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Abstract: The effect of plasmon-wavelength 
scaled gratings on the surface plasmon resonance 
is studied experimentally and theoretically. The 
model samples are multi-layers containing laser-
fabricated gratings at bimetal-polymer interfaces. 
Dual-angle dependent surface plasmon 
resonance measurements are performed 
illuminating the samples by monochromatic light 
in Kretschmann arrangement. The double-peaked 
resonance curves show that it is possible to 
maximize the grating-coupling efficiency by the 
appropriate azimuthal orientation of the grooves. 
The dual-angle dependent reflection problem on 
three dimensional periodic structures is solved 
by RF module of COMSOL. The numerical 
calculations prove that the grating-coupling 
phenomenon is accompanied by periodic near-
field enhancement at the metal-dielectric 
interfaces. The air- and glass-side plasmons are 
synchronized along the valleys at the optimal 
azimuthal orientation. The synchronization 
possibility of the periodic plasmon-field and 
adhesion enhancement is an important tool to 
improve the sensitivity in bio-sensing based on 
the monitoring of the secondary peaks appeared 
due to rotated grating-coupling phenomenon. 
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1. Introduction 
 

The presence of periodic structures at metal-
dielectric interfaces strongly influence the 
resonance characteristic of the Surface Plasmon 
Polaritons. The appearance of photonic energy 
gaps is accompanied by periodic electromagnetic 
field and surface charge distributions [1].  

Our previous far-field Surface Plasmon 
Resonance measurements performed on sub-
micrometer metal-dielectric interfacial structures 
have shown that the Rotated Grating-Coupling 
phenomenon results in double-peaked angle-
dependent resonance curves [2].  

The conditions of highly efficient coupling 
are the commensurability of the periodicity with 
the plasmon wavelength, the appropriately large 
modulation depth, and the right azimuthal 
orientation of the grating grooves with respect to 
the plane of the exciting light incidence. 

The complementary Pulsed Force Mode 
Atomic Force Microscopy measurements 
performed on laser-generated gratings have 
shown the coexistence of periodic adhesion 
modulation. The rotated grating-coupling 
phenomenon was utilized in bio-sensing of 
proteins adhered into the highly adhesive grating 
valleys [3]. The purpose of the COMSOL 
calculations was to determine the near-field 
distribution accompanying the detected far-field 
phenomena, and to explain the experienced 
enhanced RGC SPR detection sensitivity. 
 
2. Experimental results 
 

The model-samples in present calculations 
were NBK7 substrates coated by bimetal layers 
(38 nm silver and 7 nm gold) and covered by a 
polymer grating having a periodicity of Λ=416 
nm and a modulation depth of 2a=33.8 nm.  

The gratings were prepared by laser-based 
Interference Lithography in experimental studies. 
The fourth harmonic of a Nd:YAG laser 
(λIL=266 nm. τ=10 ns) illuminated a master 
grating, and the first order diffracted beams were 
recombined at the sample surface resulting in 
periodic intensity distribution. 

The multilayer composition and experimental 
parameters were set in order to maximize the 
rotated grating-coupling efficiency [3]. 
 

2.1 Topography of laser-fabricated gratings 

 
Tapping Mode Atomic Force Microscopy 

was applied to map the topography of the laser 
generated gratings. It was shown that the line-
cross-section of the gratings is sinusoidal, 
according to the intensity distribution of the 
interference pattern (Figure 1). 
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Figure 1. Topography of a grating generated by 
Nd:YAG laser , applying N=900 pulses having a 
fluence of F=10.5 mJ/cm2. The line-cross-section 
of the gratings is sinusoidal. The inset shows the 
unit cell applied in model calculations. 

 
2.2 Surface Plasmon Resonance in presence of 

laser-fabricated gratings 
 

Polar and azimuthal angle dependent SPR 
measurements were performed in a modified 
Kretschmann arrangement [2]. The samples were 
illuminated by monochromatic light having a 
wavelength of λSPR=532 nm. The ϕ polar angle 
scan was performed collecting the angle 
dependent reflected light by a photodiode. The 
γγγγ        azimuthal orientation of the grating grooves 
with respect to the plane of light incidence was 
set by rotating the samples with ∆γγγγ = 15º 
between measurements. 
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Figure 2. Surface Plasmon Resonance curves 
measured on multi-layers containing laser 
fabricated grating at three different azimuthal 
orientations.  

The SPR measurements have shown that 
secondary peaks are detectable in the entire 
azimuthal angle interval of γγγγ = 0-90º, but the 
depth of these minima is considerably larger 
around the optimal value of γγγγ = 30º (Figure 2). 
 

3. Use of COMSOL Multiphysics 
 

The RF COMSOL module was applied, and 
the “Harmonic wave propagation” was studied in 
order to determine the EM field distribution in 
the multi-layer stack. The geometry of the model 
consisted of one unit cell of the periodic 
structure (Figure 3). Floquet periodic boundary 
conditions were combined with Port-boundary 
conditions to describe the periodic nature of the 
problem, and to specify the illumination by p-
polarized light, respectively.  

