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In this work a new configuration of a refractometric sensor for aqueous solutions based on the combi-
nation of surface plasmon resonance (SPR) with fibre Bragg gratings (FBG) is presented. Two FBGs are
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selected having reflection maxima in each side of the plasmon resonance peak. These FBGs enable a
different processing scheme for the information provided by the SPR transducer. This improved interro-
gation method increases the sensitivity and resolution of the sensor compared with those obtained with
the usual method of tracking the spectral transmittance minimum and makes the system performance
independent of optical source power fluctuations. The experimental results obtained with a double-
layer uniform-waist tapered fibre show the feasibility of this approach and its applicability in SPR-based

very

ibre Bragg gratings
urface plasmon resonance biosensors that must face

. Introduction

Surface plasmon resonance (SPR) has become a standard tech-
ique for a huge variety of chemical sensors or biosensors, mainly

n the so-called Kretchmann configuration, although tapered opti-
al fibres (TOFs) have been accepted as well as a useful alternative
o those configurations in these fields [1–3]. Plasmon excita-
ion strongly depends on the refractive index of the surrounding

edium, and, in that sense, all these sensors can be considered
efractometers. In the SPR phenomenon it is also very critical the
olarization of the incident light because only TM-polarized inci-
ent light will excite plasmons. The plasmon excitation produces
minimum in the spectral transmittance for a certain wavelength
nd refractive index values.

At the same time, the basis and properties of fibre Bragg grat-
ngs (FBGs) are well known after an intense research work in the
eld in the last decade [4,5]. It has been proved their great versa-
ility and usefulness when used as sensors in many different areas,

rom structural monitoring to chemical sensing passing through
bre-optic communications [6,7]. In a FBG the periodic modula-
ion of the fibre core refractive index makes this structure a narrow
avelength filter. Only wavelengths within a short width window

∗ Corresponding author. Tel.: +34 913946903; fax: +34 913946885.
E-mail address: agus@fis.ucm.es (A. González-Cano).

925-4005/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.snb.2009.10.062
exigent measuring conditions.
© 2009 Elsevier B.V. All rights reserved.

centred at the Bragg wavelength are reflected. This is the key feature
to implement the interrogation scheme proposed here.

Although both SPR and FBG are concepts of great interest in the
field of fibre-optic sensors, there are not too many references in
which their potentialities are usefully combined. FBGs have been
used to excite surface plasmons, or for temperature compensation
[8–11]. But, on the other hand, FBGs have not been very com-
monly used as basis of advanced interrogation techniques, despite
the many possibilities they offer. We propose in this work a new
concept of a combined SPR/FBG sensing system in which a readily
deployable interrogation technique permits to reduce or overcome
some of the most usual problems that one finds in real applications
of plasmon-based sensors, namely, complexity in the readout of
the SPR sensor and its dependence on the power fluctuations along
the optical system, as well as on the light polarization fluctuations,
factors that very often limit the achievable measurand resolutions.

2. Material and methods

2.1. Principle of measurement
In general, the existence of a plasmon is detected as a minimum
of reflectance or transmittance. Usually, when the so-called Kretch-
mann configuration is used (based on attenuated total reflection,
ATR), the interrogation is angular, and the measuring parameter
is the angle of incidence for which reflectance is minimum. When

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:agus@fis.ucm.es
dx.doi.org/10.1016/j.snb.2009.10.062
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ealing with fibres, spectral interrogation is the most common and
he plasmon is associated with a minimum in spectral transmit-
ance (or reflectance in some cases), although some fibre-optic SPR
ensors can use intensity as the measuring parameter. Also, spectral
nterrogations have also been proposed for ATR-based configura-
ions [12–14].

As it can be seen, in the vast majority of SPR sensors reported
n the literature, most of the information associated with the plas-

on resonance is simply not used, since it is the displacement of
single point, namely that corresponding to a minimum, due to

he change in refractive index of the surrounding medium, which
s tracked. The shape of the curves is not considered and no other
alues of spectral or angle transmittance or reflectance are evalu-
ted.

Although plasmon resonances are associated with well-defined
ips, it is also true that the width of these dips is not negligible,
o we could conceive alternative methods of using the richness
f information provided by SPR sensors. For instance, if we con-
ider the value of the spectral transmittance in a SPR fibre sensor
or wavelengths different to that of the minimum, it is obvious
hat these values will vary when the SPR curve is displaced due to
he variations of the outer refractive index. In a well-known work,
atrick et al. [15] introduced a concept of measurement for LPG-
ased sensors that employs this kind of information. A different but
elated approach can be seen in the works of Suzuki et al. [16,17],
here two different, narrow-band, sources are used to provide the
air of interrogating wavelengths for SPR sensors. Two beams are
lso used in a Kretchmann configuration by Zeng et al. [18].

