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Abstract
We have simulated the chalcogenide glass (ChG)dbasmostructures which are used as
substrates for surface-enhanced Raman scatteriBRp A discrete dipole approximation
method was used and calculated results are comparguwse of experimental. The results of
simulation agreed well with the experiment. Funthere, we have obtained conditions under
which higher enhancement factors (almost by anroodenagnitude) could be achieved by

changing the polarization state and the incidegteaaf the beam on the surface.

OCIS codes: 240.6695, 300.6450, 350.4238, 130.3120

It has been 30 years since it was recognized b@Raman spectra of sub monolayer

coverage of molecules could be acquired on eldotimacally roughened coinage metal surfaces
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[1-3]. Since then, the field of surface enhancedn®a spectroscopy (SERS) has grown
dramatically, demonstrating its power as an ar@ltiool for the sensitive and selective
detection of molecules adsorbed on noble metal steutiures.

Understanding the mechanisms of SERS has beenggl&rsince the early days of its inception,
when the primary goal was merely explaining th&fbld intensity enhancement of the normal
Raman scattering cross-section. At the time, theaecement factor, EErs= 1C, could be
understood as the product of two contributioa$:an electromagnetic enhancement mechanism
and p) a chemical enhancement mechanism. These two misaig& arise because the intensity
of Raman scattering is directly proportional to Stpiare of the induced dipole momemntg,
which, in turn, is the product of the Raman polaifity, o, and the magnitude of the incident
electromagnetic field, E. As a consequence of mxgithe localized surface plasmon resonance
(LSPR) of a nanostructured or nanoparticle metalasa, the local electromagnetic field is
enhanced by a factor of 10, for example. BecauseaRascattering approximately scales &s E
the electromagnetic enhancement factor is of otd#r Researchers viewed the chemical
enhancement factor of 4@s arising from the excitation of adsorbate |aeali electronic
resonances or metal-to-adsorbate charge-transgenaaces (e.g., resonance Raman scattering).
It is also worthwhile to note that surface-enhanmgbnance Raman scattering with combined
SERS and resonance Raman scattering enhancemtns ficthe 18-10"° range was possible
at the time. Despite this enhancement, which md&lRSSorders of magnitude more sensitive
than normal Raman spectroscopy, the full power BIRS unfortunately was not utilized until
this past decade. Early systems suffered immerisaty irreproducibility owing to ill-defined

substrates fabricated by electrochemical roughening
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Recent advances in nanofabrication and the 19%bwisy of single-molecule SERS [4, 5], the
ultimate limit of detection, have caused an exgonf new research and the extension of SERS
from an interesting physical phenomenon to a rolaust effective analytical technique. In
addition, surface preparation and modification teghes [6-9] have also allowed for analyte
selectivity.

The need for new SERS-based sensing, detectingmamitoring platforms has also
driven new instrumental techniques such as thgiat®n of SERS active substrates into fiber-
optic assemblies [10]. Su et al. report a new teglin their recent articles [11, 12]. In the ffirs
Letter, they presented what they believed to beew glass of SERS substrates based on
chalcogenide glasses (ChGs). Owing to their photseity, periodic nanostructures can be
easily fabricated in ChG thin films in a conveniant cost effective way. By coating with a thin
Au layer, such nanostructures act as effective SE&RBtrates and are capable of producing
detectable Raman signals for low concentrationsamélyte molecules. Experiments with
aqueous Rhodamine 6G (R6G) solutions were conduoteavestigate the behavior of ChG-
based nanostructures as SERS substrates. In thekirtlne performance of these SERS substrates
is compared with that of silver nanoparticles madéng a citrate reduction method. The
potential of their SERS substrate for quantitatarealysis, as well as its reproducibility, is
discussed in some detail. We simulated their erpEnt using a discrete dipole approximation
method and obtained results which will be discussddrther detail.

The Discrete dipole approximation [13] (DDA) stabg dividing the object of interest
into a cubic array oN-point dipoles whose positions are denotedrpywith polarizabilitiesa; .

The polarization induced in each dipole as a resfuiihteraction with a local electric fielf;,,.

will be (omitting the frequency factoed®?),
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P =a xE (ri) (1)
Ee (1) for isolated particles, is the sum of an incidéeld and a contribution from all other

dipoles in the same patrticle,

E oo (ri)=E =Eici B =E0exp(iK "fi)‘ZAn xP, (2)

i#]

loc,i inc,i

E,and Kare the amplitude and wave vector of the incidemaivay respectively, and the
interaction matrixA has the following form:

A, xP, =e(:u) {K 2, x(rij xP, )+:L_:#x[rij P. -3, (rij xP, )]} (i 27) (3)
ij ]

where K = w/c. Substituting Eq. (2) into Eg. (1) and rearrangtagns in the equation, we
generate an equation of the form

A'xP =E 4)
Where A' is a matrix which is built out of the matri&from Eq. (3). For a system with a total of
N dipoles, Eand P in Eq. (4) are B-dimensional vectors, and\'is a :Nx3N matrix. By
solving these B complex linear equations, polarization vectors aloéained, and with these,
optical cross sections, local fields and the Rasr@rancement factor can be calculated.

