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In this work, we used a finite-difference time-domain (FDTD) characterization to demonstrate
that the e-field near metal nanoparticles (NPs) can be enhanced by dielectric grating structure. An
array of Au NPs (ϕ = 60 nm) with 4 nm gaps is set as a plasmonic system. The Au NP arrays on a
flat polydimethylsiloxane (PDMS) substrate and a thin Au film-coated substrate are considered as
control samples. Coupling with a PDMS line grating (5 µm × 3 µm × 1 µm = width × gap × height)
is carried out by placing the Au NP array on the PDMS grating and by putting the PDMS grating
on the Au NP array on a thin Au-film-coated substrate. The dependences of the Wavelength and
the angle of incidence of a plane-wave source on the e-field intensity are investigated. For the sample
systems in the result, the maximum e-field of the PDMS-grating-coupled samples is enhanced by
more than a factor of two compared to that in the control samples. This finding will be helpful to
develop e-field-enhancing templates for surface-enhanced raman spectroscopy (SERS) applications.
PACS numbers: 41.20.Jb, 68.65.−k, 78.67.−n, 81.07.−b
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I. Introduction

the metallic/organic hybrid structure. [10, 11] Such an
e-field hotspot is a key of SERS enhancement; however,

Metal nanoparticles (NPs) have attracted many atten-

the hotspot is not easy to be obtained and controlled in

tions of scientist and engineers because plasmonic exci-

many SERS structures. One of the solutions to estab-

tation of the metal NPs can be utilized in various ap-

lish the hotspot for SERS enhancement is to use highly

plications. Surface-enhanced Raman scattering (SERS)

ordered metal nanostructures by using advanced nano-

[1–3] is one of the application utilizing the plasmonic

lithographic techniques [12,13].

excitation of the metal NPs. It is reported that SERS
enhancement is available by an electric field (e-field) near
the molecule presenting Raman signal. Especially, SERS
enhancement is proportional to the power of four of the
e-field (∝ |E|4 ). [4,5] Hence, localized surface plasmon
resonance (LSPR) of metal NPs is used to be utilized for
SERS enhancement. [6–8] For example, SERS enhancement becomes stronger by mutual metallic particle interaction such as Au NPs or Ag NPs on a substrate. [6–9]
The e-field is significantly amplified between each metallic particle by the interaction called plasmonic coupling,
which is based on strengthened electric polarization in

In this work, the e-field distribution of plasmonic system comprised of metal NP array is characterized to
identify a suitably coupled structure with a grating structure for SERS enhancement by means of finite-difference
time-domain (FDTD) analysis. The grating structure is
considered to amplify e-field near the plasmonic sample
system by interference and diffraction (or in-plane e-field
guiding effect [14, 15]). In accordance with favorably
empirically achieved fabrication tools and approaches,
the array of Au NPs hybrid with a polydimethylsiloxane
(PDMS) grating and an Au film-coated substrate, as well
as a flat PDMS substrate, are mainly characterized. In
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the result, it is demonstrated that e-field in the array of
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metal NPs can be enhanced by coupling with the dielectric grating structure. The enhanced e-field near metal
NPs means that SERS enhancement is also available by
coupling between plasmonic system (the metal NPs) and
the grating structure. Our finding would be useful to design an effective SERS template with utilizing a grating
structure.

II. Methods
The e-field distribution of the plasmonic system is
measured with two-dimensional (2-D) FDTD simulation
using a commercial Maxwell’s equation solving software
(FDTD Solution, Lumerical Inc., Canada). As the plasmonic sample system, which can be utilized for SERS, arrays of Au NPs (60 nm diameter and 4 nm gap) placed on
dielectric PDMS substrate and Au film-coated substrate
are used. As the grating structure, PDMS line grating of
5 µm width, 3 µm gap, and 1 µm height is adapted for the
FDTD simulations. The two-kinds of samples of grating
coupled plasmonic system are designed; one is the array
of Au NPs placing on the PDMS grating, and the other
is the array of Au NPs on the Au film substrate with
the PDMS grating contacting on it. Plane waves with
a wavelength of 500 nm, 600 nm, 700 nm, and 800 nm
are set as the source and incident angle is varied as 0◦ ,
15◦ , 30◦ , 45◦ , and 60◦ . To emphasize coupling with the
PDMS ling grating, the plane wave source in transverse
mode (the e-filed of the source is perpendicular to the
line axis of the grating) is only used. The boundary condition of the FDTD simulations is established with perfectly matched layers (PMLs) on top and bottom planes
and with Bloch boundary condition on sides. Size of
the 2-D FDTD simulation structure is 5 µm length and
8 µm width to the vertical and horizontal directions for
the PDMS grating included sample systems. The sample systems without including the PDMS grating, such
as the arrays of Au NPs on PDMS substrate and Au
film-coated substrate, have the size of 5 µm length and
640 nm width to the vertical and horizontal direction.
Refractive index of the PDMS materials is set as 1.41
[16]. Wavelength dependent materials indices of Au, Ti,
SiO2 , and Si are determined from the values based on the
data reported by Johnson and Christy [17], Weaver and
Frederikse (CRC) [18], Palik [19], and Palik [19], respectively. Mesh size used in the all 2-D FDTD simulations
is 1 nm2 .

