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Abstract：In this study, we reported a silver sinusoidal nanograting used in microchannels, forming H2O/Ag/NOA 
heterostructure, and studied the impact of interactions of grating-coupled surface Plasmon polaritons (SPPs) on 
Surface-enhanced Raman Scattering (SERS). FDTD simulations showed that when the refractive index of NOA is 
close to that of H2O, there were two modes of odd coupling and even coupling between SPPs. Additionally, the 
thinner the Ag grating, the stronger the coupling, accompanied by the frequency shift of the two coupling modes. We 
also estimated the influence of refractive index of the surrounding medium on SPPs coupling by varying the dielectric 
of the upper and lower layer of Ag grating. Our experimental results were supported by FDTD calculations, which 
confirmed the importance of the interactions of grating-coupled SPPs in the design of SERS substrate. 

 

Keywords：surface plasmon polariton (SPP), Surface-enhanced Raman Scattering (SERS), sinusoidal nano-
grating, odd modes, SPP coupling  

 

1. Introduction 

Nanostructures that support surface plasmon 
resonance (SPR) have been widely used for sensing 
applications through the use of different techniques, 
including SPR spectroscopy[1, 2], SPR imaging[3] and 
surface-enhanced Raman scattering (SERS) 
spectroscopy[4-7]. SERS, particularly, allows for highly 
sensitive detection and specific identification of 
analytes, has been extensively employed in multiple 
applications including trace molecules detection[8, 9], 
biosensors[10, 11], food security[12, 13], and environment 
safety[14, 15]. Metallic nano-gratings[16, 17], in particular, 
experience large-area uniform electromagnetic 
enhancement[18, 19], which increases the chances for 
analyte detection via SERS spectroscopy[19-21]. Their 
properties are connected to surface plasmon polariton 
(SPP), whose resonance wavelength depends on the 
geometrical parameters of the nanograting, the incident 
light and the surrounding medium[7]. 1D Metallic 
nanograting may enhance the electromagnetic field 
intensity at a metal-dielectric boundary near-surface 

region by ~10 times[22]. However, the Raman 
spectroscopy is greatly affected by the surrounding 
medium when metallic nanograting is used to detect 
trace molecules in microchannels[23]. When the 
refractive index of the superstrate and substrate is close, 
the excitation of SPP takes place at the metal-air 
interface or the metal-glass interface leading to the 
interaction of different modes[24]. 

In this work, we report on the optical study of 
coupling modes of SPPs supported by silver sinusoidal 
nanograting deposited on a Norland Optical Adhesive 
(NOA) coated glass substrate used in microchannels, 
forming a H2O/Ag/NOA heterostructure. Then we 
estimated the impact of interaction of grating-coupled 
SPPs on the SERS, by varying the thickness of Ag 
grating, the refractive index of the surrounding medium 
of the superstrate and substrate. They confirm the 
importance and the impact of interactions of grating-
coupled SPPs in the design of SERS substrates by 
considering the appropriate grating constant in 
accordance with FDTD simulations. 
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2. Model and Theoretical Analysis 

2.1 Model 

The SERS structure of sinusoidal nanograting with 
period   , consists of 3 layers (Ag, NOA, SiO2), as 
seen in Fig.1. The medium above the Ag layer is H2O, 
which functions as a concentrator, effectively increasing 
the volumetric density of trace molecules. Fabrication 
of the sinusoidal nanograting can be performed using 
the rapid and high-throughput interferometric technique 
described elsewhere [1, 25]. The Ag sinusoidal 
nanograting, to provide the metallic interface for the 
SPP excitation, has a large-area approach for target 
analyte detection, in contrast to established hot spot 
methods[25]. 

 

Fig. 1 Schematic diagram of the SERS substrate  

The optical responses of the heterostructure were 
computed using FDTD simulations, as defined in Fig.2, 
by assuming that the grating volume extended 
uniformly in Y direction. So, periodic boundary 
conditions (PBCs) were used in the X- and Y-direction, 
while perfectly matched layers (PMLs) were used in the 
Z-direction. Normal incidence of light (plane waves) 
with transverse magnetic (TM) polarizations, were 
considered as excitations. The dispersive dielectric 
function of Ag was extracted from the experimental data 
from Ref[26]. The nondispersive refractive indices of 
H2O and glass (SiO2) were considered as 1.3356 and 
1.45, respectively. Relatively fine grid spacings set with 
1nm, and simulation time with 1000fs is applied for well 
converged results. 

