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ABSTRACT

This paper presents theoretical and experimental results of a pe-
riodic grating surface plasmon resonance (SPR) transducer. The
angular interrogation mode, for a fixed wavelength of 820 nm, was
explored at specular reflection for gold films, deposited by sput-
tering on a grooved polymer substrate. The thin metal layer has a
height of 50 nm and a pitch of 478 nm. Parameters such as resonant
angle and sensitivity have been determined. Coherence between the
theoretical and experimental results demonstrates the correctness
of the proposed methodology and the feasibility of the proposed
device.
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1 INTRODUCTION

The surface plasmon resonance (SPR) phenomenon has been ex-
tensively studied in the last years and has its applications mainly
directed to the construction of optical sensors. SPR sensors are
quite versatile and widely used in optical instruments for real-time
monitoring of biochemical interactions in an aqueous environ-
ment [1, 10]. The excitation of plasmons is mainly based on the
Otto and Kretchsmann configurations, however, its analysis may
be modified due to changes in the shape of the metal surface, which
may be smooth, rough or a periodic grating.

The SPR phenomenon consists of a longitudinal oscillation in
charge density, along the interface between two media with oppos-
ing signal dielectric constants, where one is metal and the other is
a dielectric [4]. Coupling and resonant interaction of the surface
plasmon (SP) wave with a received photon requires that the SP-
wave vector ksp corresponds to the incident light wave vector kpp,
corresponding to energy-momentum conservation.

In SPR transducers the grating can be used in two different ways,
they are: direct incidence of light on the grating, which provides
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an incident wave vector impulse coupled to the surface due to its
periodic geometry, or still indirect incidence at which light is guided
through a prism by using the attenuated total reflection (ATR)
technique [2]. To augment kpp, under conditions where the incident
light beam propagates through vacuum or gas, with n ~ 1, the
reflective surface must be spatially modulated through a corrugated
surface profile, to establish appropriate momentum transfer. The
former condition is denoted the grating mode (GM).

In this work a sensor system is designed in which the incident
light (820 nm) is applied directly on the metallic grating surface.
To determine the sensor response, numerical simulations are per-
formed, and a laboratory test set-up was built. The GM mode was
used under specular reflection conditions for variation of the angle
of incidence (GM-AIM).

1.1 Theoretical aspects

The periodic grating consists of a surface characterized by multiple
slits or parallel grooves in a given substrate, which follow a peri-
odicity (A). When light is shed onto the surface the light beams
are reflected, absorbed or transmitted having characteristic angles
for each diffraction order as illustrated in Figure 1. The grating
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Figure 1: Geometry of the transducer grating. A thin metal-
lic layer is sputtered onto the corrugated polymer surface.
The incident light has the polarization type P, whose the
electric field is parallel to grooves of the grating,.

has direct influence on the x component of the incident light wave
vector ky, resulting in the addition or subtraction of the grating
vector kg, which depends only on the diffraction order, as given
by [7]:

km = kx + mkg (1)
where ky = 27” sin(f;n, ), and m denotes the diffraction order (posi-
tive or negative integers) and kg = 277/A is the diffraction grating
vector which is inversely proportional to the spatial period. Since
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the incidence of the light rays perpendicular to the periodic surface
the grating equation can be expressed by [6, 7]:

mT/l + sin(0;,) = sin(6p,) (2)

For the different diffraction orders to exist which can be considered
a special case called specular reflection or zero order, where m = 0
for all wavelengths and the grating acts as a mirror [7].

