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a  b  s  t  r  a  c  t

Doubly  deposited  uniform-waist  tapered  optical  fibers  (DLUWTs)  have  shown  their  versatility  and  good
performance  as  basis  for  surface  plasmon  resonance  (SPR)  sensors  for a variety  of  wavelength  ranges.  In
this  work  we  experimentally  show  how  these  devices  can  be employed  to  extend  the  technology  of  SPR
fiber sensors  to the  visible  region,  down  to about  530 nm,  with  remarkable  results  in  terms  of  sensitivity,
plasmon  definition  and  the  availability  of  multiple  plasmon  resonances  for each  configuration.  In this
eywords:
apered optical fibers
urface plasmon resonance
isible region

way,  DLUWTs  can  be  used  to cover  a range  of more  than  1000  nm  for aqueous  media  only  by  changing
the  thickness  of the deposits.  Also,  it  is shown  how  these  results  can  be  used  with  the  so-called  absorption
method  to make  selective  the  response  of  the  sensors  and  a  study  is  made  on  the  influence  of  the  taper
waist  in  the  performance  of the  devices.  The  number  of SPR fiber  sensors  working  in the  visible  region,
of  great  interest  in biological  research,  that  have  been  depicted  in  the  literature  is  very  small,  and  the

ere  n
sensors  that  we  present  h

. Introduction

Surface plasmon resonance (SPR)-based refractometry has
ecome a standard technique in chemical and biological analysis

n the last years, and many different devices have been presented
n the literature [1–3]. Many of them are based on bulk config-
rations that use attenuated total reflection, but SPR optical fiber
ensors offer a variety of advantages, including accessibility to diffi-
ult places, robustness, simplicity, small size, versatility, possibility
f multiplexing, etc. For those reasons, the impulse to propose new
oncepts of SPR fiber sensors is strong, and the penetration of fiber
echnology in the fields of biosensing, chemical analysis and envi-
onmental control has considerably increased.

From the many options that can be chosen as a physical basis for
PR fiber sensors, doubly deposited uniform-waist tapered fibers
DLUWTs) have already shown their very good possibilities. It
as been proven in the literature that with the very same con-
ept, extremely simple, and only by changing the thickness of the
eposited layers we can move their response to different wave-
engths. In this way, the IR region has been covered from 800 nm to
he C-band around 1.5 �m with remarkable results in terms of plas-

on  resolution and sensitivity [4–9], always adapting the response
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otably  improve  their  performance.
© 2013 Elsevier B.V. All rights reserved.

of the systems to the refractive index range of aqueous media, the
most interesting one in terms of biological applications. DLUWTs
have, in this way, established themselves as one of the best design
options for SPR fiber sensors.

The number of SPR fiber sensors working in the visible region
for aqueous media is very small [10]. Some of them are based on
plastic fibers and their performance is not very good [11]. The need
of extending fiber technology into the visible region is self-evident,
not only because the advantages that it can offer in terms of avail-
ability of sources, detectors and other components, but also because
in the visible region we  can fully take advantage of the so-called
“absorption method” for SPR sensors, theoretically depicted and
experimentally justified by the authors [12,13], where selectivity
can be achieved without the need of any added recognizing agents
by tuning the plasmon resonances to the absorption wavelength
of the analytes. Many interesting substances can be identified by
their absorptions in the visible region, so we need devices that can
provide tunable, well defined plasmon resonances for wavelengths
of the visible region.

What we  present in this work is a natural extension of DLUWT
devices to this visible region. We  have adapted the design of the
transducers to move their response to wavelengths between 500

and 700 nm,  essentially by reducing the thickness of the dielec-
tric layer (titanium dioxide in this case). We  experimentally show
in a very clear way  how these plasmon resonances can be pro-
duced for outer refractive indices in the range of aqueous media

dx.doi.org/10.1016/j.snb.2013.09.066
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
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nd we obtain very well defined dips in the transmittance curves,
hat can be easily tracked to achieve a remarkable sensitivity for
his part of the spectrum. Also, we count with multiple plasmon
esonances, which is a peculiar characteristic of asymmetrically
eposited DLUWTs, so we can use these varied dips for multiple
easurements or to tune them to different components if we  use

he absorption method.
The fact that DLUWTs are based on single-mode fibers permit

o improve evanescent field coupling, and we present here also
n analysis of the dependence of the response of the devices with
he diameter of the waist of the tapered region, showing a notable
mprovement in the performance when this diameter is reduced.
s far as we know it is the first time that a SPR-based fiber sensor
sing single-mode fibers with resonances in the visible region for
he refractive index of aqueous media is presented.

