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The paper deals with an optical sensor based on the phenomenon of surface plasmon resonance. It proposes a new geometry of the
measurement head which allows for measurements with both the change of the incident light angle and the change of the wavelength.
The sensors proposed can also be used in parallel configurations, where they increase the functionality of the setup, allow for a greater
precision of measurement, and eliminate such distracting factors as temperature change. The article presents the results of computer
analyses of the sensor proposed, as well as the results of its experimental realization.
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1 INTRODUCTION

Optical sensors are based on various phenomena occurring
when light interacts with matter. One of such phenomena is
surface plasmon resonance (SPR) [1]. It occurs when condi-
tions for resonance of an electromagnetic wave propagating
along the metal-dielectric boundary are fulfilled. Due to the
fact that resonance occurs only for a narrow range of param-
eters, sensors based on this phenomenon are characterized by
high sensitivity. In the case of SPR, the main parameter influ-
encing the conditions of resonance is the refraction index of
the examined substance. In order to measure a different pa-
rameter such as concentration, or biospecific interactions, the
sensor will be designed in a way which combines the change
of the parameter with the change of the refraction index.

So far, the methods for establishing the refraction index (RI)
have consisted in measuring the intensity of the electromag-
netic wave near the resonance [2], measuring its intensity de-
pending on the angle of the incident light [3], or its intensity
depending on the wavelength [4]. Other types of setups use
the phase change [5], the change of light polarization [6], or
the hybrid differential interrogation [7] method. However, it
turns out that with the use multi-canal setups [8], it is possi-
ble to simultaneously measure the change of the angle and the
wavelength [9], as well as to take measures.

This paper presents a new architecture of the SPR sensor
based on a prism in an attenuated total reflection configura-
tion (ATR). This architecture allows for miniaturizing the SPR
sensor and using angular and wavelength modulation simul-
taneously. It increases the measurement precision and partly
eliminates factors distorting the measurement, such as tem-
perature. It also allows for measurements in a wide RI range
and a wide range of angles without any moving or rotating el-
ements. With the new architecture, it is possible to build multi-
channel setups in both the parallel and series configurations.
The paper presents the results both the computer simulations
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FIG. 1 Simplified version of the SPR sensor head. The red line mark the part of the

sensor where the SPR takes place. The green line marks the reflecting surfaces, whose

aim is to form the beam.

and the experimental realization of the novel SPR sensor ar-
chitecture.

2 SENSOR DESIGN

In this article a new SPR head is proposed and analyzed. The
head allows for the RI measurement with both the angular
modulation and the wavelength modulation without inter-
vening with the head of the SPR setup. The setup proposed
works in a configuration based on the Kretschmann geometry,
where the excitation of surface plasmons is performed by the
attenuated total reflection (ATR) [1]. The simplified schemes
of the SPR head proposed are presented in Figure 1 [10]. The
scheme shows only two measurement channels, but the archi-
tecture allows for using a number of them.

In the proposed head (Figure 1), both the incident and the
output beam take the form of a plane wave. The first system
of mirrors (green lines) forms the incident wave into several
beams, each of them lighting at a different angle on the plane
where SPR takes place (red line). The values of the lighting
angles of the beams depend on the materials from which the
sensor is fabricated, the range of the refraction index to be
measured by the sensor, as well as the length of the electro-
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magnetic wave used. The second symmetrical system of mir-
rors finally forms the beam into the plane output wave. The
advantage of this setup is the flat metal-dielectric boundary
where SPR takes place, which allows for the use of exchange-
able working elements. Additionally, in this setup all the light
reflections within the head take place in the conditions of total
internal reflection, which does not require a special spattering
of the mirrors and considerably simplifies the fabrication pro-
cess of the element. A disadvantage is that it is not possible
to obtain the continuous change of the lighting angle of the
incident beam. Also, the image registered at the output of the
setup is not continuous, due to the fact that the surface of the
mirrors forming the beam takes the form of steps.

A characteristic feature of the setup is the fact that the beam is
reversed in each of the channels (symbolically presented with
the letter A in Figure 1) at the input and the output of the
setup. This feature does not influence the quality of the work
of the setup.

