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a  b  s  t  r  a  c  t

Conventional  surface  plasmon  resonance  (SPR)  fiber sensors  show  selective  behavior  when  resonance
wavelengths  are  tuned  to  absorption  peaks  of  the  surrounding  medium,  as it is  experimentally  shown  and
evaluated  in  this  paper  by using  a  doubly-deposited  uniform-waist  tapered  optical  fiber  (DLUWT)  and  a
dye as  a  test  material.  This  behavior  is  clearly  distinguishable  from  the  usual  response  to nonabsorbing
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media  and  can  be used  to  develop  a new  concept  of  SPR  transducers.  At  the  same  time,  the  obtained
results,  which  are  in  accordance  with  the  theoretical  predictions  permit  to  increase  the basic  knowledge
on  surface  plasma  waves  excitation  in  optical  fibers.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

To say that surface plasmon resonance (SPR) sensors are a most
mportant, almost indispensable tool in chemical and biological
nalysis and environmental control is no longer a novelty. The
eld has reached its maturity and a plethora of concepts, com-
ercial devices and laboratory tested setups are depicted in the

everal reviews published in the literature [1–3]. It would seem
mpossible to add significant new material to the discussions, espe-
ially when dealing with devices conceived for application in real
n situ measurements. However, strange as it could appear, there
as been surprisingly little study on the behavior of SPR transducers

mmersed in absorptive media. By the very nature of their working
rinciple, SPR sensors are refractometres and are designed to work
ith dielectric media, and are also quite local in their detection

ange. In this context, the only way to achieve a species-selective
esponse of SPR devices is to add some recognizing elements to,
hrough a chemical or biological reaction, capture the desired
nalyte in the proximity of the sensing region. This implies an
dditional work of selection of the reagents and the need of a func-
ionalization of the sensor surfaces.

The pressure to obtain better general performance and, in par-

icular, lower detection limits is great, and major efforts in the field
ave been directed towards this goal. It is in this area where the pos-
ibilities of added absorptive components have been invoked as a

∗ Corresponding author. Tel.: +34 91 394 6903, fax: +34 91 394 6885.
E-mail address: agus@fis.ucm.es (A. González-Cano).

925-4005/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.snb.2011.08.033
powerful tool to enhance the response of the devices [4–8]. Gen-
erally speaking, the need is not in those cases to improve and/or
achieve selectivity, but to improve responsivity. The absorption
does not take place in the analysed media or substance, but in
the transducer. And only very rarely the systems proposed in the
literature are fiber sensors, despite the many advantages that, in
terms of capability, robustness, simplicity and cost offer optical
fiber devices. This fact contributes to obscure the analysis on the
influence of absorption in the behavior of the plasmon resonances,
since most of the usual SPR devices are based in attenuated total
reflection and are angularly interrogated, thus losing the crucial
information that can only be provided by spectral interrogation,
the usual way  to proceed with fiber sensors.

Some time ago, the authors showed [9] that, if the plasmon res-
onance wavelengths of a SPR fiber sensor are tuned to absorption
peaks in the surrounding medium, a specific, clearly distinguishable
behavior (compared to the usual one) occurs. In that case, theo-
retical simulations were performed for a conventional SPR fiber
sensor immersed in a mixture containing a dye (Rhodamine 6G),
one of whose absorption peaks was made coincident to the plas-
mon  resonance wavelength of the sensor. Being plasmon resonance
equivalent to an anomalously significant absorption, one could
think that the presence of an additional absorption mechanism for
the very same wavelength could only contribute to a deepening
of the plasmon dips. Quite on the contrary, what the simulations

showed is a certain inhibition of the resonance. This is due to the
strong variation of the real part of the refractive index that is always
associated to a high value of the imaginary part (in fact, what we
have there is a region of anomalous dispersion), which destroys

dx.doi.org/10.1016/j.snb.2011.08.033
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.2011.08.033
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ig. 1. Experimental set-up for the measurement of the absorption coefficient of
ethanol.

he phase matching conditions needed to excite the plasma waves.
n this sense, the system reacts in two very different ways to the
ariations in the refractive index of the tested medium. If we  have
n increasing in the real part, the plasmon dips move to longer
avelengths. If the change is in the complex part, the plasmon dips

ecome less and less pronounced depending on the concentration
f the absorbent species, and they can eventually disappear. This
an be used, as it was said in the paper, as the theoretical basis for

 new concept of SPR sensor of manifold possibilities, which could
e selective without the need of the addition of any recognizing
lements, and could provide multi-analyte measurements without
he need of complicating the arrangement.