Also, this work permits us to “close the circle” by showing how
he very same concept of DLUWTs, very simple in its essence and
uite easy to implement, can be used to provide sensors that can
ork from about 500 to about 1500 nm (a range of about 1000 nm)

nly by changing the configuration of the layers, and in our case
nly by changing their thickness, since the used materials are the
ame (titanium dioxide and aluminum). In all cases the perfor-
ance of the produced sensors, as has been shown in different

apers, is very good, in terms of sensitivity or plasmon resolution.

. Transducers fabrication and experimental setup

The transducers have been produced with our usual technique.
4,6] A traveling burner is employed to taper the fiber in a con-
rolled way. We  can control any parameter of the taper, and, most
ignificantly in this paper, we can define the diameter of the waist,
hat has an important influence in the access to the evanescent field
nd therefore in the performance of the device. In the first measure-
ents we have used a diameter of 30 �m,  but, as we discuss in the

ollowing section, we have varied it down to 26 �m with very good
esults. We  have used a Newport FSA single-mode fiber.

Typically, we have produced taper lengths of 30 mm and waist
engths of 5–6 mm.  These values are the usual with our DLUWTs.
he profiles of the transition region have been chosen to provide
mooth mode coupling into the waist, following the general phi-
osophy of the use of uniform-waist (and not biconical) tapers. In
hat sense, the tapered fibers that we have used are essentially the
ame that we have used in the past to excite plasmons for other
avelength regions, and the variation has been introduced in the

hickness of the deposited layers. For further and more detailed
nformation about the characteristics of tapers, the dynamics of
he coupling of light in the transition regions and the influence of
he extension of the length of the deposited area, some of our ref-
rences in the literature can be considered. [4–9] In this case our
eposits completely cover the tapered region.

To define the thickness of the layers required to obtain those
esonances we have run the simulation programs developed by us.
n this case the thickness of the aluminum layer has been main-
ained in the value of 8 nm,  and the thickness of the dielectric layer,
or which we have chosen our most common option, TiO2 (we  have
uccessfully tested InN in the past [14] but in this case this cannot
e used because it is not transparent in this wavelength region),
ust be around 25 nm to provide resonances in the desired range.

 scheme of one of the transducers used to provide the measures
ere presented is shown in Fig. 1.

If we compare these values with those used, for instance, to

roduce plasmons in the C-band, [8] we can see that both layers are
uch thinner in this case, which is, of course, logical, but it is also

ignificant from the point of view of the fabrication. The layers have
een deposited in a vacuum chamber with the e-beam technique
Fig. 1. Scheme of one of the transducers employed to produce plasmon resonances
in the visible region.

and the fact that the total thickness is comparatively small makes
more difficult the reproducibility, because any deviation in the
deposition implies an increased relative error. This must be taken
into account, because if we have a real thickness different from that
desired (which is the one selected according to the simulations)
the plasmon will subsequently move. However, as it can be seen
in the experimental result we  show, we  have achieved to obtain
resonances in the visible, going as deep as 530 nm, when the usual
range with these devices has always been around 800 nm for the
refractive indices of the aqueous media.

The characterization procedure for the devices has also been
repeatedly used in the past. [4,6,8] It is basically a measure of the
spectral transmittance of the transducer, when immersed in a mix-
ture of water and ethylene glycol, whose refractive index can be
varied in a controlled way by manipulating the concentration of
ethylene glycol. The light source is a halogen lamp and a spectrom-
eter is used as a measuring device. A polarizer is used to improve the
response of the devices, although we  have proved that the influence
of the polarization in asymmetrically-deposited DLUWTs is quite
small. A scheme of the characterization setup is shown in Fig. 2.