 
Fig. 2 Geometry of the H2O/Ag/NOA heterostructure 

The periodicity of the Ag sinusoidal grating was set 
about 570nm calculated by using Eq.(2) for a laser 
excitation wavelength of 785nm, with the dispersive 
dielectric function of Ag from Ref[26]. The amplitude of 
sinusoidal grating was set about 20nm, with high 
electromagnetic enhancement[22]. The index of NOA 
varied from 1.33 to 1.7 in the wavelength range, 
corresponding to different dielectric.  

2.2 Theoretical Analysis 

The dispersion relation of SPP, propagating at a 
metal/dielectric interface, is defined as Formula (1). 
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Where    is the SPP wave vector, 0 =k
c


 is the 

incident wave vector,  and c  are the frequency and 
speed of the incident light, ( )

m
   and 

d
  are metal 

and dielectric permittivity. 
When an incident beam of light is focused on a 

metallic grating, the diffraction wave will be 
generated[27], which can directly couple to SPP if the 
momentum of the diffracted wave is matched with the 
grating surface[28]via the grating equation [29]: 
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n is the refractive index of the medium, 
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is the angle of the incident light with respect to the 
normal on the grating, m  is an integer and represents 

the grating diffractive order, 
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is the reciprocal 

lattice vector of the grating, and is the period of the 
grating.  

The SPP fields fall off exponentially along the 
direction/metal perpendicular to the grating surface[30], 
with the evanescent decay length of the fields calculated 
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by Formula (3): 

2 2

0

1=
k


 

           (3) 

In the H2O/Ag/NOA heterostructure (IMI), as seen in 
Fig.2, when the refractive index of NOA is close to H2O 
and the thickness of Ag grating is comparable to or 
smaller than the decay length of the interface mode, 
where =23.484nm   in the Ag at 

0 =785nm  , each 
single interface can sustain bound SPP[31], and 
interactions between SPPs give rise to coupled 
modes[32]. 

For TM modes light, according to Maxwell equations, 
the field components in H2O are 
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While in NOA, we get  
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Where ,i z i
k k is the component of the wave vector 

perpendicular to the interface. In the Ag grating, the 
modes localized at the H2O/Ag and Ag/NOA interface 
couple, yielding  
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The requirement of continuity of y
H and

x
E  leads 

to equation (7) at the H2O/Ag interface (suppose z h ) 
and equation (8) at the Ag/NOA interface (suppose
z h  ). 
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y
H  further has to fulfill the wave equation 
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3.Results and Discussion 

3.1 Coupling Mode 

Firstly, we analyzed the coupling modes of SPPs of 
the H2O/Ag/NOA heterostructure with 40nm thick Ag 
and NOA133. The index of NOA133 is 1.33, leading to 
a better matching with H2O index and forming a 
symmetric environment. The variation of reflectivity, 
absorbance and transmittance of SERS with incident 
wavelength is shown in Fig. 3. 

 

Fig. 3 Reflectance (R), transmittance (T), absorbance (A) of 
the SERS substrate as a function of wavelength of incident light 

(H2O/Ag/NOA133 heterostructure, Ag=40nm) 

It can be seen that a strong coupling of SPPs occurs 
at 773nm and 813nm respectively, corresponding to the 
two resonance wavelengths, where the reflectance curve 
shows two sharp troughs, while two sharp peaks appear 
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in the corresponding transmittance and absorbance 
curves. The electric field distributions of the SERS at 
resonance wavelength are shown in Figure 4.  

A third maximum of intensity of absorbance near the 
421nm wavelength, with a much lower intensity, is 
observed, attributed to an order (0, ±1) grating diffracted 
wave. 

 

Fig. 4 Electric field distributions of the SERS substrate at（A）

=773nm （B） =813nm  

When =773nm , the interactions of SPPs result in 
odd vector ( )

x
E z in the Ag grating. The SPP of the upper 

and lower interfaces propagates back along the Ag 
grating surface, and appears to repulse each other in the 
middle of the Ag layer, where appears extremely weak 
electric field. The ( )

x
E z  increases gradually from the 

middle of the Ag grating to the both interfaces. In this 
mode, the decay length of the evanescent field is larger 
in the dielectric, which forms a large range of electric 
field enhancement both in H2O and NOA. 