What we show in this work is the experimental confirmation of
hese predictions and, therefore, the feasibility of the new concept
f SPR sensor aforementioned. We  have used a most simple setup,
ell tested fiber devices based on doubly-deposited uniform-waist

apered fibers (DLUWTs) [10–12],  and a commercial dye that shows
n absorption peak in the region of 800 nm (a typical value for

ur plasmon resonance wavelengths). With these results we con-
ribute to an improvement on the knowledge and understanding
f the behavior of surface plasma wave excitation in fiber waveg-
ides surrounded by absorbing media, and open the way  for the
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ig. 2. Curves corresponding to the refractive index of the dye. Right: imaginary part of th
eft:  corresponding real part of the refractive index calculated from Kramers–Krönig rela
wo  curves correspond to concentrations of dye of 2.16 × 10−3 and 5.9 × 10−3 M.
ye. Spectral transmittance is measured for different concentrations of the dye in

development of compact, versatile, very simple devices that can be
designed to be selective to specific analytes.

2. Characterization of the refractive index of the absorbing
medium and theoretical simulations

As we  have said, we  have selected a dye with an absorption
peak in the region of 800 nm.  Given the already proven versatil-
ity of DLUWTs, it is really not quite important the specific region
in which we  work, but it is crucial from the point of view of our
method to tune plasmon resonances and absorption wavelengths,
so, since we are essentially interested in a proof-of-principle and
since our usual working range is the very near IR, we have preferred
to look for a substance able to proportionate us well defined absorp-
tions in that area. The selected dye is IR-140, C39H34Cl2N3S2·ClO4
[13]. We have experimentally measured the imaginary part of the
refractive index of the dye solved in methanol for different concen-
trations, varying the molarity of the solutions between 10−4 M and

6 × 10−3 M.  To do this we have used the experimental setup shown
in Fig. 1, based on the determination of the spectral transmittance
of the mixture [14]. The light coming from a wide-spectrum halo-
gen lamp is collimated and then passes through a 1 mm thick glass
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e refractive index calculated from the experimental measurements of absorptance.
tions. This is the contribution of the dye to the refractive index of the solution. The
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uvette containing the sample. Transmitted light is subsequently
ocused onto a fiber optic connected to a spectrometer Avantes Ava-
ight 2048 with a 1 nm resolution. Transmittance is then obtained
y comparing the output light flux with the reference, consisting
f pure methanol. Starting from these data we can easily obtain the
pectral absorptance values corresponding to the various concen-
rations and then the imaginary parts of the refractive indices of the

ixtures of methanol and dye. Using Kramers–Krönig relations we
an then calculate the real part of the indices. In Fig. 2 we  show
wo representative values of the imaginary part for two different
ye concentrations (4.16 × 10−3 and 5.9 × 10−3 M)  and the corre-
ponding contributions of the absorbing species to the real part of
he refractive index.

It is important to note that, as expected, an absorption peak is
haracterized by a maximum of the imaginary part and a region of
nomalous dispersion in the real part. As commented above this is
he main reason of the variation of the surface plasmon excitation
onditions and the basis of our method. Although in this case the
alues of the imaginary parts are not really too high for the concen-
rations of dye employed, they are enough to experimentally prove
his basis.