When the refractive index of the mixture of water and eth-
ylene glycol changes, the position of the minima of the spectral
transmittance curve is shifted. This displacement is the measuring
parameter in this technique. The dips are associated to plasmon
resonances, which are extremely sensitive to the variation of the
refractive index of the surrounding medium. The slope of the (usu-
ally quite linear) curve that relates the position of these dips (the
resonance wavelengths) to the refractive index is usually taken as
an estimation of the sensitivity of the device.

3. Experimental results

A first and most important result of this work is the experimental
evidence of the possibility of exciting plasmons in the visible region,
near 500 nm, with devices like those presented, based on single-
mode tapered glass fibers (Fig. 3). This is a novelty in itself and, as
we have said before, it is very interesting from the point of view
of future applications in chemical and biological sensors. We  have
proven the feasibility of producing SPR fiber sensors in that region
with DLUWTs. We  can see that dips are well defined, quite narrow
and deep, with transmittances of the order of 50–60% (these have
been improved in other devices, as commented below). The sen-
sitivity for these transducers is of the order of 2000 nm/RIU, quite
high, comparable to that obtained with sensors based on DLUWTs
and of course much better than that reported for SPR fiber sensors
working in the visible region. This sensitivity is estimated with the
slope of the curve that relates the wavelength of the main resonance
with the value of the refractive index of the surrounding medium,
shown in Fig. 4.

As we  have said before, we decided to investigate the influence
of the waist diameter in the performance of the sensors. In a general

way we can say that the narrower the waist the better the access
to the evanescent field and the higher the response of the devices.
So we tested two other diameters, namely, 28 and 26 �m.  In Fig. 5
we show the results obtained. We  must note that in principle we
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Fig. 2. Scheme of the experimental setup for 
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as deep) as those. Also, the definition of all the other secondary
ig. 3. Spectral transmittance of a tranducer with 8 nm of aluminum and 25 nm of
itanium dioxide. The curves show the displacement of the plasmon dip with the
ariation of outer refractive index, always within the visible region.

ave produced the sensors introducing the same initial parameters
hat in the other cases in the deposition chamber, and therefore we
hould expect resonances in the same values of wavelength. How-
ver, as we have said, the technical tolerances of the deposition
rocess and the additional difficulties associated to the geometrical
orm of the tapers introduce deviations in the real obtained thick-
esses that are more significant than in other larger wavelength
egions. At the same time, it is always difficult to really establish the
ffective refractive index of layers so thin and therefore the algo-

ithms (mostly empirical and highly dependent on the particular
achine used) to determine the parameters to achieve a specific

ayer do not work properly. Because of that we estimate the real
hickness of the layers of the sensors shown in Fig. 5 to be of the
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ig. 4. Change in the resonant wavelength with the outer refractive index for the
evice of Fig. 1 whose spectral transmittance is depicted in Fig. 3. The slope of the
urve permits to estimate the sensitivity of the device, 1998 nm/RIU.
the characterization of the transducers.

order of 15% higher than those intended and this is the reason that
the resonances have been displaced to larger wavelengths. It is true
(as we  have said before) that this could be a problem if we try to
exactly tune the response of the sensors to a particular wavelength,
but it is a matter of reproducibility and repeatability very difficult
to control in a physico-chemical process as deposition in a vacuum
chamber. In a worst-case scenario this can imply that some of the
sensors are not usable and this may  require a more in-deep future
treatment of the more subtle details of the deposition process, but,
as our main goal was  to prove that obtaining resonances in the visi-
ble, the fact that we have easily produced sensors able to guarantee
that is enough for our purposes. Also, in terms of the behavior of
the devices as SPR refractometres this, in fact, is no problem at all
(assumed that we  have a wide-range illumination spectrum, which
is usually the case), because all we need is a relative measure, that
of the displacement, and it is not relevant the absolute position of
the particular resonances.

