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Compensated Surface Plasmon Resonance Sensor
for Long-Term Monitoring Applications

Carmelo Fallauto, Yu Liu, Guido Perrone, Member, |IEEE, and Alberto Vallan, Senior Member, |IEEE

Abstract— This paper presents an optical sensor capable of
detecting small changes in the concentration of chemicals by
exploiting the surface plasmon resonance principle. A two sensing
area layout allows implementing a differential configuration to
compensate the perturbations—such as mechanical instabilities
and temperature fluctuations—that greatly impair the accuracy
especially during long-term monitoring applications. The pro-
posed solution can be easily implemented in different geometries,
including optical fibers. An analysis of the impact of unwanted
changes in the measurement setup is provided and an example
of a compensation procedure applied to angular misalignments
is given. Experimental validation and analysis of uncertainty
sources affecting the proposed compensation procedure are
reported.

Index Terms—Chemical fiber optic sensors, evanescent wave
sensing, fiber optic sensors, surface plasmon resonance (SPR).

I. INTRODUCTION

PTICAL means for the detection of chemicals and bio-

chemicals are gaining an increasing popularity because
of their very high sensitivity combined with adaptability to
harsh environments, which is given by their intrinsic properties
such as impossibility to start fires or explosions, immunity
from electromagnetic interference, absence of electrocution
risks, and resistance to corrosion. Hence, many optical sensing
principles have been proposed in the recent years, but the
most promising are those based on the interaction between
the evanescent field tails of a light beam and the substance
whose concentration has to be measured [1], [2]. In particular,
one of the most relevant sensing techniques is the surface
plasmon resonance (SPR), which is able to detect part-per-
billion changes in the concentration of a chemical (analyte),
in real time, and without the need of specific labels.

SPR sensors exploit the excitation of plasma waves at a
metal—dielectric interface through an evanescent wave; then
they relate the variation of the propagation constants of these
plasma waves with the changes in the concentration of the
analyte [3], [4].

SPR-based devices are mainly implemented using discrete
optical components (usualy, the sensing area is made by the

hypotenuse of a glass prism with a gold coating), although the
trend is to move toward the development of fiber or integrated
optical devices to take advantage of their compactness and
mechanical stability.

In these cases, the metal layer is deposited in close proxim-
ity of the waveguide core, after partial or total removal of the
cladding layer, and the excitation of the surface plasma wave
is through the evanescent field tails of the guided modes.

As for the fibers, glass fibers similar to those employed
in optical communications are used today [5], [6], but there
is a growing interest to transfer the results to plastic optica
fibers (POFs) because they would ease the fabrication of
low cost, hence disposable, devices [7], [8]. Indeed, POF are
characterized by alarge core made of polymethyl methacrylate
surrounded by a thin cladding made of fluorinated polymers,
and have a very high numerical aperture, so that coupling
and handling are simplified. Moreover, since removing the
cladding is much easier for POF than for glass fibers [9], the
fabrication of the sensors is simplified, with a further cost
reduction. POF, however, suffer from quite a large variability
with environmental conditions and ageing, so proper compen-
sation techniques must be developed to allow their practical
use. More in general, compensations are necessary to allow
maintaining the excellent performance of SPR sensorsin long-
term monitoring applications. Actually, these sensors typically
detect a change in the composition of the analyte through a
variation of the received power at a specific wavelength and
therefore, being essentially of the intensiometric type, suffer
from all their drawbacks in terms of sensitivity to ageing, to
perturbations from the mechanical setup, or to drifts in the
electronic circuits. In other words, while resolution down to
1077 refractive index units (RIUS) or better have already been
demonstrated [2], [10], this performance can be easily spoiled
by parasitic effects, especially when glass-based devices are
replaced with plastic fibers to lower the overall costs.