To estimate the effect of the presence of the dye in the behav-
or of the SPR sensors we  have performed theoretical simulations
tarting from these refractive index values. We  have used, like
e have already done in the past to design the transducers, a

uasi-geometrical model [15]: it is the usual matrix formalism for
eflective calculations in multilayer structures, taking into account
oos–Hänchen effect. In this case the multilayer is formed by the
ber as substrate and the two layers deposited in the DLUWT, one
etallic (aluminum) and the other one dielectric (titanium diox-

de). These materials have been commonly used by us in the past
nd have proven their convenience. We  have selected their thick-
esses to provide plasmon resonances in the region of 800 nm for
efractive indices of the order of that of methanol (1.3277). In this
odel, that produces accurate enough results to permit the design

f the transducers, the contribution of the absorption appears in the
atrix that corresponds to the outer medium, which now includes

omplex values for the refractive index, instead of the usual real
nes. What we have obtained from these calculations is shown
n Fig. 3, where only four curves appear, one for the methanol

ith no dye and the other three for different values of dye con-
entration. As we can see, the effect of the presence of this dye

s a somewhat paradoxical inhibition of the plasmon dip, instead
f the common displacement that we can observe, both theoreti-
ally and experimentally when the outer medium is a nonabsorbing
ne.

ig. 4. Experimental set-up for the characterization of the transducers. Spectral transmitt
mmersed, first in a nonabsorbing solution and then in a solution of methanol with differ
Fig. 3. Simulation curves showing the effect of the presence of the dye in several
concentrations in the plasmon dip of the transducer. The curves correspond to pure
methanol and concentrations of the dye of 4 × 10−3, 3 × 10−2 and 4.5 × 10−2 M.

For the simulations we  have postulated a configuration of the
transducer that provides a plasmon resonance coincident with the
absorption peak. Of course, since the imaginary part of the refrac-
tive index of the mixture presents a wide maximum, we  have some
freedom of choice and it is not too critical to place the plasmon
resonance in a specific wavelength, given that we  are still within
this absorption region. If both absorptions and plasmons are well
defined and characterized by narrow peaks/dips the selectivity
obtained would improve. But, as it is easy to check in theoreti-
cal simulations, if we do not have this coincidence, the effect of a
variation in the index of the mixture only produces the usual dip
displacement effect. The increase in the minimum transmittance is
then due to the presence of the absorbent species and it is more
marked when the concentration increases.

3. Experimental results: behavior of the sensors with the
variation of the concentration of the absorbing medium

We  have fabricated the DLUWTs with a travelling burner
scheme, where a single-mode fiber optimized for 850 nm is gen-
tly stretched and heated, so a controlled narrowing of the guide

is induced. In this way  we have a so-called uniform-waist tapered
fiber, with very low losses, and therefore we can call this an adi-
abatic taper [10,12]. We  have deposited on it asymmetric layers
of aluminum (8 nm)  and titanium dioxide (47 nm). With these

ance of the tapered fiber with the deposited layers is measured when the sensor is
ent concentrations of the dye.
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Fig. 5. Experimental results showing the behavior of the sensor when immersed
in  a mixture of methanol and different quantities of ethyleneglycol, with refractive
index varying from 1.3287 to 1.3440. This medium is nonabsorbing and the plasmon
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ips behave in the usual way, displacing to the right when the refractive index is
ncreased.

hicknesses of these materials we are able to excite plasmons for
he correct range of outer refractive indices in our experiment.

We have characterized the behavior of the devices by measuring
heir spectral transmittance with the setup shown in Fig. 4. We
ave used a halogen lamp as light source and a CCD spectrometer
vantes Avalight 2048 as detector.

To test the response of these conventional, nonselective (in prin-
iple) elements we have first tested their response when immersed
n a nonabsorbing medium. We  have mixed methanol with variable
uantities of ethylene glycol, thus changing the (real) refractive
ndex of the medium between 1.3287 and 1.3440. The results
btained are shown in Fig. 5. As we can see, an increase in the index
roduces a displacement of the dip to the right (towards longer
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ig. 6. Experimental results showing the behavior of the sensor when immersed in a mix
edium and the dips are not displaced, but reduced. In the inset we  see an enlarged view
Fig. 7. Effect of the different concentrations of dye in the depth of the plasmon dips.
In  the y-axis we  have represented one minus the transmittance associated to the
minima, taking this as the significant parameter of the “definition” of the plasmons.

wavelengths) and a slight decrease of the transmittance (i.e., a bet-
ter definition of the plasmon dip, a deepening of the resonance).
This is the common behavior of SPR sensors with nonabsorbing
media and this is the basis of SPR chemical and biological sensing.
Of course, in this case the response is nonselective: any medium
with those indices would produce the same transmittance curves.