Fig. 1. (Color online) (a) Scheme of the object; grating
effect coupled SERS particles (array of metal NPs) to
strengthen e-field near the particles for SERS enhancement. (b,c) Examples of the grating effect coupled plasmonic particle systems: (b) Au NPs placing on PDMS
grating, (c) PDMS grating contacting on the array of Au
NPs placed on Au film-coated substrate.

III. Results and Discussions
Here, it is characterized whether e-field of a plasmonic
system, which can be used as a SERS template, can
be enhanced by a dielectric grating structure, or not.
Figure 1(a) represents the scheme of the object of this
study; grating effect influences on SERS particles (array
of metal NPs) to strengthen e-field near the particles for
SERS enhancement. Model systems of the grating effect
coupled SERS particles are displayed in Figs. 1(b) and
1(c). Figure 1(b) shows the array of Au NPs putting on
a PDMS grating, where e-field near the Au NPs would
be influenced by e-field generated on the surface of the
PDMS grating when light irradiates on the grating. In
addition, another model system of grating effect coupled
SERS particles can be obtained as shown in Fig. 1(c).
The array of Au NPs is placed on an Au film-coated substrate, where one can anticipate in e-field enhancement
between the Au NPs and the Au film as well as gap of the
array of Au NPs by plasmonic excitation if light irradiates on the sample system. To apply for grating effect, a
PDMS grating is contacted on the array of the Au NPs,
where e-field near the Au NPs would be influenced by efield generated on the surface of the PDMS grating when
light irradiates through the grating.
In order to characterize the e-field enhancement of the
grating effect coupled plasmonic systems, FDTD simulations are carried out. As the first step, control experiments are executed. Figure 2 shows the FDTD structures of the sample systems for the control experiments.
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One control sample is the array of Au NPs on a PDMS
substrate as shown in Fig. 2(a). The PDMS substrate
is positioned at 3 µm away from the top PML layer.
The dimension of the Au NP array is set-up by 60 nm
diameter and 4 nm gap, which is determined with considering empirically obtainable plasmonic particles. In the
literature, plasmonic excitation optimized Au NPs are a
mostly atypical shape (star, raspberry-like) and their size
is 50–80 nm. [20,21] Considering the thickness of surfactant surrounding the plasmonic excitation optimized Au
NPs and space between the Au NPs resulted from their
atypical shape, 4 nm gap is set-up in the array of Au NPs
to imitate the empirically obtainable plasmonic excitation optimized Au NPs. Plane source wave in transverse
mode (Fig. 2(a)) inlets above the array of Au NPs on
PDMS substrate with controlling wavelength and incident angle. Another control sample is the array of Au

Fig. 2. (Color online) FDTD structures of the sample
systems for the control experiments. (a) The array of Au
NPs on PDMS substrate, (b) The array of Au NPs on
Au film with Ti buffer layer on silicon dioxide deposited
silicon substrate, and (c) PDMS line grating.

NPs on an Au film-coated substrate (Fig. 2(b)). All setting parameters except the Au film-coated substrate are
the same as the control sample shown in Fig. 2(a). Total
thickness of the Au film-coated substrate is 2 µm as same
as that of the PDMS grating. To imitate an actual Au
film-coated substrate, 30 nm Au film with 3 nm Ti buffer
layer on 300 nm SiO2 deposited Si substrate (1.667 µm)
is set-up for the FDTD simulation. Moreover, as shown
in Fig. 2(c), PDMS grating (5 µm width, 3 µm gap, and
1 µm height) is set-up to characterize e-field enhancement near the grating surface depending on wavelength
and incident angle of the irradiating light.
As the next step, FDTD simulation with the control
sample systems (Fig. 2) is carried out as changing wavelength and incident angle of the source wave. The most
enhanced e-field in each wavelength and incident angle
is measured, then wavelength and incident angle dependent the most enhanced magnitude of e-field (|E|) of the
sample system are contour plotted as shown in Fig. 3. In
addition, wavelength and incident angle with the maximum point of the |E| is denoted as the green dot. Figure
3(a) shows a contour plot of |E| depending on wavelength
and incident angle in the array of Au NPs on PDMS substrate (Fig. 2(a)). As the light wavelength increases in
the order of 500 nm, 600 nm, 700 nm, and 800 nm, the
|E| is gradually bigger. On the contrary, the incident
angle dependence is relatively little. The maximum |E|

