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Abstract We describe the physics of the SERS based on
the optical near-field intensity enhancement on the metal-
lic (plasmonic) and the nonmetallic (Mie scattering) nanos-
tructured substrates with two-dimensional (2D) periodic
nanohole arrays. The calculation by the Finite-Difference
Time-Domain (FDTD) method revealed that the optical in-
tensity enhancement increases with the increase of the thick-
ness of a gold film coating on the nonmetallic (dielectric)
nanostructured Si, GaAs, and SiC substrates. The resonance
spectrum shifts with the changes in the geometrical structure
of the void diameter and inter-void distance. It was clari-
fied that the optical intensity enhancement obtained with the
gold-coated substrate is equivalent to that with a gold sub-
strate at 70-nm thick gold coating on the dielectric substrates
in this structure. The resonance spectral bandwidth for Mie
scattering and plasmonic near-fields is different. Therefore,
if the Stokes line of the Raman scattering is located within
the resonance bandwidth, the SERS signal is enhanced pro-
portionally to the fourth power of the electric near-field.
However, if the Stokes shift is located out of the resonance
bandwidth, the SERS signal enhancement is only propor-
tional to the square of the scattered near-field.

1 Introduction

The use of enhanced optical near-field on a nanostructured
substrate surface has attracted much attention for the de-
velopment of smart optical, electro-optical, and biological
devices. Surface-enhanced Raman scattering (SERS) is a
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Raman spectroscopic technique which employs the phe-
nomenon that Raman scattering of molecules is drastically
enhanced by the enhanced optical near-field on the surface
of nanostructures [1, 2]. SERS technique enables to detect
an ultra-low concentration of analyte molecules adsorbed on
the surface even with low-intensity laser excitation. Many
papers on the SERS have been published, which describe the
highly efficient Raman scattering enhancement using metal-
lic substrates. Metallic and metal-coated nanostructures of
periodic nanohole arrays (voids) are typical templates for
SERS which show highly enhanced optical intensity on the
surface [3-9]. It is noted that the nanostructure of peri-
odic nanohole arrays has several advantages to be used for
SERS template. It is easily fabricated by reactive ion etch-
ing (RIE) [6], electron-beam lithography (EBL) [7], focused
ion beam (FIB) [8], and nanosphere lithography (NSL) [9].
In addition, the measurement can be performed efficiently
by matching the void size to the size of an analyte molecule.
We have recently reported that the nanostructure of periodic
spherical nanohole arrays shows not only the high peak opti-
cal intensity, but also higher spatially averaged optical inten-
sity enhancement [10]. This fact means that the highly en-
hanced near-field zone distributes densely on the substrate.
Bare nonmetallic nanostructures such as porous silicon
film [11], crystalline TiO, substrate [12], Zn-doped TiO;
nanoparticles [13], and GaP nanoparticles [14] have also
been investigated for the enhancement of the Raman scat-
tering. The near-field enhancement of Raman scattering sig-
nals was obtainable with randomly grown high-dielectric-
permittivity ZnO nanorods [15]. The Raman scattering
enhancement by using nonmetallic nanostructures can be
considered to originate from the Mie scattering near-field.
Although the nonmetallic SERS templates have an advan-
tage in their simple fabrication processes, the properties
of nonmetallic SERS templates are not fully understood
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compared to the metallic SERS templates which have been
widely investigated. Detailed investigation on the physics
governing the enhanced optical field generation process of
the metallic (plasmonic) and the nonmetallic (resonant Mie
scattering) will be necessary for the efficient SERS template
providing high optical intensity enhancement with a sim-
ple fabrication process. Of course, smart previous work on
the dielectric spheres with metal thin film coating has been
published by Prof. N. Halas group at Rice University [16].
They have investigated mainly the scattering cross section
and plasmon resonance spectrum.

In this paper, we describe the underlying physics of the
optical intensity enhancement on the metallic and the non-
metallic substrate surface with periodic nanohole arrays.
The electric field enhancement on a silicon (Si) substrate
was investigated with and without the gold film coating on
the substrate surface. The dependence of the optical inten-
sity enhancement on the thickness of the gold film coating
was also investigated to understand the SERS properties by
comparing the plasmonic and the Mie scattering near-field
SERS templates. The enhancements on the surface of a gal-
lium arsenide (GaAs) and silicon carbide (SiC) substrates
were also investigated and their properties were compared
with that of Si substrate. From the viewpoint of practical
use, GaAs and SiC are the promising alternatives for Si as
a nonmetallic (semiconductor) substrate. The difference in
resonance spectra and spectral bandwidth of the metallic and
the nonmetallic substrates and its optical intensity enhance-
ment physics will be discussed in detail.