3 COMPUTER SIMULATION

The aim of the computer simulation carried out was to check
the influence of various parameters of the SPR head the on
the preciseness of the results obtained. The parameters used
were: a different the number of the measurement channels,
the change of the wave length and the use of the parallel and
series architecture of the sensor. In the simulations it was as-
sumed that the SPR head was made of PMMA with the refrac-
tion index n = 1.49 (A = 632.8 nm) and the active area was
covered in a 50 nm thick silver layer. The range of the work
of the sensor, which is the range of the coefficients measured,
was set between 1.31 and 1.36.

For the parameters defined this way, the range of the incident
angles varies from about 67 to 77 degrees, because for such
angles it is possible to obtain the minimum intensity of the re-
flected light. Figure 2 presents the correlation of the reflection
and the incident angle for two wavelengths. The color region
shows an arbitrary choice of angles from 67 to 77 degrees, for
which measurements are to betaken. Figure 3 shows an exam-
ple of the simulation results obtained for the proposed SPR
head with 11 measurement channels. The figure also shows a
scheme of the measured RI value of the examined substance.
The measurement consists in fitting the SPR curve to the re-
sults obtained with the change of one parameter only, which
is the RI. The main parameter influencing the preciseness of
the results obtained is the number of the measurement chan-
nels of the SPR head. In this case, the number of channels is
understood as the number of various angles for which a single
measurement can be taken.

In order to estimate the sensitivity of the setup, it was checked
how the minimal change of the refraction index (An) of the
examined substance changes the results on the detector. This
sensitivity depends on the number of channels and the dy-
namic range of the detector, as well as on the RI value, due
to the discreteness of the measurement. Theoretically, there
should be as many channels as possible; however, the geom-
etry of each of the heads proposed limits the number of the
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FIG. 2 The dependence of the reflection on the incident angle on the surface where
SPR takes place. The color area between 67 and 77 degrees is the range of work of the

SPR sensor.
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FIG. 3 The exemplary results for the SPR head with 11 measurement channels for

immersion liquid n = 1.341.

discrete angle values. Taking into consideration the techno-
logical possibilities of fabricating the SPR heads, the width of
a single channel should not be too small, since then the pre-
cision of the element fabrication may considerably influence
of the quality of the results obtained. So, the ultimate number
and size of the channels depend on the size of the SPR head
and the technology of its fabrication. For an 11-channel sensor
with an 8-bit detector it is possible to measure the refraction
index at the level of 3 x 107> RIU. Increasing the number of
channels to 20 and the use of a 10-bit detector gives the theo-
retical sensitivity of the setup at the level of 4 x 107 RIU.

The biggest advantage of the present SPR sensor is the pos-
sibility of using of the same head to measure several differ-
ent wavelengths, which increases the sensitivity of the setup.
For this purpose a supercontinnum source can be used [11].
The data obtained from computer simulations show that for
a head with 11 channels and an 8-bit dynamic range of the
detector, each doubling of the number of the wavelengths
used increases the sensitivity of the setup 1.5 times, on the
average.
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FIG. 4 A complex SPR head in parallel configuration with a separated layer where SPR

takes place.

It has also been tested how the lack of precision in the fabrica-
tion of the element influences the quality of measurements.
It seems that the flaws which potentially cause most mea-
surement errors are those connected with the imprecision of
the element geometry. Such flaws are, however, easy to elimi-
nate through independent measurements of geometry and the
right correction when fitting the curve to the measurement
data. Yet another factor influencing the measurement quality
is the thickness of the metal layer. The imprecision in sputter-
ing in the range of 1 nm results in the measurement error of
8 x 107 RIU. Also this imprecision can be partially elimi-
nated thanks to referential measurement.

4 PARALLEL CONFIGURATION

The number of the channels available can be increased
without changing the size of the SPR head and the size of
a single channel. It can be done through parallel joining of
several SPR heads, each of them containing channels tilted at
a different angle. The problem of penetration of the light wave
between the heads can be eliminated thanks to a reflective
layer placed between every two heads. An example of such a
setup containing three SPR heads is presented in Figure 4. In
this configuration, it is possible to use a different type of metal
or biomolecular coating in each of the heads. The material
of each head can also be different, which further increases
the capabilities of the setups discussed. It is also possible to
separate the active part of the head where SPR takes place
from the part with channels, as presented in Figure 4. The
separation allows for reusing the heads.