As noted earlier we used the DDA for simulating thesired experiments [11]. The
SERS substrate composed of near semicircular datts & diameter d=460 nm) and intervening
holes as seen in the SEM image. In the atomic foriceoscope (AFM) image, the semicircular
dots in the SEM images appeared to be hemisphdatbsavwheight of 70 nm (see Fig. 1). The

SERS substrate used composed of overlapped hemgsphbich produced nanoparticles with a
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volume of the order 010’ (nm)?2. It is shown [13] that DDA is suitable for particlesthe same
order of volume (e. g. spheroids with major axi® &én and aspect ratio 2:1).

We divided each nanoparticle (each hemisphere)2fi6 cubes where each cube showed one
dipole. Because of the rapidly decreasing of EFhwdistance, practically none of the
neighboring cube had a significant effect in odcektions. So we considered only the effect of
the first neighboring cube in our calculations. Wédculated EF for three different polarizations
and eleven different incident angles. We assumed B6G molecules were distributed
uniformly on the surface. For calculation of theanmer of R6G molecules adsorbed on surface

with different concentrations, it is clear that Ajanlro’s numberA) of molecules exist in one

liter of solution in one-molar solution. 9973 of molecules exist 0610 x 10) cm? of surface
and hence is the calculated number of moleculesrbéed (exist) on our desired surface. DDA
method will be more accurate by a correct choiceadérizability a; in eq. (1) as was used in
[14]. Due to a lack of reliable data on dielect@nstants of gold nanoparticles of desired size
we used dielectric constants of smaller gold narimbes which were reported in [15], and
obtained good results.

In this simulation we obtained EE#78 x 10° for a vertical incident beam which is one
order greater than that of the usual silver narntaparsubstrates [11]. Relative intensities are in
good agreement with experimental res{dis] (See Figure 2). By choosing the wavenumber
position of Raman peaks we found the relative itgrfor the two substrates (sers and silver
nanoparticle substrates). We calculated the nunolbdR6G molecules on the surface of a
nanoparticle. For 1, 10, 50 and10® we obtained 13, 60, 249 and 390 molecules resmbgt
In this case intensities are proportional to thenber of molecules on each nanoparticle; (see

Figure 3). We also calculated EF for 11 differemgylas equally spaced in range 0° @@d for



111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

different polarizations. A result obtained for tardifferent polarizations is shown in Fig. 4
(angles are in radian). Although the state of tbkuzation was known at the incidence (in the
experiment) but its state was not known after pastiirough various optical elements before
being detected. The free space incident beam andl&2] was 90 degrees. But we obtained
conditions that EF can be larger than that repart¢i2].

For example in Figure 4 for xyz-polarization andident beam that makes an anglergd with

the surface, the free space EF is five times grehta parallel radiation (with surface) which is
like the case of an evanescent wave. So we suggest situations rather than evanescent wave
that give higher EF than that of [12] ; see Figdr&elative intensity between evanescent wave
and free space wave in [12] is approximately 4/3ctis roughly obtained for x-polarization in
our simulations. Other two polarizations do nolgithe same result. As seen in Fig. 4, although
for x-polarization we have the largest EF for tlse of zero angle incidence (evanescent wave),
for other polarizations EF is a maximum ne&t.

Some errors in our work are because of (perhapskxaot dielectric constant of gold
nanoparticles. Results with better agreement caachieved by considering more dipoles in our
calculations.

In summary, the results of our simulation of ch&éd nanostructures compared well
with those of experimental. Moreover, we have otgdi conditions under which higher
enhancement factors (almost by an order of magajteduld be achieved by changing the
polarization state and the incident angle of thentb@n the surface. These chG-based substrates

are compatible with chG photonic circuits [16] torh integrated SERS sensor chips.

A. Z would like to thank Shiraz University for a Sahbal leave.
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Figure Captions

Figure1l: Simulated SERS substrate.

Figure2: (a) : The top plot is simulated SERS substrageatiand the lower one is simulated
Raman spectra of Ag nano particles which correspodand B in (b) respectively, (b) :
Experimental R6G Raman spectra obtained [11] witBBRS substrates at 50 mw (0.28
kW/cn¥) and 100 pM concentration; B, silver nanopartieeS00 mw (2.8 kW/cA) and 1 mM
concentration; C, silver nanoparticles at 50 mv2gkw/cnf) and 1mM concentration; D,

smooth Au surface at 500 mW (2.8 kWArand 1 mM concentration.

Figure 3: (a) : Simulation of detected SERS signals foredéht concentrations of R6G solution,
(b) Detected SERS signals at different R6G coma&aons with an excitation of 50 mw (0.28

kW/cn?) [11].

Figure4: (a) : Simulation of Enhancement Factor versedribident angle for x-polarization;
(b) : For yz polarization; (c) : For xyz polarizati; (d) Raman spectra obtairj@é@] with A,

fiber-taper-coupled SERS substrate; B, conventifrealspace laser-focusing method.
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