2 Simulation system and procedure

The electromagnetic field enhancement distribution on the
nanostructured surface is calculated by the three-dimen-
sional (3D) Finite-Difference Time-Domain (FDTD)
method [17]. Figure 1 shows the 3D view (a), the cross-
sectional view (b), and the top view (c) of the simulation
system. The numerical simulation is carried out for the 3D
system. Arrays of hemispherical holes (voids) on a sub-
strate are defined as the nanostructure for the SERS tem-
plate. Two-dimensional (2D) arrays of seven holes are set
in the area for the simulation system. This type of struc-
tures can simply be fabricated by nano imprint process [18].
To simulate the infinite arrays of holes, periodic boundary
conditions are applied for the xz and yz plane (the x, y, z
axes are defined as shown in Fig. 1). The height (z axis) of
the calculation area is set to 1300 nm and the light source
is set upside the calculation area 750 nm distant from the
substrate surface. The absorbing boundary condition is ap-
plied on the xy plane. The optical intensity enhancement on
a Si substrate was investigated with and without a gold film
coating. In this paper the enhancement was evaluated by the
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Fig. 1 Schematic of the simulation system. 3D view (a), top view (b),
and cross-sectional view (c) of the system. 2D arrays of seven holes are
set in the calculation area for all simulation systems. Periodic bound-
ary conditions are applied on the xz and yz plane. The area shown in
dashed lines indicates the calculation area. The light source is placed
upside the calculation area, 750 nm distant from the gold substrate

square of the optical field strength, not by the fourth power
of the electric field which commonly used for the evalua-
tion of a plasmonic SERS template [19, 20]. The reason for
the evaluation by the square of the electric field is due to
the bandwidth of the resonance spectrum. The dependence
of the electric field enhancement on the void diameter D
was investigated from D = 300 to 500 nm. The inter-void
distance d is defined as the distance between the edges of
the voids. In the simulation system, D and d are the pa-
rameters including the thickness w of the gold film coating,
in which D and d can be constant for different thicknesses
of the gold film coating with the same geometrical surface
structure. In all simulations, a circularly polarized incident
wave was used. Electric field strength of the incident wave
is set to 1 V/m. The optical intensity enhancement on GaAs
and SiC substrates is also investigated.

3 Results and discussion

Figure 2 shows the enhanced optical intensity distributions
and intensity profiles on the surface of gold-coated Si sub-
strate. The void diameter D and the inter-void distance d
were set to 300 and 200 nm, respectively. The thickness of
the gold film is set to 50 nm in Figs. 2(a) and 2(b). The
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Fig. 2 Enhanced optical intensity distributions (a, b) and intensity
profiles (c¢) on the surface of gold-coated Si substrate. The wavelengths
of the incident wave are set to 532 nm. (a) Top view of the enhanced
optical intensity distribution on xy plane. (b) Cross-sectional view of
the enhanced optical intensity distribution on the xz plane. The void
diameter D and the inter-void distance d were set at 300 and 200 nm,
respectively
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Fig. 3 Dependence of the peak optical intensity enhancement at
532 nm on the thickness of the gold film coating on Si, GaAs, and
SiC substrates. The peak optical intensity enhancement obtained with
a gold template of the same nanostructure is also shown in the figure.
The thickness w = 0 indicates bare dielectric substrates. The void di-
ameter D and the inter-void distance d were set to 300 and 200 nm,
respectively

high optical intensity localization so-called hotspot appears
on the edges of the hemispherical voids with the excitation
wavelength of 532 nm.