(|EMax |) is 9.7 V/m at the wavelength of 800 nm and incident angle of 0◦ . In case of the array of Au NPs on Au
film-coated substrate, as similar as the array of Au NPs
on PDMS substrate, the |E| becomes larger with increasing wavelength and changes relatively little as shown in
Fig. 3(b). However, the |EMax | is 18.1 V/m, that is
almost twice large than that in Fig. 3(a), at the wavelength of 800 nm and the incident angle of 0◦ . On the
other hands, the wavelength and incident angle dependent |E| of the PDMS grating shows a plot with different
tendency. As the incident angle increases in the order of
0◦ , 15◦ , 30◦ , and 45◦ , the |E| increases and decreases
again at 60◦ . For wavelength dependence, it seems that
the |E| oscillates as the wavelength increases as shown
in Fig. 3(c). The |EMax | is 1.54 V/m at the wavelength
of 600 nm and incident angle of 45◦ , which is smaller
than the |EMax | obtained in the plasmonic sample system (Figs. 3(a) and 3(b)).
To characterize the wavelength and incident angle dependence on the |E| of the control sample systems, e-field
profile at the |EMax | of the sample systems (points denoted by the green dots) are displayed as shown in Fig.
4. Figure 4(a) and 4(b) represent e-field profile near
the array of Au NPs at the green dots denoting positions in Figs 3(a) and 3(b), respectively. As expected,
the strongly enhanced e-field is observed in gaps between
the Au NPs, which means that plasmonic excitation is a
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Fig. 3. (Color online) Contour plots of wavelength and
incident angle of the light dependent |E| of the sample
systems shown in Fig. 2. (a) The array of Au NPs on
PDMS substrate, (b) the array of Au NPs on the Au
film-coated substrate, and (c) PDMS line grating. The
green dots denote the |EMax |.

