Surface plasmon resonance sensors based on
uniform-waist tapered fibers in a reflective configuration
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We present a configuration for surface plasmon resonance sensors based on uniform-waist tapered optical
fibers and reflective elements. Once the fiber is tapered fulfilling the adiabatic criterion, a multilayer
including a metallic medium is asymmetrically deposited on the uniform waist of the fiber. This feature
provides the resonant excitation of multiple surface plasma waves. In addition, a mirror is produced at
the fiber tip by a chemical Tollens reaction. In this way, the sensor operates in a reflective mode, more
convenient for dip probes. When these sensors are spectrally interrogated, a high sensitivity of 10™*
refractive index units per nanometer is attained. These devices can be advantageously used for any kind
of chemical sensing and biosensing. © 2006 Optical Society of America
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1. Introduction

During the past few years, the use of surface plas-
mon resonance- (SPR) based sensors remarkably
increased in the fields of chemical and biochemical
sensing.! The most extended arrangement is based
on the Kretschmann configuration. Several interro-
gation methods can be used with this setup. The
most widely used is the angular one,’-3 although
reflectance, SPR wavelength (\gpr) tracking, phase
shift, and even polarization measures have also been
reported.! However, fiber-optic sensors can provide
simpler, smaller, and more compact setups when an
on-line measurement is needed. In this context, a
number of fiber-optic sensors based on SPR have
proved to be useful for chemical and biochemical
sensing either for remote or in situ measurements.
These sensors are mainly based on the interaction
between the evanescent field of the guided radiation
inside the optical fiber and a transducer including a
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metallic medium, which must be functionalized when
applied to a specific molecular detection.! To reach
the evanescent field, a number of techniques have
been employed. Side-polished fibers (D-type fibers)
have been widely used.4-6 Another option is chemical
etching with hydrofluoric acid (HF) to eliminate fiber
cladding.”® The mechanical strip of the fiber cladding
has also been used.® However, these methods only
provide access to a relatively small intensity of the
evanescent field, and some of these options increase
the fragility of the fiber. Recently, tapered fiber have
shown their potential since the evanescent field in-
tensity is higher than in the previous configurations.
Two main types of tapered fiber have been reported.
The first one is the so-called biconical taper,® which is
usually produced by using a fiber splicer and provides
short and sharp devices with high losses. The second
one is the so-called adiabatic taper, which is much
longer than the biconical ones. These devices are
produced with the traveling-burner technique,10-12
where the fiber is gently stretched while heated. De-
tails are given elsewhere.l© With this method, it is
possible to obtain uniform-waist tapered (UWT) fi-
bers with a controlled length and a waist diameter in
a highly reproducible way. Furthermore, SPR sen-
sors with UWT fibers have shown a high sensitivity
and dynamic rangel?13-15 and could be the best op-
tion when the sample volume is not a critical param-
eter.

The optical fiber sensors based on evanescent
waves and SPR have been used mainly in the trans-
mission mode. This configuration requires a length
of fiber after the transducer to return to the control
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Fig. 1. Schematic of the setup used to measure the spectral sensor response. Side and cross-sectional views of the sensor are also
shown.

unit in a loop. For overcoming this feature, some
retroreflective SPR devices have been proposed,
some of them based on geometric considerations
when tapering the fiber!6.17 and others based on
reflective elements added after the transducer.®
These devices require complex apparatuses and
techniques for their construction when a reproduc-
ible batch of sensors is to be produced, their main
advantage being the small size, which makes them
suitable for integration in microwell plates'® and in
vivo measurements.?

However, the small size of SPR sensors can also
negatively affect their sensitivity, since in tapered
fiber-based SPR sensors, this sensitivity is directly
related to the interaction length.