The illumination from the bottom was 
described in Port boundary condition by 
specifying the H field of the oblique incident 
plane wave with in plane polarization, taking the 
ϕ  polar and γ  azimuthal angles according to 

the experiments into account: 
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where the components of the H vector are: 
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while the components of the k wave vector are: 
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x

, (3a) 
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y

, (3b) 
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z
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The geometry of the model included the 
following media: NBK7 substrate, bimetal layers 
consisting of silver and gold, a grating made of 
polymer (poly-carbonate) and an air-filled 
closing layer at the top. The indexes of refraction 
of the NBK7 and polymer dielectric media were 
specified by Cauchy-formulas determined via 
ellipsometry. The complex permittivity of the 
metal layers was specified by combined Drude-
Lorentz model fitting the dielectric parameters 
measured on thin films [4]. 



The normal density of the applied periodic 
meshes made possible to meet the Nyquist 
criterion and to study the field distribution along 
the polymer stripes (Figure 3). 
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Figure 3. Three dimensional model applied to 
determine the dual-angle dependent near-field 
distribution, and the normal density periodic grid. 
 
4. Discussion 
 
The SPR measurements have proven that the 
γγγγ = 30º is an optimal azimuthal orientation, 
where the secondary peak is the deepest. The 
FEM calculations provided the near-field origin 
of this phenomenon. 
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Figure 4. The near-field distribution at different 
interfaces of the multilayer at γγγγ = 15º azimuthal 
orientation. The maxima of the normalized 
electric field are arrayed along the right side of 
the polymer stripes. 
 
 
 



The polar angle was set to ϕ = 50.5º 
according to the position of the measured 
secondary minima, and the azimuthal orientation 
of the grating grooves with respect to the plane 
of light incidence was varied by ∆γγγγ = 15º steps. 
The local field enhancement was visualized by 
extracting the normalized electric field at 
different interfaces.  

The model calculations have shown that 
there is a periodic near-field enhancement 
parallel to the polymer stripes on both of the 
opposite metal-dielectric interfaces, due to the 
coupling on the grating having a periodicity 
commensurable with the plasmon wavelength.  

At the azimuthal orientation of γγγγ = 15º the 
normalized electric field maxima are aligned 
along the polymer stripes, and are right-shifted 
with respect to the unit cell, i.e. the left side of 
the valleys is partially illuminated (Figure 4). 
The shift is different for the air- and the glass-
side maxima, revealing to plasmon fields which 
are still de-synchronized spatially. 

The peculiarity of the γγγγ = 30º azimuthal 
orientation corresponding to the deepest 
measured plasmon resonance peaks is that the 
positions of the normalized electric-field maxima 
are closely synchronized with respect to the unit 
cell (Figure 5). This indicates that the air-side 
and the glass-side plasmons are excited 
synchronously along the grating valleys with 
high efficiency. Taking into account the small 
layer thicknesses, these plasmon fields may 
overlap and couple. This is the explanation of the 
largest depth of the secondary peaks, which 
indicate the highest coupling efficiency at this 
particular azimuthal orientation. 
 At the azimuthal orientation of γγγγ = 45º the 
normalized electric field maxima are aligned 
again closely along the polymer stripes, but they 
are left-shifted with respect to the unit cell 
(Figure 6). The shift is larger in case of the 
glass-side plasmons indicating that the glass- and 
air-side plasmons started to be de-synchronized. 
 The presence of the grating may result in 
dual plasmon field at the opposite metal-
dielectric interfaces, which can be coupled at the 
optimal azimuthal orientation with high 
efficiency. When the EM field maxima are 
synchronized in the valleys, the near-field is 
synchronized also with the periodic adhesion 
modulation, enhancing the sensitivity of RGC 
SPR bio-sensing. 

 
γ=30°

Glass-Silver interface

Silver-Gold interface

Gold-PC interface

PC-Air interface

 
 
Figure 5. The near-field distribution at different 
interfaces of the multilayer at γγγγ = 30º azimuthal 
orientation. The maxima of the normalized 
electric field are synchronously aligned along the 
valleys for both of the glass- and air-side 
plasmons. 
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Figure 6. The near-field distribution at different 
interfaces of the multilayer at γγγγ = 45º azimuthal 
orientation. The normalized electric field 
maxima are arrayed along the right-boundary of 
the valley on the glass-side, while the air-side 
plasmon is mostly confined along the PC stripes. 
 

 

5. Conclusions 
 

The three dimensional COMSOL model 
calculations have proven that the grating-
coupling phenomenon is accompanied by 
periodic near-field enhancement at both of the 
metal-dielectric interfaces. The glass-side 
plasmons are excitable due to the coupling on the 
grating. At the azimuthal orientation 
corresponding to the highest coupling efficiency 
the air- and glass-side plasmons are spatially 
synchronized along the grating valleys. The 
advantage of the phenomenon is the collection of 
the EM-field into the valleys, where the proteins 
prefer to attach. This is the explanation of the 
enhanced detection efficiency experienced in our 
previous bio-sensing studies. 
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