In [11] and [12], the authors have proposed a prelimi-
nary version of a differential SPR-based sensor specifically
designed for permanent monitoring, mainly in the areas of
environment and safety; in this paper, the analysis of the sensor
is extended and its performance are assessed through sev-
eral experiments, carried out in different working conditions.
Unlike some other differential configurations applied to SPR
sensors [13], [14], the proposed compensated sensor can be
easily implemented both in prism- and in waveguide-based
setups; although in the following, it is mainly discussed with
reference to a prism configuration because for that case it is
easier to induce mechanical instabilities and thus demonstrate
the compensation effectiveness.
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Fig. 1. SPR sensor typica implementation: Kretschmann prism configura-
tion (left) and an example of the reflected power versus wavelength for a
p-polarized beam at a given incident angle (right).

The remaining of this paper is organized as follows.
In Section Il, the SPR working principle is revised and
the possible causes of uncertainties are highlighted; Then,
in Section Ill, the compensation approach is introduced.
Section |V provides an experimental validation of the compen-
sation technique and, finally, Section V draws the conclusion.

Il. SPR SENSOR WORKING PRINCIPLE AND ORIGIN OF
INSTABILITES

The excitation of a wave by coupling with another beam
requires matching the wave vectors of incident and excited
waves,; in the case of surface plasmon waves (SPWs) at a
metal—dielectric interface, this implies that the incident wave
must be of the evanescent type. The simplest implementation
of such excitation is the configuration that uses a prism under
total internal reflection with a thin-metal layer deposited on
the hypotenuse, as shown in the left side of Fig. 1.

Incident light is totally reflected at the prism—metal inter-
face, except for the p-polarized components with wave vector
satisfying the matching condition with SPW; for suitable metal
thickness, this result in a notch-like response with the dip
position that is strongly dependent on the refractive index of
the chemical in contact with the metal layer (i.e., the analyte).
Therefore, changesin the analyte composition imply variations
in the refractive index that is then evaluated by measuring
the shift of the notch position. Sensor interrogation can be
practically implemented either using a broadband source at
a fixed incident angle (wavelength interrogation) or a mono-
chromatic source emitting a broad angular spectrum (angular
interrogation) [15]. An example of the reflected power in the
case of wavelength interrogation is shown in the right side
of Fig. 1 for a specific combination of prism refractive index,
metal layer material and thickness, incident angle, and analyte.

Despite its simplicity, this sensor configuration is able to
detect refractive index changes better than 1076 RIU; similar
considerations apply also for the optical fiber configuration[2].

However, it is evident that any change in the source beam
characteristics (e.g., due to drifts or misalignments), or in the
prism and metal refractive indexes (e.g., due to temperature),
is undistinguishable from actual variations in the anayte
refractive index, and thus in its composition. This clearly
poses severe limitations, especially in long-term monitoring
applications. The effects of perturbations in the sensing setup
are analyzed in this paper through both the simulations and
experiments.
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Fig. 2. Multilayer model of the prism-based sensor (left) and its equivaent
in terms of transmission lines for each incident plane wave component.

As for the simulations, a model based on the equivalence
between the cascade of transmission lines and multilayered
media, such as those deposited on the prism or fiber surface
to form the sensing areas, has been developed (Fig. 2).

According to this approach, for each plane wave component
of the incident field, each layer can be substituted by a trans-
mission line with characteristic impedance Zo.i,j given by

WH;