In opposition to this we see what happens when the mixture is
made of methanol and our absorbing dye IR-140 in Fig. 6. As we
can see there (and especially in the zoomed area that appears in
the inset), there is hardly any displacement of the dip to the right
and there appears a clear decrease in the definition of the reso-
nances (i.e., an increase in the minimum spectral transmittances).
This is the mark of an absorbing medium when there is a tuning
between plasmon resonance and absorbing wavelengths. We  also
dye increases, as predicted in the simulations.
In Fig. 7 we  show the evolution of the transmittance for the min-

ima  of Fig. 6. To emphasize the effect of “plasmon inhibition” caused

0 85 0 90 0 95 0
gth (nm)

methano l
1,38 ·10-3  M
2,27 ·10-3  M
2,88 ·10-3  M
3,33 ·10-3  M
3,67 ·10-3  M
3,94 ·10-3  M
4,16 ·10-3  M

ture of methanol with different concentrations of dye. Now, we have an absorbing
 of the area of the transmittance minima, to make this effect clearer.
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y the absorption we have chosen to represent one hundred minus
he transmittance in percentage, taking this value as a measure of
he “plasmon definition”. The tendency is approximately linear and
e can see how this value can clearly give us information about the

oncentration of the dye.
Summarizing, the principle of our method is proven by these

easurements. First of all, media that are nonabsorbing for the
avelengths of plasmon resonance produce the expected common

ehavior of dip displacement when the refractive index increases.
ince all substances are unavoidably absorbing for some wave-
engths (and of course a mixture of methanol and ethylene glycol

ill definitely absorb for some wavelengths, but not for wave-
engths around 800 nm), what it is proven is that it is only when we
une plasmon resonances and absorption peaks when we  observe
he characteristic plasmon inhibition effect. This have been exper-
mentally shown with our measurements, which, finally, confirm
hat we can use this mechanism as the basis of a presence sensor
or IR-140 or any given absorbing compound (since the behavior
s so clearly distinguishable between having or not an absorbing
pecies in the methanol) and also as a measurement procedure to
etermine the concentration of the dye. In this way, without any
eed to add any recognizing agents, or to modify in any way  the
tructure of conventional, nonselective SPR sensors, we  can trans-
orm them into selective and we can use them for both measuring
oncentrations or presence of absorbing and nonabsorbing media.

. Conclusions

As we have said, the method proposed by us in our work cited
n reference 9 has been validated and the theoretical predictions

ade then and also in this paper have been experimentally con-
rmed, thus providing us with valuable basic information about the

nfluence of absorption in the dynamics of surface plasma excita-
ion in optical waveguides. This opens the way for the development
f a new concept of operative sensors, based in very simple and
onvenient arrangements, that can provide the desired degree of
electivity only by choosing in the design stage the position of the
lasmon resonance wavelengths to make them coincident to those
here the analyte is absorbing. At the same time, we can work
ith the sensor in the usual way, so we can have simultaneously

nformation on the variation of the real refractive index of the sur-
ounding medium and on the presence of absorbing analytes in it.

e can have then multiparameter measurements or a very easy
ay of measurement referencing.

With the same principle we can also measure the concentration
f the absorbing species in a very easy way, and this procedure
an be made very accurate if we have very well defined, narrow
bsorption peaks for the substances and tune very precisely our
lasmon resonances to them.

Also, since one of the characteristics that are unique to asym-
etrically deposited DLUWTs is that we can have multiple plasmon

esonances we can conceive that for the same transducer we can
etect two or more different absorbing substances and discrimi-
ate among them by properly tuning each of these resonances to
haracteristic absorption wavelengths. Or, we can design the sys-
em to have more than one coincidence for the same substance,
hus providing us with a redundant information or permitting us
o find the spectral mark of a given substance.

All these potentialities permit to predict the development of SPR
ased fiber microspectrometers consisting only of a conventional
LUWT, with all the advantages that it can present. Also, all the

ther possibilities of fiber sensors, like multiplexing, sensor juxta-
osition and networks, remote detection remain open to exploit
his concept as far as it can go, which will suppose a new line of
evelopment for operative chemical, biological and environmental
ors B 160 (2011) 592– 597

sensors, small, cheap, robust, manageable and apt for in situ mea-
surements.
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