All these proposals share a common feature: what is used as the
easuring parameter in the sensor is no longer the single, well-

efined (or not) value of the minimum of the curve, but at least a
air of values placed on each side of that minimum. The increase in
he number of parameters is obviously advantageous, since it pro-
ides additional degrees of freedom that can be used, for instance, to
mprove the measurements in terms of independence with respect
o spurious influence of other parameters.

However, this concept, powerful as it is, has not been applied
p to date, to our knowledge, to the very field where its possibil-

ties are most needed: that of SPR biosensors. These systems are
bliged to work in very exigent conditions: since the variations of
efractive index induced by the presence of the analytes are always
ery low, these sensors are very sensitive to any noises or interfer-
nces, and must show very good resolution and high sensitivity to
e operative. The emphasis in this field has been commonly put in
he selection of recognizing agents or in the procedures to immo-
ilize the analyte in the proximity of the transducer, but very little
as been done in terms of advanced and efficient interrogation
echniques.

To contribute in this sense to the improvement of the per-
ormance of plasmon-based sensors, we propose to select two
nterrogation wavelengths, each on one side of the plasmon dip.
aving the complete transmittance spectrum, measured by a CCD

pectrometer, we can simply use selected spectral values and
ombine the detected values in a new measuring parameter. To
mplement the concept without the need of a spectrometer, we
an use the FBGs to measure the power associated with each of
hese wavelength ranges, which would correspond to the charac-
eristic wavelengths of the gratings. This approach shall permit
o process in a most efficient way the information provided by
PR sensors, providing optical power referentiation capability and
nabling an increase of the resolution and stability of the mea-

urements. Additionally, by proper localization of the grating pair
earby the sensing head, the reading of the Bragg wavelength of
ne of the gratings can give the temperature of the sensing volume,
hich is the critical cross-sensitivity parameter in SPR-based mea-

urements. This interrogation technique of plasmon-based sensors
tuators B 144 (2010) 226–231 227

is compatible with an all-fibre deployment of the sensing sys-
tem, enabling a readily implementation at a reduced cost when
compared with those associated with conventional SPR-sensing
layouts.

In that sense, we follow the approach introduced by Patrick et
al. in the context of interrogation of LPG-based sensors and adapt it
to the readout of SPR-sensing structures. For instance, Patrick et al.
placed their interrogation wavelengths in the points correspond-
ing to a half-height in an assumed perfectly symmetric spectral dip.
In SPR sensors the plasmon resonance curves are not in general
symmetric, so an important point of the method is the selection
of the interrogation wavelengths looking for the situation where
the measurement will show the highest linearity and/or sensitiv-
ity. Therefore, these interrogation wavelengths are not necessarily
placed symmetrically with respect to the spectral SPR minima, and
should be adapted to any particular sensor. Of course, LPG- and SPR-
based sensors are different enough to introduce modifications of
this kind and, what is more important, to implement an FBG-based
interrogation scheme in operative SPR sensors is still a pending task
in the highly demanding field of biosensors.

To demonstrate and characterize the proposed interrogation
scheme, doubly deposited uniform-waist tapered optical fibres
transducers are used. These are efficient SPR structures developed
by the authors in the last years [19–21], with very low depen-
dence on light polarization (or no dependence at all for symmetric
deposits), and well suited to the demanding requirements of bio-
chemical sensing.

2.2. Sensor fabrication and experimental set-up

To fabricate the transducers we use the simple scheme depicted
in previous works [19]. We asymmetrically deposited by sputtering
in a vacuum chamber an aluminium layer 8 nm thick and a titanium
dioxide layer with different thicknesses between 45 and 50 nm on
a tapered fibre, so that the surface plasmon resonances appear at
around 800 nm. Each sensor was fixed to an individual glass sup-
port with cyanoacrylate and araldite epoxy, to make the fixation
waterproof. The sensors were tested previously [19] in order to
determine the behaviour of each SPR sensor when the refractive
index of the external medium varies. In this manner, it is possible
to select the most suitable ones with respect to the resonance wave-
length range of interest. The FBGs fabricated for the interrogation
of these SPR sensors present Bragg wavelengths at 809.986 nm and
at 834.62 nm, with a spectral width of 0.6 nm at half-height. Fur-
ther FBG wavelengths were limited by the choice of phase masks
available, nevertheless, by using the spectra acquired by the CCD,
acquisition using different narrow spectral intervals could be eval-
uated. In spite of all, the FBG wavelengths used were appropriated
for the SPR sensors available.