1.2 Surface plasmon resonance on the grating

Surface plasmon can be defined as a transverse magnetic (TM) polar-

ized electromagnetic wave which propagates along the metal/dielectric

interface [3], resulting from the interaction of light with the metal
electrons. The SPR technique uses the spreading of the plasmon
wave that is quite sensitive to changes in refractive index close to
the surface. Such sensitivity is observed at the resonance condi-
tion, i.e., when the wave vector of plasmon surface (SPW) couples
the vector of incident light on metallic layer [9]. At the resonance
condition the propagation constant of the SPW wave is given by [5]:

®)

where ey = emr + jémi is the permittivity of metallic layer.
The condition for the off-specular resonance angle 6yes in the
grating mode [8] in the gas phase writes as:

Emr + 1 im_/l )

Ores = arcsin [+
Emr A

m is an integer number, whose define if the diffraction order is
positive or negative, A is the grating pitch (see Figure 1) and eny is
the metal dielectric constant at the resonance wavelength. If the
incident angle satisfy the condition:

km = ksp (5)

then the SPW wave was excited and consequently coupled to the
optical beam resulting in the reflection of light absorption specular,
in other words the resonance condition has been achieved [4, 5].

The finite element method (FEM) was used to solve the field
equations involved in the wave propagation process at the interface.
The basic equation to be solved is given by

V x iy (VX E) - k2 [Em—ﬂ]ho. ©)
(A2

That equation was formulated for the transducer structure shown
in Figure 1. In the above equation, w represents the wave frequency,
emyr is real part of permittivity of metal, &y and i, are respectively
the gold and vacuum permittivity, the permeability, o is the con-
ductivity, kg = 27” and E is electric field vector. The boundary
conditions are N X VE = 0 and N X VH = 0 [4], where N denotes
the vector normal to the surface of the grating.

For the proposed transducer structure, the light beam has directly
incidence on the metal layer. The light had polarization of type S (or
TE mode) and type P (or TM mode), whose direction of the electric
and magnetic fields can be seen in the Figure 2. The transducer
output signal is the ratio of P/S field intensities.

E. P. Rodrigues et alii.

P polarization

S polarization

Free space

Metal

Dieletric

Figure 2: a) Scanning and b) Cross-sectional high resolution
images of the grating’s profile.

1.3 Simulations and Experiments

From a cut on the chip the transverse grooves of the grating, a
microscopic analysis was performed [9] and the profile of this
grating could be determined. The result of this study is presented
in Figure 3, consisting of a sawtooth waveform geometry with
rounded edges. For the numerical study a spatial Fourier series
expansion of the actual grating surface was used.
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Figure 3: a) Scanning and b) Cross-sectional high resolution
images of the grating’s profile.

Parameter Value
Periodicity (A) 478 (nm)
Height of the structure 500 (nm)
Height of the grating 100 (nm)
Height of the metallic layer 50 (nm)

IR of air 1

IR of substrate 1.52

Incident angle Oin (0-90 deg)
Wavelength 820 nm
Frequency 3% 108/

The computational study was performed with the help of the
COMSOL software for the structure sketched in Figure 4. The pa-
rameters used in numerical study are given in Table 1. The sinu-
soidal waveform resulted from the use of the first harmonic obtained
from Fourier series expansion, whose the periodicity is 478 nm. As
the study carried out was AIM, we have a fixed wavelength of light
at 820 nm, however, we have the incidence angle ranging from
10-90 deg. An optical diffraction grating, manufactured by injection
molding of a cyclic olefin co-polymer (tradename TOPAS), has been
exploited for this investigation. The device comprises a 50 nm gold
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Figure 4: Numerical results for the electric field intensity
near the metal-dielectric interface. The transducer is com-
posed of TOPAS and gold (bluish area). The incident light is
directed to the metallic layer. The intensity of electric field
(V/m) observed at/around the air/gold interface follows the
color code seen in the right hand side.
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film deposited by sputtering exhibiting a pitch of 478 nm. The de-
vice has two areas provided with gratings that were coated with a
layer of gold (See Figure 5). For the implementation of the proposed

Grating

Figure 5: Transducer built for experimental tests. The device
has two similar grating regions. Thus it is possible to use any
one of the grooved regions.