Zooi,j|° =
v Kzi,j
k. .
Zooi,J |p —_ ")
WE;j

where the first relation holds for s-polarized waves and the
second for p-polarized waves, ki j is the propagation constant
of the jth plane wave component of the incident field in
the ith medium, w is the pulsation, and W and €& are the
ith layer magnetic permeability and dielectric permittivity,
respectively. The ratio of the light intensity after reflection
at the sensing areas and the incident light, for a given incident
angle and wavelength, is computed as the return loss in the
equivalent transmission lines problem. The refractive index
of the materials and its dependency with wavelength and
temperature has been computed through Sellmeier-type equa-
tions with coefficients taken from [16]-{18] or [19]. Before
being applied to study the sensor performance, the model has
been validated by comparing the theoretical predictions and
measurements in a reference case, as described in [12]. Then,
simulations have been run to consider the variability of the
experimental conditions, such as the uncertainty in the gold
layer thickness, and the instabilities that can affect the experi-
mental setup, such mechanical misalignments that change the
incidence angle, or temperature variations that impact both
on the material refractive index and dimensions. It has been
found that temperature induced uncertainties can be expressed
in terms of equivalent angular variations and vice versa
Hence, considering, for example, the wavelength interrogation
approach with a prism setup, angular misalignments can be
representative of temperature fluctuation induced uncertainties
too, as discussed in [11]. Therefore, in the following, for
simplicity in controlling the amount of induced perturbation,
the focus will be on wavelength interrogation of a prism setup
and al the sources of uncertainties will be converted into
equivalent angular misalignment.

To highlight the impact of angular misalignments on these
sensors, Fig. 3 shows an example in which a +0.2° angu-
lar deviation from the nominal value produces shifts in the
position of the SPR of a water-based solution that are undis-
tinguishable from changes in the analyte refractive index of
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Fig. 3. Variation of the estimated refractive index of a water-based solution
constituting the analyte, for wavelength interrogation and change in the
incident air-prism angle.
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Fig. 4. Proposed differential sensor configuration: prism-based (above),
waveguide (center), and all-fiber (below) implementations.

+ 1.1073 RIU, avalue well exceeding the typical resolution
of SPR sensors. Similar effects can be obtained for temperature
variation of 20 °C.

I1l. COMPENSATED SENSOR CONFIGURATION

The limitations in long-term monitoring can be mitigated
using a differential configuration, like that shown in Fig. 4 in
three different implementationsfor prism, waveguide, and fiber
setups, respectively. Compared with other differential sensors
in which the two sensing areas are in parallel configuration
[13], the considered cascade approach simplifies a single all-
fiber or waveguide redlization and allows a more compact
implementation with source and detectors on the same side
even for the prism case.

The dual-stage compensated sensor working principle can
be understood with reference to Fig. 4—top, in which a light
beam excites the SPR at the first sensing area, then after some
reflections it probes the second sensing area [20]. Additional
sensing areas may be further added in cascade, provided their
resonances are sufficiently separated to allow their respective
detection without overlaps, but still within the interrogation
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Fig. 5. Example of the effect of the incident beam angle change on the
resonance position for water-based analyte and reference materia having a
refractive index of 0.045 larger than that of water.

system working range. A material with known refractive index,
like a resin, covers one of the sensing areas, and it is used as
a reference for drift compensation purposes. The transmission
line based model can be easily extended to consider the
cascade of sensing areas [12].

Fig. 5 shows an example of the impact of angular mis-
alignment on the resonance positions when using the refractive
index of water for the sensing stage and a value 0.045 RIU
larger for the reference stage. As shown in the figure, a good
choice for the reference material refractive index is to be
dlightly larger than that expected for the analyte to have amuch
larger sensitivity to angular misalignments in the reference
rather than in the measuring stage, and thus to improve the
effectiveness of the compensation procedure.

As aready outlined, the curves in Fig. 5, athough for
angular misalignments, are representative also of temperature
changes.

The readings from the reference stage are used to compen-
sate those from the sensing stage with the procedure detailed
in the following.

First, prior to the sensor fabrication, the dependence of
the reference refractive index (low index resin in the setup
considered in this paper) with the quantity representative
of the perturbations (angular misalignments in this paper)
is evaluated and a curve reporting the reference resonance
position against the quantity representative of the perturbations
is created, like the back solid curve in Fig. 6.