Fig. 4. (Color online) E-field profiles at wavelength and
incident angle conditions for the |EMax | obtained in Fig.
3. (a) Array of Au NPs on PDMS substrate, (b) array of
Au NPs on the Au film-coated substrate, and (c) PDMS
line grating. The green dot denotes the position of the
|EMax |.
source of the e-field enhancement. As well as the |E| is
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much stronger in gaps of the Au NP array on Au film,
e-filed enhancement is also shown between the Au NPs
and the Au film. It would be regarded that the Au film
underneath the Au NP array makes an effect to enhance
e-field. Also, the increasing |E| with longer wavelength
would be explained by general slit width and wavelength
dependent diffraction; diffraction is more clearly generated in narrow slit width. In our system, the gap of the
Au NP array is fixed as 4 nm and the wavelength varies.
It can be considered that relatively longer wavelength
of the light (800 nm) gets through the slit of smaller
ratio (width to wavelength) than the shorter wavelength
(500 nm); hence, it is assumed that strengthened diffraction would influence on the e-field enhancement. In case
of e-field profile of the PDMS grating, the most enhanced
e-field position is observed at the edge of the grating (the
green dot in Fig. 4(c)). Figure 4(c) shows enhanced efield inside of the PDSM grating; however, we exclude
the e-field enhancement inside of the grating because Au
NPs cannot be placed inside of the grating (no coupling
between the grating and the plasmonic particles).
In order to investigate on influence of the grating effect
on the plasmonic particles, the array of Au NPs on the
PDMS grating (Fig. 5(a)) and the Au film-coated substrate (Fig. 5(b)) are designed. Figure 5(a) shows that
array of Au NPs (60 nm diameter and 4 nm gap) is placed
on the PDMS grating (5 µm width, 3 µm gap, and 1 µm
height). On the other hand, the PDMS grating placing
on the array of Au NPs on Au film-coated substrate is
shown in Fig. 5(b). After measurements of FDTD simulations in all wavelengths and incident angles, contour
plots of the |E| depending on wavelength and incident
angle in the array of Au NPs on the PDMS grating (Fig.
5(a)) and sandwiched between the PDMS grating and
the Au film-coated substrate (Fig. 5(b)) are displayed
in Figs. 6(a) and 6(b), respectively. In Fig. 6(a), the
|EMax | of 21.8 V/m is obtained at wavelength of 600 nm
and incident angle of 45◦ , which is over twice larger than
that in the array of Au NPs on PDMS substrate (Figs.
2(a) and 3(a)). It can be assumed that the PDSM grating makes an effect on the e-field enhancement, because
the |EMax | appears at the same wavelength and incident
angle with the PDMS grating case (Fig. 3(c)). On the
other hands, the |EMax | of 38.7 V/m is obtained at the
wavelength of 700 nm and incident angle of 45◦ in case
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Fig. 5. (Color online) FDTD structures of the grating
coupled plasmonic sample systems. (a) The array of Au
NPs on PDMS grating and (b) PDMS contacting on the
array of Au NPs on the Au film-coated substrate.
of the array of Au NPs on the Au film-coated substrate
(Fig. 6(b)). Figure 6(b) shows that the |E| increments
with increasing wavelength as similar as Fig. 3(b) (the
contour plot of |E| in the array of Au NPs on Au film
substrate). But the |EMax | is shown at wavelength of
700 nm and incident angle of 45◦ , which seems to be influenced by the PDMS grating effect. In addition, the
second |EMax | is 37.2 V/m at wavelength of 800 nm and
incident angle of 30◦ , where it is near to the first |EMax |
position. Tendency of wavelength and incident angle dependent the |EMax | of the PDMS grating contacting on
the array of Au NPs on Au film-coated substrate (Fig.
6(b)) is distinguishable from that of the array of Au NPs
on the PDMS grating (Fig. 6(a)), which would result
from inletting light through the PDMS medium (not air)
to reach the array of Au NPs.
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Fig. 6. (Color online) Contour plots of wavelength and
incident angle of the light dependent |E| of the grating
coupled plasmonic sample systems shown in Fig. 5. (a)
The array of Au NPs on PDMS grating and (b) PDMS
contacting on the array of Au NPs on the Au film-coated
substrate. The green dots denote the |EMax |.
The e-field profile at the condition and position for the
|EMax | of the sample systems (the green dots in Fig. 6)
are displayed in Fig. 7. Figure 7(a) shows e-field profile
of the array of Au NPs on PDMS grating at the condition for the |EMax | (600 nm wavelength and 45◦ incident
angle). The |EMax | is observed at the surface of the
protruded grating structure (the red-dashed box in Fig.
7(a)). The e-field is most strongly enhanced (21.8 V/m)
in gaps between the Au NPs. In case of the PDMS grating contacting on the array of Au NPs on Au film-coated
substrate at the condition for the |EMax | (700 nm wavelength and 45◦ incident angle), the |EMax | is observed at
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the Au NPs sandwiched between surfaces of the PDMS
grating and the Au film-coated substrate as denoted by
the red-dashed box in Fig. 7(b). The e-field is most
strongly enhanced (38.7 V/m) in gaps between the Au
NPs. Interestingly, e-field between the Au NPs and the
Au film is also strongly enhanced, which is also observed
in the array of Au NPs on Au film-coated substrate (Fig.
4(b)). Hence, it would be regarded that the Au film underneath the Au NP array makes an effect to enhance
e-field in the PDMS grating contacting on the array of
Au NPs on Au film substrate sample.
To clearly characterize e-field enhancement in the sample systems, a bar graph of the |EMax | in the sample systems is displayed as shown in Fig. 8. Comparing the |EMax | of the control sample systems, it
turns out that e-field generated in plasmonic particles
(the array of Au NPs) can be enhanced nearly twice
(18.1 Vm−1 /9.7 Vm−1 =1.87) by placing on the Au filmcoated substrate. Especially, by means of utilizing grating structure, e-field of the plasmonic particles can be
enhanced over than twice; e-field enhancement is 2.25
(21.8 Vm−1 /9.7 Vm−1 ) for the array of Au NPs on PDMS
grating and that is 2.14 (38.7 Vm−1 /18.1 Vm−1 ) for the
PDMS grating contacting on array of Au NPs on Au
film-coated substrate.

IV. Summary
By means of FDTD simulation analysis, e-field enhancement in the model systems of grating coupled plasmonic particles is characterized. The |EMax | is obtained
in gaps between the Au NPs, and its dependence on the
wavelength and incident angle of the light is influenced
by the PDMS grating in the PDMS grating coupled Au
NP array samples. In conclusion, it turns out that the
|EMax | can be enhanced more than twice larger by utilizing the PDMS grating; which means that SERS signal
of the plasmonic particles can be enlarged by electromagnetic enhancement with coupling with a dielectric
grating. In addition, Au NP array on an Au film-coated
substrate can be empirically obtained by lithographic
approach combing with self-assembly of the nanoparticles [22–24]. Hence, this finding will be helpful to develop SERS applications, including an effective SERS
template, in the future.

Fig. 7. (Color online) E-field profiles at wavelength and
incident angle conditions for the |EMax | obtained in Fig.
6. (a) The array of Au NPs on PDMS grating and (b)
PDMS contacting on the array of Au NPs on the Au filmcoated substrate. The red dashed boxes denote regions
of the |EMax |, and the zoomed-in images are displayed
in right.
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