The sensors were characterized by measuring their spectral
transmittance with a CCD spectrometer, and also by measuring the
response of the FBGs with an optical spectral analyser, as it is shown
in Fig. 1. The source was a superluminiscent diode (SLD) emit-
ting partially polarized light around 800 nm with a FWHM around
100 nm. The light is directed to the sensing head and is guided to a
directional coupler located in the detection and processing region.
One of the outputs of the coupler was connected to the FBGs, and the
other one to an Avantes spectrometer (AvaSpec 2048-2) to register
the SPR variation. The reflected optical power at the wavelengths
selected by the FBGs was directed to an optical spectrum analyser
(Ando AQ 6315B).
Although the SPR transducers are in principle polarization
dependent, the authors have shown that with tapered structures
it is possible to carry out measurements without polarization-
controlling elements because the SPR minima is deep enough to
detect the variations with the same sensitivity [22].
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ori knowledge of the SPR curves is desirable to properly select the
Bragg interrogation wavelengths. In principle, it is better to have
two wavelengths on the opposite sides of the minimum, although
the method can work with any wavelengths. When the minimum
ig. 1. Scheme of the experimental set-up used for the characterization of the sen-
ors in the laboratory.

The depicted configuration is well suited for a validation of
he method and for a use in the laboratory. However, it shall be
mphasized that the use of the FBGs permits us to conceive a much
impler operating scheme, in which no spectral analyser and even
o spectrometer are needed, and this is one of the most relevant
dvantages that the method can provide. The proposed scheme for
he development of a very compact, portable, and conceptually and
peratively very simple device is shown in Fig. 2. The light reflected
y the FBGs can be directed to two photodetectors that give sig-
als that with proper processing allows us to obtain the measurand

nformation. Moving a step further, the return fibre could coincide
ith the illumination fibre just by operating in reflection, which

an easily be done by mirroring the fibre end just after the sens-
ng head region. In such case a circulator (or a coupler) would
e located nearby the optical source to redirect the return opti-
al power to the FBGs (this configuration is simpler and has the
xtra advantage of light crossing two times the SPR sensor, there-
ore enhancing its sensitivity). In this reflection configuration, it is
lso feasible to consider the location of the FBGs just after the sens-
ng head. In this case, the measurement of the Bragg wavelength
hifts of the gratings with standard FBG interrogation equipment
ill allow to obtain the temperature of the sensing region, a criti-

al cross-sensitivity parameter in SPR-based sensing as mentioned
efore (with previous calibration, the determination of these shifts
llow to compensate for the associated changes in the optical power

rriving from the gratings that are due to the temperature induced
isplacement of the FBGs spectral signatures relative to the plas-
on resonance).

ig. 2. Scheme of a compact version of the sensor apt for field measurements.
Fig. 3. Variation of the wavelength of the plasmon resonance when the refractive
index of the external medium changes.

3. Experimental results and discussion

With the above-depicted set-up, the transmittance of SPR and
the reflected power of both FBGs were registered at the same time.
To carry out the tests, the refractive index of the external medium
was changed from 1.333 up to 1.35, by addition of ethylenegly-
col to water. The refractive index value was measured by an Abbe
refractometer after each variation in the solution.

With respect to the SPR recorded values, the spectral behaviour
of this kind of sensors when SPR appears is shown in Fig. 3. The fig-
ure represents the transmittance as a function of the wavelength for
several values of the refractive index of the external medium, from
1.333 to 1.34. In Fig. 4 we show the displacement of the minima of
these curves as the outer refractive index varies. These are typical
experimental curves, and we show some of them, corresponding
to different values of refractive index in that range. Some a pri-
Fig. 4. Variation of the position of the minimum of spectral transmittance of the
plasmon curves as a function of the external medium refractive index.



and Actuators B 144 (2010) 226–231 229

i
l
w
w
t

i

P

w
2
f
S
w
o
r
r
i
t
c
b
m
t

m
r
g
h
s
s
t
i

t
d
fl
a

i
o

F
e
c
l

Fig. 6. Variation of the normalized signal as a function of the refractive index of
the external medium for two different emitted powers of the optical source using a
N. Díaz-Herrera et al. / Sensors

s displaced, it is still possible to include new interrogation wave-
engths to extend the dynamical range of the sensor as much as

e want. In our case, as mentioned before, the plasmon resonance
avelengths were located between the Bragg wavelengths of the

wo FBGs (809.986 nm and 834.62 nm) for aqueous solutions.
The information of the two FBGs is used to calculate the normal-

zed power output, given by:

norm = P1 − P2

P1 + P2

here P1 and P2 are the reflected power values for the FBGs 1 and
, respectively. In Fig. 5 the variation of this normalized power as a
unction of the refractive index of the external medium is shown.
ince we are working with a subtraction and no modulus is taken,
e have some negative values, due to the fact that for some values