During the sensor normal operation both resonance posi-
tions are measured and, from the position of the reference
resonance and with the help of the previously created charts,
the equivalent incidence angle change is determined. Then,
this angular correction is used to compute the new angle of
incidence that is used in the theoretical model to estimate the
analyte refractive index change. This is obtained by fitting
the measured spectrum around the sensing resonance position
using the simulations. The fitting between the measures and
the simulations is carried out using a routine that implements
the Nelder—-Mead downhill simplex method with the analyte
refractive index as the only unknown. In principle, an exact
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Fig. 6. Compensation function of the incident angle drift when the nominal
value of reference analyte differs from that of the sensing area (pure water in
this case) by n = 0.045. This figure aso reports the uncertainty band due
to a refractive index fluctuation of +1.1074 RIU.

compensation can be achieved, provided that the exact spectral
position of the reference resonance is known and the refractive
index of the reference material does not fluctuates. Being
related to the experimental setup limitations, the effect of
the resolution in the resonance wavelength determination is
described in Section 1V, where, moreover, examples of prac-
tical application of the compensation procedure are given.

As for the reference refractive index fluctuation, its impact
is more difficult to analyze from an experimental point of view.
Hence, to provide at least a qualitative estimation, from the
model it is possible to infer that in the case considered in
Fig. 6, a change during the measurement process on reference
analyte by +1.10~% RIU from the nominal value (i.e., within
the two lines around the central one in Fig. 6) produce an
uncertainty of £0.025° in angle estimation. This, in turn,
produces an uncertainty in the measuring stage of +5.107°
RIU, after having applied the proposed angular compensation
procedure. This result not only represents a relevant improve-
ment with respect to the uncompensated case in Fig. 3, but
aso highlights the importance of the stability of the material
chosen as reference over time (for instance, resins may change
their properties with ageing, especially if exposed to UV light,
but the analysis of these effects is beyond the scope of this
paper).

IV. EXPERIMENTAL RESULTS

To experimentally validate the compensation approach pro-
posed in the previous section, the setup in Fig. 4—top has been
realized by depositing (50 = 4) nm of gold on the hypotenuse
of aBK 7 prism through RF-assisted plasma sputtering. Then,
part of the gold layer has been covered with a thick layer of
UV-curable resin with nominal refractive index of 1.376 =+
0.005 at its resonance wavelength. Since in a typical drift of
a few tenths of degrees, the relation between the resonance
and incident angle is almost linear (Fig. 6), for an effective
compensation it is not important to know exactly the refractive
index of the reference stage, but it is only important that it
remains constant over time.

Fig. 7. Photography of the experimental setup.

The resin has been chosen to have a refractive index
corresponding to a resonance position close to that of water
because the sensing system under development is intended
primarily for long-term monitoring of residual pesticides in
water.

The prism has been mounted on a computer controlled
precision rotary stage and a fluidic chamber has been realized
to allow the injection of the analyte. Two different excitation
conditions, namely broad wavelength range at fixed angle and
change of angle at single wavelength, have been considered,
but the results will be reported in the following for the former
only. For this case, a constant-current driven halogen lamp
followed by a linear polarizer has been used for the source,
while the reflected light has been collected by spectrometer.
The setup is shown in Fig. 7.

A preliminary measurement of the received light without the
analyte is recorded to acquire the source spectrum that will be
used to normalize the sensor spectral reading. The stability
of the halogen lamp source has been evaluated by repeating
the measure of the source spectrum severa times at random
intervals and no appreciable fluctuation as been found in the
power distribution for at least 10 h.

During normal sensor operation, the analyte solution is
injected into the chamber and one hundred measurements are
acquired and averaged to reduce the noise. Having the goal in
this paper of evaluating the compensation effectiveness only,
pure distilled water is used as the unknown anayte in the
next graphs. Furthermore, to highlight the role of the two
sensing areas, measurements obtained by selectively exciting
reference and sensing areas, respectively, have also been taken,
as shown, for example, in Fig. 8. In particular, this figure
reports the spectral response of the reference and sensing areas
for angular misalignment intentionally induced in steps of 0.1°
using a computer controlled precision rotation stage.