Here we present and characterize a configura-
tion for SPR sensors based on UWT fibers with a
reflective element added at the fiber tip after the
transducer. The reflective element is a Ag mirror
deposited at the fiber end by chemical means fol-
lowing the Tollens reaction, which is an easy and
cheap method to obtain reflective devices.!® As a
transducer, a double asymmetrical layer has been
used, and a remarkable feature of the sensor re-
sponse is its relative immunity to the polarization of
the incident light. As we will show, the sensitivity of
these devices is very good and they are good candidates
for any kind of chemical sensing or biosensing.

2. Experimental Arrangement

The sensors’ fabrication procedure involves three steps
that have been depicted elsewhere.1%13 The first one is
decreasing the fiber diameter so that we can reach the
evanescent field of the mode propagated by the unper-
turbed fiber. We follow the procedure developed by
Kenny et al.,'? the so-called traveling burner. As men-
tioned above, with this procedure the fiber is gently
stretched while it is being heated, so core and cladding
diameters eventually decrease up to core collapse.
The obtained devices show low losses, which is an
important feature for distributed and remote sens-
ing. This technique has been widely used by differ-
ent authors®10.13-15 to make a great variety of
devices based on tapered optical fibers. With this pro-
cedure, we can obtain different substrates with dif-
ferent uniform waists of tapered fiber over a length of
several millimeters with low loss. The optical fiber
that we use is a conventional single-mode step-index
fiber at a nominal wavelength of 820 nm. The waist of

the tested devices is 35 um, its length is about 6 mm,
and the losses of the tapers are less than 0.3 dB.

The second step of the production process consists
of the deposition of layers on the substrates obtained
in the first step explained above. The deposition
method is physical vapor deposition, as depicted by
Alonso et al.5 The asymmetric device is thus obtained
by deposition of a double layer on one side of the
tapered fiber.

The values of the thickness of materials deposited
vary from zero at the edges to a maximum value at
the top of the waist. We have chosen a first layer of Al
8 nm thick and a second layer of TiO, 60 nm thick.
The Al shows better adherence than Au to SiO, fibers,
and it is best suited for SPR at wavelengths in the
600-1000 nm range, while the TiO, layer is used to
tune the SPR response to the refractive index range
of interest,!3:14¢ which relies on the interval 1.32-1.40
of aqueous solutions at wavelengths in the visible—
near-infrared spectral range.

Finally, the fiber, after the transducer is cleaved,
is immersed in a vessel where a Tollens reaction
takes place.® Then, a thick layer of Ag is deposited
at the fiber tip, providing reflectance up to 90%-95%
in a few minutes. The fiber end is further encapsu-
lated with an epoxy resin to prevent Ag oxidation. A
schematic of the complete device is shown in Fig. 1.

The constructed sensors have been spectrally
interrogated to determine their behavior against
refractive index (RI) changes of the medium sur-
rounding them. The experimental setup can be seen
in Fig. 1, where a halogen lamp (broadband spec-
trum) is the light source. Because of the asymmetry
of the structure, a dependence on the polarization of
the propagated modes inside the UWT is expected,
since SPR happens only when the electrical field of
the propagated mode is normal to the interface be-
tween metal and dielectric media. Thus an in-line
polarizer'® has been added and a set of Lefevre
loops is used to control the polarization plane of the
resultant linearly polarized light. With this polar-
ization stage, we can optimize the contrast between
dips in the reflected spectrum without strictly
choosing either TM or TE polarization. Then a
2 X 1 fiber coupler takes the optical radiation to the
transducer. The light passes through this one, is re-
flected back at the fiber tip, and passes again through
the transducer toward the coupler where it is brought
to a CCD spectrograph. There is a double interaction
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Fig. 2. Spectral response when the outer medium is pure water.
Dashed curve represents the sensor response for the unoptimized
polarization of the input light. Optimization of the polarization di-
rection provides the response represented on the solid curve.

with the transducer, which increases the intensity of
the resonance making the device analog to a double-
sided deposited taper.15

3. Experimental Results

The tests performed are based on the changes of the
spectral transmittance of the device with the varia-
tions of the outer medium RI, using the transmit-
tance when the surrounding medium is air as a
reference. At first, the dependence of the response
with the polarization of incident modes was checked
for pure water as the outer medium. The results can
be seen in Fig. 2. The response obtained for the po-
larized input light without a polarization plane ad-
justment is plotted on the dashed curve, and the solid
curve shows the response when the polarization-
controlling elements are used to maximize the cou-
pling, thus producing deeper dips.

