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a b s t r a c t

We present the results of a chemical attack on the optical fiber surface previous to the deposition of the

double layer (metal plus dielectric) in Double-layer uniform-waist tapered fibers (DLUWTs) used for

the development of SPR sensors. It is shown how this simple chemical treatment increases the

roughness of the surface and permits improvement of the stability of the deposits and the general

performance of the sensors. The obtained devices are robust and very compact, their sensitivity is good

and repeatability of the measurements is remarkably increased. The procedure can be useful for any

fiber-optic sensor.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Surface plasmon resonance is nowadays a key technology in
the field of chemical and biological analysis [1]. Most of the
proposed chemical and biological sensors are based on the
so-called Kretchmann configuration, where the mechanism of
attenuated total reflection provides the evanescent field needed
to excite plasma waves on flat metallic surfaces deposited on the
reflective element. Optical fibers have proved their efficiency
in this context, presenting some advantages like small size,
compactness and robustness. Optical fiber SPR sensors can be
used for real time and in situ field measurements even in
hazardous or not too accessible locations [2]. The use of tapered
fibers [3–5] has proven to be very convenient for the development
of high-performance transducers, especially in the form of dou-
ble-layer uniform-waist fiber tapers (DLUWTs) [6–9].

However, due to the small size of these devices, the available
surface to attach the ligands when a specific analyte is needed to
be detected can compromise the overall sensitivity to that
analyte. Although a longer taper waist can contribute to the
increase of the available surface, a different approach has been
considered in this work in order to keep the final length of the
ll rights reserved.
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sensor within the limits of easy handling. We have induced
roughness on the surface of the taper waist with a chemical
etching of the fiber in vapor phase that gives an increase in the
region of interaction, which is also interesting for fluorescence
sensors based on evanescent field [10,11]. With this procedure,
we also get a remarkable reliability and stability in the fabricated
transducers that was not obtained with non-attacked fibers.

In this paper, we demonstrate how the good performance of
DLUWTs can be further improved by a chemical treatment of the
fiber-optic surface before the deposition of the layers, which is
crucial in a field as demanding as chemical analysis, and we
describe a very convenient and easy way to apply such technique
for the production of SPR fiber sensors.
2. Samples preparation

The fabrication of tapered fibers has already been reported [7].
It is fundamentally based on the local heating of a glass fiber to its
melting point while it is gently stretched in opposite directions.
With this procedure it is possible to obtain the so-called adiabatic
tapers with a smooth transition between the unaltered optical
fiber and the waist of the taper and very low losses in the
transmission, namely below 0.2 dB. The optical fiber we have
used is a single mode one at 820 nm nominal wavelength, and the
fabricated tapers have a 35 mm diameter and 15 mm length
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uniform waist, with a total length (including the transition
regions) of 60 mm.

The surface of optical fibers, both unaltered and tapered,
presents very small or no roughness as can be seen in Fig. 1a.
Thus, to induce a surface structure a chemical etching was used.
Usually, the chemical etching of glass fibers has been performed in
aqueous solution to obtain the fiber tapering [12–14]. By following
this method, a buffered etching solution of hydrofluoric acid (BHF)
was prepared and pumped by a Gilson Minipuls peristaltic pump
through a PTFE column inserted in hydrofluoric acid-compatible
tubing. The flow was kept at 125 mL min�1 for 20 min up to 1 h.
The BHF reagent is an aqueous solution of hydrofluoric acid
(10.5 mol L�1, for trace analysis, Z49%, Fluka) and ammonium
fluoride (7.5 mol L–1, þ99.99% trace metals basis, Aldrich) at pH
5.5. The addition of NH4F to HF controls the Hþ concentration and,
in this way, the etching rate is kept constant. By treating the fiber
with this procedure no remarkable effects are obtained in terms of
roughness, and only a further decrease of the taper waist is
produced. The resultant surface after etching is shown in fig. 1b.

A second procedure was tested by placing the taper in a sealed
container with a 40% aqueous solution of HF so that the taper is
above the HF level. Although the etching with HF has already
been reported for the sensors and optical fiber technology field
[12–14], this is the first time, to the best of our knowledge, that is
being used in vapour phase to induce surface roughness. Once the
taper is placed in this way, it is exposed to HF vapour at
equilibrium pressure for different time intervals from 1 to
30 min while the transmittance of the device is measured on-
line. The upper limit of this exposure time comes from the break
down limit of the fiber, which is around 40 min. The SEM
(Scanning Electron Microscopy) pictures for 5 and 10 min of HF
gas etching of the surface of the tapers are shown in Fig. 2a and b,
respectively.
Fig. 1. (a) SEM picture of the surface of an optical fiber after tapering. (b) Su

Fig. 2. SEM pictures of the surfaces of the tapered fibers after gas etching: (a) Fiber atta

vapor phase.
By comparing Figs. 1b and 2 it is easy to see that the gas etching is
the most convenient procedure to induce a structure on the surface,
which in our case takes the form of craters randomly distributed of
several diameters and depths. Thus, a tapered fiber etched in this
way presents a larger surface available to bound ligands when a
specific recognition is needed. Since the crater formation contributes
to the fiber weakening, and the effect is cumulative as the exposition
time increases, a trade-off must be adopted. A gas etching of 10 min
has been used to increase the surface roughness without significant
loss of mechanical strength of the taper.