Additionally, the parallel configuration compensates for the
influence of temperature, which is extremely important for
measurements in the range of 10-¢ RIU [12, 13]. Taking into
consideration that the change of temperature results not
only in the change the RI of the examined substance, but
also the RI of the dielectric and the metal of which the head
is fabricated, temperature compensation can be obtained
through the use of several SPR heads, made of different
materials. The temperature dependence of the RI of these
materials is different. Such a setup is temperature-insensitive
without any additional elements, or temperature stabiliz-
ing devices. This simplifies the sensor and makes it more
flexible and cost-effective. Thanks to the compact build, the
setup with parallel configuration is characterized with low

(a)

polarizers
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FIG. 5 The SPR head fabricated in the deep proton lithography technology (a). A scheme

of the measurement setup (b).

temperature inertia.

5 EXPERIMENTAL REALIZATION

The choice of the version of the SPR heads depends on
the parameters of the martial and the range, as well as the
assumed sensitivity of the RI measurement. Additionally,
there may be technological limitations as to the materials
used.

In the present experiment, the SPR head fabricated in deep
proton lithography method [14, 15] was used. This technol-
ogy allows for producing elements of thickness above 1 mm.
In our case a proton beam of 7,4 MeV was used, which the-
oretically allowed for creating an element over 500 pum thick.
However, due to the shape of the side walls [15] where SPR
takes place, this thickness was reduced to 250 pm. Protons
were formed into a narrow beam with the use of a mask with
circular hole of 50 pm. The beam cut the required shape from
250 um-thick PMMA - poly(methyl methacrylate). The SPR
head (Figure 5(a)) was obtained thanks to chemical etching.

The element fabricated measured 16 x 5 mm. Such a size
was chosen due to the limitations of the technology used,
as well as the necessity of the further manual adjustment
of the measurement setup. In the next step the element was
metalized with a 2 nm adhesive layer of chromium and 50
nm layer of silver on the surface where SPR takes place. The
remaining walls were also coated in layers of these metals,
apart from the places of the penetration of the input and the
output beam. The thickness of these metal layers was not
measured or optimized. In order to reduce the cost of the
sensor, a single element produced in the proton lithography
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technology can be replicated by the molding process [14].
What is important, for elements fabricated in the proton
lithography technology, stress or induced birefringence
which could change the refraction index of the SPR head
material and influence the precision of the measurement have
not been noticed.

The SPR head was placed in a measurement setup consisting
of an He-Ne laser of 3 mW, two linear polarizers and an 8-bit
dynamic range camera (Figure 5(b)). The laser beam was not
specially formed into the plane wave. An approximated plane
beam was obtained by placing the laser about 2 m from the
measurement head.

The measurement was made by placing a drop of liquid to
be examined (known RI) onto the SPR head and registering
the image on the camera. An example of an image registered
on the camera for a drop of refractive index liquid (Cargille
Labs, n = 1.3520 + 0.0002) is shown in Figure 6(a). The areas
marked in red are the ones where measurement was taken for
each of the channels. The average value of light intensity from
each of the areas is the basis for establishing the RI value. Es-
tablishing the RI value is done through fitting the SPR curve
to the experimental data (presented in Figure 6(b)). In the case
of the measured liquid, the RI value was 1.35185 £ 0.00007.
A similar comparability of results was obtained for a different
wavelength and for several kinds of immersive liquids and
water, whose RI was within the range of 1.31 to 1.36. The mea-
surement error was estimated at 7 x 107> RIU for a single
measurement, thanks to referential measurements. The error
can be considerably reduced, however, with the use of paral-
lel configuration and more than one wavelength for each mea-
surement.

6 CONCLUSIONS

The paper presented a proposal and proof of principle
experimental realization of a new configuration of a sen-
sor for measuring the refraction index with the use of the
phenomenon of the surface plasmon resonance. The main
advantage of the solution proposed is the possibility of using
the same head for measuring both the angle function and the
wavelength function. This increases the functionality of the
setup and allows for higher precision of the measurement. An
additional advantage of the setup is its scalability, consisting
in the use of several heads in a parallel configuration, which
again allows for higher precision of the measurements, and
compensates for the influence of the temperature.

The proposed configuration of sensors opens up a possibil-
ity of scaling the setup, depending on the measurement pre-
ciseness needed. Taking measurements with the change of the
wavelength and/or the change of the incident light angle al-
lows for a better flexibility and adjustment to the character of
the concrete measurement taken. The setup is also more flexi-
ble and cost-effective due to the wider choice of its elements.
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FIG. 6 Experimental results. The result of the RI measurement for immersion liquid

n=1.3520 (a) and fitting the SPR curve to establish the RI value (b).
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