Then, a given concentration of ethylene glycol was
added to pure water. The RI of the mixture depends
on the ethylene glycol concentration according to the
following empirical law!3:

Veth

2
Vtot

where n and ny,o are the RIs of the solution and pure
water, respectively, V., is the volume of ethylene
glycol, and V,; is the total volume of the mixture.
With the polarization optimized, we can track the
two principal minima with the variation of the RI of
the outer medium. The obtained results are shown in
Fig. 3, with open and filled circles, respectively, de-
noting the main and the secondary minima displace-
ment with outer medium RI. The sensitivity is
approximately 10 * RI units for a spectral resolution
of 1 nm, and the response is linear with the RI, as
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Fig. 3. Displacement of the two main Agpz shown on the solid
curve in Fig. 2 with the outer medium RI changes. Open circles
correspond to the main dip and solid circles correspond to the most
important secondary dip.

expected for this kind of device. This sensitivity is as
high as the ones reported to date.2°

An additional test was performed with unpolarized
input light and no polarization control. The response,
in the case of pure water, can be seen in Fig. 4 (solid
curve) in comparison with the optimized response ob-
tained in the previous test (dashed curve). It is a re-
markable feature that there is only a small redshift in
SPR corresponding to a fundamental mode, while res-
onance intensity decreases slightly together with a
broadening of the minimum, but the SPR due to the
second-order mode keeps the \gpg. As can be observed,
in this case no other dips appear. As in the previous
case, we can track the minima with RI changes ob-
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Fig. 4. Spectral response when the outer medium is pure water.
The dashed curve represents the optimized polarization response as
in Fig. 2. The solid curve is the response for the unpolarized light.
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Fig. 5. Comparison between the displacement with the outer

medium RI of the main dip of Fig. 4 for the optimized polariza-

tion direction (open circles) and unpolarized light (solid dia-

monds).

taining the same sensitivity. In Fig. 5, the comparison
between the operation with optimized polarization
(open circles) and without a polarizer (solid diamonds)
is shown. This means that we can use these devices
virtually as polarization-independent ones. If we
are using unpolarized sources, as in our case, the dif-
ference between using or not using polarization-
controlling elements is simply a small constant offset
that does not compromise the sensitivity of the device.
This feature is important, since we do not need any
complex setup to control the polarization orientation of
the input light, which implies that the sensor size can
be reduced, providing an easy integration in remote or
in situ measurement systems.

4. Conclusions

A novel configuration for SPR sensors with UWT fi-
bers has been proposed. They are based on tapered
fibers with a double-layer deposition and a reflective
element at the fiber tip. The sensitivity is the same
for transmissive sensors. The employed method to
make the mirror at the fiber end is inexpensive and
easy to develop since only a chemical reaction must
be accomplished. The fabrication of tapered fibers
following the traveling-burner technique is a well-
known method, which provides substrates in a very
repeatable way. Furthermore, the obtained tapers
are more robust than devices based on the same prin-
ciple obtained by chemical or mechanical methods
and provide a higher evanescent field suitable to in-
teract with the deposited transducer and the outer
medium.

The deposited layers are optimized to obtain a good
response in the visible-near-infrared spectral range
for RIs of the outer medium lying in the range of
1.32-1.40, which is the operating range for most bi-
ological measurements. Furthermore, the TiO, can
be functionalized as easily as the Au layer commonly
used to date in chemical and biochemical sensors.
Since the response is virtually polarization indepen-
dent, these devices are very small and compact, well

suited for integration with compact fluidic systems
when the sample volume is not critical. They are also
good candidates for dip probes and for the design and
production of new sensors.
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