After the taper etching, a double layer of 8 nm of aluminium
and 50 nm of titanium dioxide has been asymmetrically depos-
ited in order to compare their performance with previous
results [7].
3. Experimental results

3.1. Plasmon resonance in chemically etched DLUWTs

The devices fabricated by the procedure explained in the above
paragraph have been characterized by following the usual
method [6,7], in which the spectral transmittance of the device
for several values of the refractive index of the outer medium is
measured. The setup for the sensing characterization is shown in
Fig. 3, where a wide-spectrum light source is launched through
the fiber and the spectral transmittance at the distal end is
recorded with a CCD spectrometer. Since the SPR is a polariza-
tion-dependent phenomenon, a high contrast polarizer and a set
of Lefévre loops have been included in the setup to obtain the
maximum contrast in the transmittance minimum associated
with the SP excitation, although we have already shown that
the dependence of DLUWTs with polarization is not critical [8,9].
rface of a tapered fiber after 1 h etching with the buffered HF solution.

cked for 5 min with HF in vapor phase and (b) Fiber attacked for 10 min with HF in



Fig. 3. Experimental setup for the characterization of the sensors.

Fig. 4. Spectral transmittance curves for a DLUWT attacked 10 min with HF in

vapor phase for the refractive index of the outer medium of, from left to right,

1.3330, 1.3344, 1.3362, 1.3374, 1.3392, 1.3408 and 1.3423. As inset, the value of

the transmittance minimum versus outer refractive index has been plotted. Slope

of the curve gives the average sensitivity of about 2400 nm/RIU.

Fig. 5. Spectral transmittance of a smooth DLUWT for several successive immer-

sions in pure water. A shift in the transmittance minimum is clearly observed for

each one.
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The transmission of the fiber when the outer medium is air is used
as reference for all measurements in a refractive index range from
1.333 to 1.3423, measured with an Abbe refractrometer, which is
obtained from mixtures of pure water and ethylene glycol.

In Fig. 4 we show the typical experimental results of the
characterization of one of our chemically-treated DLUWT. As it
can be observed a well defined dip is present in the curve,
evidencing a plasmon resonance. It is interesting to note that
although the deposit was asymmetric, we have only one promi-
nent dip and a weak secondary one. This is due to the fact that the
induced roughness tends to randomize the thickness gradient due
to the geometry of the deposit, and somehow the different
potential plasmon resonances merge into a wider one. These
results are remarkable in terms of the fundamental aspects of the
phenomenology of plasmon excitation in fibers.

The appearance of plasmon resonances in the acid-treated
structures shows that the chemical attack does not eliminate the
possibility of exciting plasma waves in the deposited layers. In
fact the behavior of the device is good in terms of sensitivity
since, from the slope of the inset in Fig. 4, where the wavelength
of the transmittance minimum for several refractive index values
is plotted, we can estimate an overall sensitivity of around
2400 nm/RIU, which is a figure comparable to that typically
obtained with the traditional transducers (ca. 3000 nm/RIU)
[6–9]. Therefore, the performance of the DLUWTs after the
treatment is good enough to be used as refractive index sensors.

3.2. Stability of the deposits and repeatability of the measurements

in successive immersions

The chemical etching of the fiber surfaces and the subsequent
roughness they acquire have also a very interesting side-effect,
namely an improvement in the stability and durability of the
deposits and a remarkable increase in the repeatability of the
measurements. Indeed, when a double layer is deposited on a
non-flat smooth surface, the behaviour of the transducer very
often shows some drift in a series of successive immersions in
water, as shown in Fig. 5, where the position of the plasmon



Fig. 6. Spectral transmittance curves for a DLUWT attacked 10 min with HF in

vapor phase. Various curves correspond to successive immersions in water. No

drift in the position of the minimum is observed.
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dip(s) moves to higher wavelengths as the DLUWTs are immersed
for a sequence of measurements. Although this effect does not
compromise the overall behavior of a sensor in terms of sensi-
tivity, it certainly makes it mandatory to establish a calibration
point before performing the measurement. Such necessity can be
an undesirable procedure when a long distance in-situ measure-
ment is to be made, and can affect the dynamic range and the
repeatability of the measurements.

As we can see in Fig. 6, the effect of the chemical treatment in
this particular case is highly beneficial. We see the results of up to
15 successive immersions with no significant drift of the plasmon
dip. In this context, it is quite possible that the increased rough-
ness of the fiber surfaces provides better adherence for the layers.
Thus, the simple chemical treatment proposed seems to be ideal
as a pre-processing step in the deposition of any layer in curved
fiber geometries and provides greatly improved repeatability to
the measurements.
4. Conclusions

A detailed study of the effect of chemically etching of the
surfaces of tapered optical fibers with HF in the gas phase has
been performed. It shows that a treatment of this kind is adequate
in general for the improvement of the reliability of the fiber
sensors developed with this kind of elements. In particular it has
been shown how this procedure does not compromise the
transmission characteristics of the fiber, allows plasmon reso-
nances and notably increase the stability of the transducers and
the long term repeatability of the measurements when the
sensors undergo repeated immersion in water. The procedure is
simple and can be recommended for optical fibers used in the
field of chemical and biological sensing.
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