Figure 3 shows the dependence of the peak optical inten-
sity enhancement at 532 nm on the thickness of the gold film
coating on the Si, GaAs, and SiC substrates. The incident
wavelength, void diameter D, and the inter-void distance d
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Fig. 4 Dependence of the peak optical intensity enhancement on the
pumping wavelength for Si substrate coated with different thicknesses
of gold film. The peak optical intensity enhancement obtained by a
gold template of the same geometrical structure is also shown in the
figure. The void diameter D and the inter-void distance d were set at
300 and 200 nm, respectively

are set to 532, 300, and 200 nm, respectively. The refrac-
tive indices of Si, GaAs, and SiC at 532 nm are 4.14, 4.12,
and 2.67, respectively [21]. The parameters D and d were
found to be the optimum pair for the optical intensity en-
hancement with a gold template at the excitation wavelength
of 532 nm [10]. Note that the void diameter and inter-void
distance are kept constant. The resonant Mie scattering oc-
curs at 450 nm approximately, as shown in Fig. 4. The op-
tical intensity enhancement was investigated for Si, GaAs,
and SiC substrates. The bare dielectric substrates show opti-
cal intensity enhancements lower than 10 for the three sub-
strates. The optical intensity increases with the increase of
the thickness of the gold coating and approaches asymptot-
ically to the intensity enhancement obtained with the bare
gold substrate. The optical intensities obtained with Si and
GaAs are found to be higher than that obtained with SiC at
the gold coating thicknesses less than 50-60 nm. It is be-
cause the refractive indices of the Si and GaAs are higher
than that of SiC. With the gold coating is thicker than 70 nm,
the optical intensity enhancement for all substrates is equiv-
alent to that obtained with the gold nanostructured substrate.
The optical penetration depth of gold at 532 nm is shorter
than 70 nm, and therefore, the incident 532 nm beam cannot
see the dielectric substrate but can see only the gold layer.
With no gold coating, the enhanced near-field by the reso-
nant Mie scattering may work, and between the two sides
the incident wave can see plasmonic process mediated with
high-dielectric substrate.

The dependence of the optical intensity enhancement on
the excitation wavelength is shown in Fig. 4. The void di-
ameter D and the inter-void distance d were set to 300 and
200 nm, respectively. The calculation was performed for the
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thickness w = 0 (bare Si substrate) and the gold film thick-
nesses of 10, 30, and 50 nm on Si substrate. The optical
intensity achieved with a gold substrate is also shown in the
figure. The bare Si substrate shows a peak optical intensity
enhancement at the resonant Mie scattering wavelength at
450 nm approximately, while the Si substrates coated with
30- and 50-nm thick gold film show peak optical intensities
at a wavelength around 550 nm, at which the nanostructured
gold substrate gives a highest enhancement factor. The re-
sults stem from the optical penetration depth in the gold film
and the peak enhancement factor shifts from the resonant
Mie scattering spectrum to the plasmon resonance spectrum.
To get large plasmon resonance SERS, the gold film coating
is thicker than 50-60 nm in this geometry. We previously in-
vestigated the enhanced Raman scattering properties of bare
ZnO nanorods [15]. In the previous study, we investigated
the dependence of the size parameter in the Mie scattering
theory on the near-field enhanced Raman scattering proper-
ties. The experimental result was explained theoretically by
the size parameter described in the Mie scattering theory,
not by surface plasmon polaritons [15]. SERS templates us-
ing a bare nonmetallic substrate have a potential to achieve
the simplification and the cost reduction in nanofabrication
process.

Figure 5(a) shows the dependence of the optical inten-
sity enhancement on the excitation wavelength for a bare
nanostructured Si substrate. The optical intensity was inves-
tigated for three different values of D at a constant value
of d =200 nm. The peak optical intensity is highest with
D = 300 nm. The Mie resonance scattering wavelength
shows the red shift with the increase of D. The red shift
in wavelength corresponds to the increase in the value of
D + d. Figure 5(b) shows the dependence of the optical in-
tensity enhancement on the excitation wavelength for the Si
substrate with a 50-nm thick gold film coating with differ-
ent values of D. With this thickness, the resonant spectrum
corresponds to the plasmon resonant spectrum obtained with
the gold substrate. The resonance wavelengths obtained with
gold-coated substrates are longer than those with bare Si
nanostructured substrates under the same geometrical struc-
ture conditions. As a result, the plasmonic enhancement fac-
tor is about 10 times larger than the Mie scattering near-field
in this geometry. Figure 5(c) shows the dependence of the
optical intensity enhancement on the excitation wavelength
for the gold-coated substrate with different values of d at a
constant value of D = 300 nm. The plasmon polaritons are
coupled each other and if the inter-void distance changes the
field enhancement factor changes. With the 300-nm diame-
ter voids, the inter-void distance of 300 nm gives a highest
enhancement factor of over than 250. The shift of the peak
resonance wavelength stems from the grating effect.