When =813nm  , ( )
x

E z  in the Ag grating is even 
function, where Ag grating has strong bound on 
electromagnetic field, and the decay length of 
evanescent field is small in the dielectric. 

The SPP couplings of both modes are strong in such 
structure, where the transmittance of SERS is large. In 
addition, the electric field of Ag/NOA surface is almost 
equal to that of H2O/Ag surface, with maximum of 

electric intensity (
0max

E E ) of ~10 times. 

3.2 The effect of the thickness of Ag sinusoidal 

grating 

According to the SPP dispersion equation (1), the 
theoretical SPP resonance wavelengths of Ag/NOA and 
H2O/Ag interfaces are about 786nm and 790nm, 
respectively. However, when Ag=40nm, the resonance 
frequencies shift due to the coupling of SPPs. In order 
to study the effect of thickness of Ag grating on SPPs 
coupling, FDTD simulations were carried out. The 
transmittance of SERS substrate varies with the 
thickness of Ag grating, as shown in Figure 5.  

 

Fig. 5 Transmittance (T) of the SERS substrate as a function 

of thickness of Ag grating and wavelength of incident light 

(H2O/Ag/NOA133 heterostructure, Ag=40nm) 

When the Ag grating is thick (such as >100nm), the 
SERS substrate has two resonance wavelengths of 
786nm and 790nm, which are the same as the theoretical 
SPP resonance wavelength of Ag/NOA and H2O/Ag 
interfaces, respectively. Under this thickness, the 
transmittance is very small. As the thickness of Ag 
grating decreases, SPP coupling is enhanced, and the 
frequency of even modes of SPP coupling is redshifted, 
while that of odd modes is blue shifted, as shown in 
Figure 6.  
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Fig. 6 The resonance wavelengths of the coupled modes as a 

function of thickness of Ag grating 

  For an incident wavelength  , the transmittance 
increases with the decrease of Ag grating thickness.  
Because the skin depth of incident light in the Ag 
grating is small, the thicker the Ag grating, the less light 
penetration, the weaker the SPP excited at the interface 
Ag/NOA, which leading to the lower the coupling of 
SPPs. When the Ag grating is quite thick, even infinite 
( h  ), there is no electromagnetic field at the 
Ag/NOA interface, let alone the coupling of SPPs, 
where the equation (9) can be approximated as two 
uncoupled SPP wave equations at their respective 
interfaces, as shown in Formula (10).   

1 1 2 2

1 1 3 3

k k

k k

 
 
 
 

            (10) 

For a certain thickness of Ag grating, the 
transmittance reaches the maximum when SPPs are 

strongly coupled. We also note that the transmittance is 
larger in the odd modes than that in even modes, mainly 
because the even modes have a stronger ability to bind 
the electromagnetic field.  

The variation trend of reflectance is basically 
opposite to that of transmittance, as shown in Figure 7.  

 

Fig. 7 Reflectance (R) of the H2O/Ag/NOA133 system as a 

function of wavelength of incident light 

The electric field distribution of the SERS substrate 
under resonance frequency are shown in Figure 8. When 
the Ag grating is relatively thin (such as 30nm and 
40nm), the coupling between SPPs is strong, where the 
maximum electric fields on both surfaces enhance 
nearly 10 times, in both odd and even modes. The decay 
length of the evanescent field in odd modes is larger, 
forming a larger range of electric field enhancement 
region in the medium.  

 

Fig. 8 Electric field distributions (A) ( )
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With the increase of Ag grating thickness, the SPPs 
and the electric fields on Ag/NOA surface decrease, 
while that on H2O/Ag surface increases gradually. It can 
be observed that the maximum electric field intensity 
occurs at the maximum Ag thickness (110nm). It can be 
said that the coupling of SPPs enhances the 
transmittance and the electric fields of Ag/NOA surface, 
but at the same time reduces the electric fields on the 
surface of H2O/Ag, which is the strongest when the 
coupling is weak or even no coupling. 

3.3 The effect of the NOA 

In the following, we investigated the impact of the 
dielectric on the interaction of SPPs, as well as on the 
SERS. Different materials, such as NOA 142 (refractive 
index of 1.42), NOA 61 (refractive index of 1.56) and 
NOA 170 (refractive index of 1.7), were used for 
comparative experiments, and the influence of 
refractive index change on SERS was analyzed, as seen 
in Fig.9.  