f refractive index P1 can be smaller than P2, because the inter-
ogation wavelengths are in opposite sides of the minimum. We
epresent the values of P for a significant set of refractive indices,
n the same range considered above, following the characteriza-
ion process depicted in the past paragraph. We can see that in this
ase the curve is not linear, but this is not a significant drawback
ecause its behaviour is stable and can be represented by a polyno-
ial function. Therefore, this calibration data permits to determine

he actual refractive index value.
In order to verify the effect of the source power in the measure-

ents, the light in the fibre was varied in an amount of about 8% by
educing the efficiency of the light injection by means of a piece of
lass placed between the source and the fibre. The experiments for
igher and lower source power were carried out in an immediate
equence so the changes in the refractive index were exactly the
ame for both tests. The results are also shown in Fig. 5, in which
he normalized power is represented versus the external refractive
ndex for the two optical powers in the system.

It can be seen that the curves are essentially coincident, being
he difference around 0.05%. This fact demonstrates the indepen-
ence of the normalized power with respect to optical power
uctuations, which is an important operational feature for practical

pplication of the SPR-sensing concept.

It is worth mentioning that the shape of these curves is depend-
ng on the Bragg wavelengths of the gratings used. In this case it is
btained a nonlinear behaviour except in a small range of the refrac-

ig. 5. Variation of the normalized signal as a function of the refractive index of the
xternal medium for two different emitted powers of the optical source. The circles
orrespond to the higher value of the source power and the solid diamonds to the
ower value.
second set of interrogation wavelengths. The circles correspond to the higher value
of the source power (slope: 26.151) and the solid diamonds to the lower value (slope:
26.044).

tive index but another set of FBGs can be chosen so that their Bragg
wavelengths are more centred in the linear parts of the SPR mini-
mum, and the behaviour will be linear in a wider range of refractive
index. For example, if the first interrogation at 809.986 nm is main-
tained but the second one is shifted to 850.08 nm, the variation in
this case will be as given in Fig. 6. Again in this case the two curves
are coincident and the difference between their slopes is less than
0.05%. It is possible to conceive a selection technique to choose the
ideal interrogation wavelengths in terms of linearity or sensitivity
for each different plasmon sensor.

Finally, to know the measurand resolution achievable with this
configuration, 10 measurements were registered for each refractive
index value for only one of the FBGs (to calculate the dispersion
on the value of the maxima without a variation on the refractive

index) and for several values of the refractive index (see Fig. 7).
The value of the power is decreasing because we have selected the
Bragg wavelength on the left of the minimum. The resolution is

Fig. 7. Variation of the FBG power as a function of time for five different values of
the refractive index.
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alculated as:

ın

(�Pres/ıPnoise)

here ın is the refractive index variation, �Pres is the power vari-
tion that corresponds to that index variation and ıPnoise is the
tandard deviation of the power for the 10 measurements at each
efractive index value. The value of the resolution varies slightly
rom one to the other step due to the non-uniformity in the shape
f the transmittance curve. The resolution values for all the steps
ary from 2 × 10−5 to 9 × 10−5.

The study of these resolution values reveals the importance of
n optimum tuning of the Bragg wavelength of the FBG used to
nterrogate the sensor. It is better to fit the Bragg wavelength to
he region of the curve in which the slope is more abrupt because
he corresponding resolution can be as good as 2 × 10−5. This means
hat the sensor interrogation based on fibre Bragg gratings allows to
chieve a refractive index resolution that is one order of magnitude
etter than that obtained with the typical scheme of analysis for
hese SPR transducers.

Further features of the proposed configuration that will be
xplored in future works include the multiplexing ability and
imultaneous measurement of refractive index and temperature.
ultiplexing becomes possible by combining different pairs of

BG wavelengths with each SPR sensor, and simultaneous mea-
urement of temperature and refractive index can be achieved by
nalysing simultaneously the amplitude and wavelength of the
BGs.

. Conclusions

We have presented a sensing system based on a configuration
hat incorporates a SPR transducer (doubly deposited uniform-
aist tapered fibre) with a dual-FBG interrogation element. This

ystem can be used as a refractometer for the range of refractive
ndices of aqueous solutions and it is therefore very well suited for
he development of biosensors. As the experimental results show,
he performance of the system is encouraging, since the resolu-
ion of the usual SPR transducers was improved by an order of

agnitude and the response of the system was made indepen-
ent of optical power fluctuations. Additionally, the use of FBGs as

nterrogating elements also introduces some interesting features
nd possibilities, since it can provide temperature referencing and
ultiparameter sensing. Finally, it shall be emphasized that this

nterrogation scheme can be applied to any SPR transducer.
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