Figure 6 shows the normalized resonance spectral band-
width for the gold and Si nanostructured substrates. The
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Fig. 5 Dependence of the peak optical intensity enhancement on the
excitation wavelength for the different geometrical parameters: (a) bare
Si substrate at D = 300, 400, and 500 nm at d = 200 nm constant,
(b) Si substrate coated with a 50-nm thick gold film at D = 300, 400,
and 500 nm at d = 200 nm constant, (¢) Si substrate coated with a
50-nm thick gold film at d = 100, 200, and 300 nm at D = 300 nm
constant

void diameter D and the inter-void distance d are for both
substrates set to 300 and 200 nm, respectively. While the
Si nanostructured substrate has the narrow resonance band-
width (FWHM) of 18 nm centered at 450 nm, the gold sub-
strate has the wide bandwidth (FWHM) of 83 nm centered
at 550 nm. This means that the Q factor for the plasmon
resonance of gold is as small as 7.0 approximately. In other
words, gold is lossy in the visible region of the spectrum.
However, silicon has a Mie scattering resonance bandwidth
much narrower than the gold plasmon resonance. The en-
hancement factor of Raman scattering signal (Stokes line)
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Fig. 6 The normalized resonance spectral bands for gold and Si sub-
strates with the same geometrical structures. The void diameter D and
the inter-void distance d were set to 300 and 200 nm, respectively. Note
that the bandwidths are different for both cases

is mainly dependent on the near-field enhancement factor
and resonance bandwidth. Of course, the chemical effect of
the Raman molecule adsorbed on the nanostructured surface
may work. One of the typical Raman Stokes shifts observed
for Rhodamine 6G (R6G) is 1364 cm™! [22], which corre-
sponds to the Stokes shift of 29.4 and 41.6 nm in spectrum at
the excitation wavelength of 450 and 532 nm, respectively.
More favorably the excitation wavelength should be tuned
to the respective resonance center wavelengths, as shown
in Fig. 6, to get strong Stokes line intensity. If the R6G is
optically pumped at 450 nm, the Raman Stokes line is not
located within the resonance spectral bandwidth in the case
of the bare Si nanostructured substrate due to the narrow
resonance bandwidth. In this case, the Mie scattered near-
field SERS is increased only by the enhanced near-field,
corresponding to the fact that the SERS signal enhancement
is only proportional to the square of the near-field. If the
Stokes shift is much smaller than the resonance bandwidth,
the SERS signal enhancement may be proportional to the
fourth of the near-field even in the resonance Mie scattering
regime. Conversely, the gold substrate and gold-coated sub-
strate have a wide resonance bandwidth, in which the many
Raman Stokes lines may be located. Hence, the Stokes line
may additionally be amplified by the enhanced near-field via
mode coupling process, resulting in that the total enhance-
ment of the SERS signal is proportional to the fourth power
of the electric field. If pumped at 532 nm, the Stokes shift
of R6G is 41.6 nm (Stokes line is 573.6 nm), the total en-
hancement of the SERS signal is actually proportional to
the fourth power of the electric field. However, if the Stokes
shift is large enough for relatively small molecules and the
Stokes line is located out of the resonance bandwidth, the
SERS signal enhancement may be only proportional to the
square of the near-field even in the plasmonic SERS tem-
plate.

4 Conclusions

We have studied the optical near-field intensity enhancement
on the gold-coated Si, GaAs, and SiC substrates with peri-
odic nanohole arrays. With the increase of the thickness of
the gold coating, the optical intensity enhancement increases
and approaches asymptotically to the intensity obtained with
a gold nanostructured substrate. In addition the red shift of
the resonance spectrum was observed. It was clarified that
the optical intensity enhancement obtained with the gold-
coated substrate is equivalent to that with a gold substrate at
70-nm thick gold coating on the dielectric substrates in this
structure. The resonance spectral bandwidth for Mie scatter-
ing and plasmon polaritons near-fields is different. There-
fore, if the Stokes line of the SERS is located within the
bandwidth, the SERS signal is proportional to the fourth
power of the electric field. However, if the Stokes shift is lo-
cated out of the resonance bandwidth, the SERS signal en-
hancement may be only proportional to the square of the
near-field in both Mie scattered near-field and plasmonic
scattered near-field.
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