system is used an optical assembly kit composed of lenses, light
source, optical bandpass filter (820 nm) and spectrometer. The opti-
cal source used in the experiment is a stabilized tungsten-halogen
light source providing a constant-intensity of 10 mW blackbody
(blackbody spectrum spans both in the visible and near-infrared
regions) radiation spectrum between 360 and 2600 nm. The optical
filter allows part of the light beam to be discarded, thus using only
the 820 nm light wave length. The lenses, polarizer and shutter,
are responsible for directing the beam of light. A spectrometer is
used to capture the reflected light. The assembled system is shown
in Figure 6. The test set-up structure is detailed in Figure 6 and
the optical set-up is shown in a photographic image in Figure 7,
respectively. The spectral position of the resonance is extracted
from the reflectance ratio P/S of the s- and p-polarized components.
The experimental protocol is to excite the corrugated surface with a
p-polarized light at a specific incident range of angles and measure
the reflected beam by using the image detector. The corrugated
surface is exposed to the ambient (laboratory) air.
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Figure 6: Detailed diagram of the experimental test setup.
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Figure 7: Photo of of experimental test setup.

The variation of the angle of incidence was performed manually
and restricted to a range close to the resonance angle (the wave-
length was fixed at 820 nm). A custom designed software was used
to acquire and process the spectrometer data via an USB connection.
Once all components are correctly positioned, the incident light
is directed on the metal grating and the software is initialized to
plot the SPR curves, making a pixel X 0 relationship. The intensity
of reflected light by the device is captured by the spectrometer for
each angle of incidence. From the data obtained for each angle it is
possible to trace the SPR curve in AIM mode.

2 RESULTS AND DISCUSSION

In the Figures 8 and 9, are showed the results of the simulated
ans experimental curves, comprising in a ratio of fields (P/S) with
different polarizations and the experimental curve obtained from a
software whose function is to determine the minimum luminosity
obtained through the grating. The figures exhibit grating resonance
in the GM-AIM for the gold metallic grating in the order m = 0.
When analyzing the experimental and simulated results it is
possible to verify that the resonance occurs at the same point,
approximately at the 45 deg. However, it is noticeable that the
simulated curve presents better behavior, free of noise and loss of
reflectivity in almost 100%, whereas the experimental curve shows
some fluctuations and less loss of reflectivity. The characteristics
of the experimental curve can be explained by the high sensitivity
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of the used spectrometer associated with other factors such as the
luminosity of the environment that can not be ruled out. Associated
with this set of factors we also have that the simulated surface
consisted of a perfectly deposited metallic grating profile, however,
it is not possible to say that this occurred in practice.
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Figure 8: Simulated SPR curve obtained for a grating of
478 nm and incident light beam with wavelength 820 nm. As
expected, the curve shows a drop in the reflectivity of almost
100% in the region comprising the angles close to 45 deg.
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Figure 9: Experimental SPR curve, in the AIM mode, ob-
tained with the test setup for a incident light beam with
wavelength 820 nm and incident angle range of 20-90 deg.
The curve shows a drop in the reflectivity of almost 80% in
the region comprising the angles close to 40-45 deg.

The sensitivity of the transducer in the metal grating is theoreti-
cally determined by artificially varying the refractive index of the
air from 1 to 1.05. Figure 10 shows the changes in the resonance
curve to change the refractive index, so it is possible to calculate
the sensitivity from (7)

AO
GM

= — 7
AIM An ( )

Thus, following the displacement of the SPR curve for a change
of 0.05 in the refractive index unit (RIU), it is correct to state that the
SPR sensor system based on the diffraction grating had a calculated
sensitivity of approximately 80 deg/RIU.
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Figure 10: Influence of the refractive index on the SPR curve
for the simulated grating. For a change of 0.5 in steps of 0.05
the SPR curve undergoes changes in both the reflectance
deep and the resonance angle.

3 CONCLUSION

This article presented the characterization of a transducer based on
the periodic grating used in a SPR sensor system. For the direct inci-
dence of the light beam, simulated and experimental results present
a resonance curve restricted to a similar angular range of approxi-
mately 45 deg. Despite the adopted conditions of a smoothed profile
for the simulation and fluctuations in the experimental curve, it is
possible to affirm that the answers agree on the result. Sensitivity
test was calculated in the GM-AIM mode showing a variation of
80 deg/ RIU, showing the efficiency of the sensor system.
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