lengtie ability to provide large
electric field enhancements make the triangularopaams and branched
nanostructures very attractive for applicationSERS.
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