So, in this case the resonances are nearer to 700 nm, but, as it can
be seen, the fact that asymmetric DLUWTs provide multiple plas-
mon  dips (a feature that is particular of that sensor type), we have
resonances in a wide range within the visible region. As expected,
the thinner the waist the better defined (deeper and narrower) the
resonances, so it is advantageous to opt for a waist of the order of
26 �m,  which can provide even a transmittance of the order of zero,
a most remarkable fact, if we compare these results with those of
Fig. 3 or with the ones of this Figure corresponding to a waist of
30 �m.  It is quite rare to obtain transmittances as low (or plasmons
resonances (up to the fourth one) is extremely good, so they can be
perfectly used simultaneously or alternatively with good values of
sensitivity (Fig. 6).
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Fig. 5. Comparison of the performance of the devices with the variation of the
waist diameter. Note the change in the depth of the dips, reaching almost a zero
transmittance. Also, multiple plasmon resonances (up to the fourth one) are clearly
marked.
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Table  1
Summary of the properties of SPR fiber sensors based on DLUWTs (representative values).

Wavelength range Thickness of Al (nm) Thickness of TiO2 (nm) Sensitivity (nm/RIU) Ref.

550–700 nm 8 25 

750–850 nm 8 60 

C-Band, ∼1.5 �m 19 99 
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Fig. 6. Comparison of the displacement curves and estimation of the sensitivities
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or  the four resonances of the device with 26 �m of diameter waist. The slopes of
he curves (and the corresponding sensitivity estimations) are (from the 1st dip, up,
o  the 4th one, below) 2332.8, 1832.5, 1541.7 and 1380.3 nm/RIU respectively.

In fact, this is a very important result since, as we have said,
he possibility of tuning resonances with absorption wavelengths
f the surrounding medium is the basis of a method that turns con-
entional SPR sensors in selective ones without the need of the
ddition of recognizing agents. Here we have four different reso-
ances that can be associated to different substances. Also, we can
rack the various dips to increase the information of the system in
ifferent ways. In particular, with only one sensor we  can extend

ts operating range to about 200 nm wide. The fact that the sensi-
ivity of the measures associated with these dips is always high (as
hown in Fig. 6) is also important. It can be seen that for the prin-
ipal resonance the sensitivity is better than that corresponding
o the results of Fig. 3, but also in this case the wavelength corre-
ponding to these resonances is a little higher. It must be taken into
ccount that the scale in the y-axis of Fig. 6 is quite different from
hat of Fig. 3, because it must cover a wider wavelength range.

. Conclusions

We  have presented experimental evidence of the possibility of
xciting plasmons of an unusual depth and definition in the visi-
le region for refractive index of the surrounding medium similar
o that of water. This has been possible with the use of doubly-
eposited uniform-waist tapers (DLUWTs) with the right thickness

n the layers of aluminum and titanium dioxide. We  have ana-
yzed the influence of the diameter of the taper waist, showing
ow the performance of the transducers is greatly improved with

 narrower waist. Also, we have shown how multiple plasmon
esonances can be excited with a resolution so good that with a
ingle sensor one can cover, choosing the corresponding dip, a very
ide range within the visible region. These secondary dips can be
sed simultaneously or alternatively to the principal one in several
rrangements, notably in those based in the so-called “absorption
ethod” to associate the resonances to absorption wavelengths of

he analytes. To our knowledge, this is the first time that a SPR fiber

ensor based on single-mode fibers is demonstrated for this combi-
ation of wavelengths and refractive indices, and the performance
f the devices is comparable to those working in the more usual
egions of the near infrared.

[

∼2000 This paper
∼4000 [7]
∼5000 [8]

DLUWTs have been used in the past by the authors to provide
a most convenient alternative to other procedures of exciting
plasmons in several spectral regions. The advantages of DLUWTs
include smallness, robustness, cheap fabrication, extreme versatil-
ity and the possibility of integration in systems working in real,
hostile environments. In Table 1 we  summarize some of the results
presented in the literature to show how DLUWTs, with easy-to-
implement changes in the thickness of the layers can cover a
spectral range of more than 1000 nm.  As it can be seen, roughly
speaking, for longer wavelengths we need thicker deposits, and
we achieve higher sensitivities. Of course, a different choice of
materials is also possible, but the couple Al TiO2 has proven to
work perfectly. With this work, somehow we close the circle in the
demonstration of the convenience of the option of tapered fibers
as transducers based on evanescent field coupling, and the possi-
bility of extending fiber technology to SPR chemical, biological and
environmental sensing.
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