  

Fig. 9 SERS as a function of refractive index of NOA with 

80nm Ag 

It should be noted that the coupling of SPPs does not 
cause the change of SPP resonance frequency on the 
H2O/Ag surface when the thickness of Ag is more than 
80nm, as illustrated in Figure 6. According to the SPP 
dispersion equation (1), the larger the refractive index 
of NOA dielectric, the longer the SPP resonance 
wavelength of Ag/NOA surface.  

For absorbance, there is a good qualitative agreement 
for different NOA dielectric, and the maximum is 
obtained at 0=79 nm   On the contrary, the 

transmittance curve is very different near SPP resonance 
wavelength. The maximum corresponds to NOA133 at 

6=78 nm , since the refractive index of NOA133 and 
H2O is the closest, the coupling of SPPs leads to a sharp 
increase in transmission of SERS substrate under 
786nm incident light. That is to say in a symmetric 
environment, the SPPs of the two interfaces are 
expected to be symmetric, and thus with a higher 
coupling. However, the refractive indices of other NOA 
materials and H2O are quite different, which hinder the 
coupling of SPPs between the interfaces, resulting in 
extremely low electric field intensity in NOA. On the 
contrary, the electromagnetic field on the H2O/Ag 
surface is stronger in this case, which can be understood 
as the charge in the Ag grating is more concentrated 
towards the H2O/Ag surface.  

3.4 The effect of upper dielectric of the Ag grating 

In order to prevent the oxidation of Ag grating, a layer 
of Al2O3 was evaporated on the surface of Ag grating, 
forming a (H2O-Al2O3)/Ag/NOA heterostructure. By 
changing the thickness of Al2O3 thin layer, the influence 
of the change of refractive index of upper medium of Ag 
grating on the electromagnetic field of SERS substrate 
can be studied, as shown in Fig. 10. 

 

Fig. 10 SERS as a function of the thickness of Al2O3 with 

NOA133 and 80nm Ag 

SPPs are coupled at the incident light of 786nm, 
where the ( )

x
E z  is an odd vector in Ag grating and the 

transmittance of SERS substrate is great, as shown in 
the transmittance curve in Figure 10. With the 
increasement of the thickness of Al2O3, the 
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transmittance decreases, as the SPP on (H2O-Al2O3)/Ag 
surface at 786nm gradually weakens, resulting in the 
reduction of the odd modes of SPPs. 

With the increase of Al2O3 thickness, the equivalent 
refractive index of (H2O-Al2O3) increases, leading to 
the red shift of SPP frequency of (H2O-Al2O3)/Ag 
interface. As a result, the resonant frequency of the even 
modes redshifts and the coupling degree decreases 
gradually, as illustrated in the electric field distributions 
of even modes.  

As can be seen from the transmittance curve and 
absorption curve in Figure 10, the transmittance of 
SERS substrate reaches the maximum in odd modes 
(786nm), while the absorbance reaches the maximum in 
even modes (such as 804nm when Al2O3 is 10nm).    

4. Conclusion 

It has been shown that the interaction of grating-
coupled SPPs affects significantly the SERS intensity 
for Ag sinusoidal nanograting. This interaction is 
maximum at SPP resonance wavelength, when the 
refractive indexes of the superstrate is close to that of 

substrate. There are two modes of ( )
x

E z   in Ag 

grating, odd vector and even vector, when strong 
interaction of SPPs occurs. Generally speaking, the 
transmittance of SERS substrate is maximum in odd 
modes, while the absorbance is maximum in even 
modes. 

With the decrease of Ag thickness, the interaction of 
SPPs is gradually enhanced, and the resonance 
frequency of odd modes is blue shifted, while that of 
even mode is red shifted. When the difference of 
refractive index between superstrate and substrate larger, 
the coupling of SPPs would decreases, and the 
transmittance of SERS substrate decreases 
correspondingly, while the EF of H2O/Ag surface 
increases. As a consequence, the SERS is strongly 
dependent on the interaction of SPPs. The research may 
serve as a guideline for the design of metal/medium 
SERS substrate of multi-layer, as well as the substrate 
used in micro channel. 
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