The curves in Fig. 8 are the equivalent of those in Fig. 5,
except that the setup is working at a different beam incident
angle to have the resonances positioned at wavelengths at
which the source has higher intensity, and thus to operate in
a more favorable signal-to-noise ratio.

To detect refractive index changes in the order of
10~% RIU following the compensation procedure described
in the previous section, it is necessary to track the shifts in
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Fig. 9. Fitting of the reference resonance peak for a given angle of incidence
with a Lorentzian function.

the reference and analyte resonance position with accuracy in
the order of the picometer.

However, common spectrometers have a resolution that is
in the order of some hundreds of picometer; hence, to increase
the accuracy in locating the spectral response minimum, the
points within  20% of this value have been fitted using a
Lorentzian function.

An example of the results is shown in Fig. 9 for the
reference resonance, and shows an excellent overlap between
the measured points and the analytical function.

Through this fitting applied to the all the curvesin Fig. 8
corresponding to the resonances of the reference refractive
index material, the relation between the wavelength of the
resonance peak and the angular shift can be derived, as shown
in Fig. 10.

As anticipated, the experiments confirm that the relationship
between the position of the minimum in the spectral response
and the angular misalignment, at least for small drift, is almost
linear.

To assess the compensation procedure an intentional angular
misalignment of +0.180° has been introduced. This corre-
sponds to a shift in the reference resonance wavelength from
764.226 to 760.759 nm, and in the analyte resonance wave-
length from 636.124 to 634.917 nm, as determined from the
fitting procedure around the respective position of their minima
in the sensor spectral response, with an apparent refractive
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Fig. 10. Relationship between the spectral position of the reference resonance
and the angular shift due to misalignments in launching the input beam.
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Fig. 11.  Identification of the region around the 50% of sensor spectral

dynamics used for the more accurate resonance peak location procedure.

index variation of the analyte of 6.68:10~* RIU. From the plot
in Fig. 10, it is found that the shift in the reference resonance
correspondsto an angular shift of 0.185°. Using the new angle,
the error in the determination of the analyte refractive index
reduces to 3.54-10° RIU. The improvement is more than one
order of magnitude, but, being larger than the target value,
which was in the order of some units in 107 RIU, it aso
highlights that the estimation in the resonance peak position
is not accurate enough.

Hence, the possibility to fit other portions of the sensor
spectral response has been investigated, with the objective to
improve the compensation accuracy through an improvement
of the resonance peak location.

Particularly, interesting is the region  50% of the spectral
dynamics (Fig. 11) because it corresponds to the largest value
of the first derivative, hence to the maximum sensitivity to the
curve spectral position.

Upon determination of a new compensating curve sim-
ilar to that shown in Fig. 10, using this peak alternative
identification procedure, and applying the angular correction
to the evauation of the analyte refractive index, the error
reduces to 5.06:10~° RIU, which is in line with the expected
compensation effectiveness.

The same procedure has been applied with other angles,
always obtaining an improvement of the same order of magni-
tude. Moreover, the measurement procedure has turned out to
be reproducible and stable, since the measurements have been
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repeated several times, in different days, and no appreciable
difference in the result has been found.

V. CONCLUSION

The working principle of an optical sensor for chemicals
with compensation of the environmental induced perturbations
has been presented. Typical application isin the monitoring of
the concentration of specific chemicals, such as pollutants or
pesticides, in water solutions over a long time. Furthermore,
the devised sensor configuration is particularly well suited for
being implemented in POF, thus taking advantage of an all-
fiber, but low cost and setup.

A model to study the effectiveness of the compensation
approach has been developed and experimentally validated.
The tests have been focused mainly on the evaluation of the
impact of angular misalignments and the results shown that
using the proposed compensation an improvement of more
than an order of magnitude in the uncertainty is achievable,
provided that the location of the peaks of the resonances
is accurate within a few picometers. This is not directly
achievable with common low-cost spectrometers and thus
suitable spectral response fitting procedures must be applied
to increase the instrument resolution.
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