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ABSTRACT— In this paper, a tapered tip optical
fiber probe sensor for localized refractive index
(RI) measurements is presented. This sensor’s
interaction with analytes is confined to a few
micro-meters which makes it a promising
candidate for in-vivo or even intra-cellular RI
monitoring. This tapered tip was simply
fabricated by etching optical fiber with
hydrofluoric acid to a conic shape with a sub-
micrometer aperture. The sensor was calibrated
for Rl measurement using different
concentrations of NaCl in water. Detection limit
of 6.7x10°RIU was achieved for this low-cost
sensor.
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|. INTRODUCTION

Optical fiber tip is widely being used in
scanning near-field optical microscopy
(SNOM) [1], light trapping applications [2],
fluorescence stimulation [3] and surface
plasmon resonance [4]. Its small size, special
geometry and bio-compatibility of its
constituent material make it an excellent
candidate for biological and intra-cellular
applications [3], [5], [6].

There are a great demand for refractive index
(RI) measurement in very small volumes and
in-vivo applications [7], [8]. Rl measurement
is important from two points of view. First, it
is crucial for optical treatment and optical
system designing. Second, it can be related to
some chemical or biological properties of
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sample analytes. The latter can be further
enhanced by utilization of some bio-
recognition elements to monitor minor
concentrations of some chemicals, which may
be used for monitoring biological reactions in
a cell and organelles behavior [9], [10].

There are many methods for RI measurements,
divided into two main branches: free-space
and confined optical refractometry. These
methods include some old ones such as,
interferometry, Brewster angle measurement,
critical angle measurement, index matching
[11] and some new and growing methods like,
surface plasmon resonance (SPR) [12],
localized surface plasmon resonance (LSPR)
[13] and waveguide based techniques [14]-
[17]. However, increasing sensitivity and
flexibility are still serious challenges in
refractometry. On the other hand, most of
these methods require large amounts of sample
and therefore cannot be used for small
volumes or for in-vivo applications.

Herein we report a sensitive fiber tip
refractometer utilizing a very simple probe
which can be used for in-vivo and intracellular
application. This sensor’s geometry and its
sub-micrometer aperture limit the interaction
region to femto-liter scale volume of the
analyte. Therefore it can locally detect RI and
is appropriate to be integrated in lab on a chip
device. This sensor consists of a SMF-28
optical fiber which is etched using
hydrofluoric acid to a conical tip. Then the
sensor was calibrated with monitoring the
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reflected spectrum of the sensor immersed in
solutions with different refractive indices.

Il. EXPERIMENT

A. Sensor fabrication

The fabrication method is etching cleaved
fiber with a two phase liquid consisting
hydrofluoric acid (HF) on bottom and a
protective oil layer on top. This method which
is usually used for etching optical fiber tips,
utilizes meniscus forces to etch the fiber to a
conic shape [18]. Capillary forces lift the
etchant-oil interface so that it rises in the
vicinity of fiber, hence more surface of the
fiber is exposed to the acid. (Fig. 1-a). Because
the capillary force is inversely proportional to
fiber’s radius, as the acid etches the fiber the
radius decreases that brings down etchant-oil
interface level. Therefore some area of the
fiber is no longer exposed to the acid and its
diameter remain constant while the acid is
etching other areas below the interface (Fig. 1-
b). As the etching proceeds fiber’s radius
decreases to zero and the etchant oil interface
becomes flat (Fig. 1-c).

Temperature, concentration and composition
of the etchant, angle of the fiber relative to
vertical axis and protective oil layer are
important parameters which influence the final
angle, aperture and smoothness of the tip [19].
To make this method repeatable, temperature
during the etching process was held constant
and the fiber was vertically fixed with a poly
(methyl methacrylate) (PMMA) holder. The
holder consists of several grooves to hold the
fibers and a container for the etchant and oil.
All parts of the holder were fixed with screws

(Fig. 2).

A SMF-28 fiber was stripped, cleaned with 2-
propanol, cleaved and then fixed on the holder.
After that, the container was filled with 1.5 mL
HF 40% (v/v) and 0.5 mL of silicon oil on top
of the acid. Then, the fiber was immersed in
this two phase liquid. During the process
reflection spectrum of the sensor was
monitored. After 60 minutes, when etching
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was finished, the fiber was removed and
washed successively with 0.1 M NaOH
solution to neutralize the remaining acid, then
with de-ionized water and acetone.

Etchant

Fig. 1. Schematic tip image at (a) the beginning, (b)
during and (c) the end of etching process

Etchant
Containe

Fig. 2. The fiber holder for etching

B. RI measurement

After preparation of the sensor, it was placed
in a setup to measure its reflection spectrum
(Fig. 3). Light emitted from a super
luminescence diode (SLD) is passed through a
circulator to the sensor. A part of incident light
reflects to the circulator and goes to an optical
spectrum analyzer (OSA). Finally the OSA
measures the reflection spectrum which
contains information from the external



International Journal of Optics and Photonics (1JOP)

medium in the interaction zone. Analyzing this
spectrum makes it possible to monitor the RI
of the analyte. To calibrate the sensor it was
tested with different concentrations of NaCl as
standard solutions with known RI (Table 1).

This test was repeated 5 times at room
temperature to ensure the repeatability of the
experiment. Ray optics simulation was also
done with ZEMAX to determine the
interaction area of the sensor with surrounding
medium.
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Fig. 3: Schematic of the experimental setup
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Table 1: RI of different concentrations of NaCl

Concentration (% w/w) Refractive index

0 1.3330
0.1 1.3332
0.3 1.3335
0.4 1.3337
0.7 1.3342

111.RESULTS AND DISCUSSION

Fig. 4 shows scanning electron microscope
(SEM) images of the sensor which proves the
formation of the tip with a cone angle of 30°
and sub-micrometer aperture size. It can be
seen from Fig. 4-a that the slope in the tapered
region is constant which means that the
tapering geometry is linear resulting in
minimum loss in the tapered region relative to
other geometries [14].
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Ray optics simulation shows how different
incidence angles lead to different path lengths
which can cause interference in the reflected
spectrum.

When a ray reflects from tip-analyte interface,
RI of the analyte affects reflection coefficient,
which is the base of RI sensing. Therefore,
increasing the number of reflections increases
sensitivity and the region with more
reflections becomes more sensitive to the
surrounding.
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Fig. 4: SEM images of a tapered fiber tip made by
using a modified etching method. (a) side view , (b)
3D view and (c) sub-micrometer tip aperture
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9 um

which leads to Rl measurement of femto-liter
volume samples. In other words, this sensor is
potentially able to measure intra-cellular
parameters.
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Fig. 5: Ray optic simulation of the fiber tip using
ZEMAX for different incident ray angles (only core
region is shown)
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Fig. 6: Reflection spectrum of the probe at different
Rls

Angular distribution of rays in the single mode
fiber is maximum at 0° and goes to zero at 7°
(acceptance angle). Ray optics simulations
(Fig. 5) show that most of the reflections take
place in the last 2 um of the tip. Therefore, the
sensing region is confined to a um scale zone
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Fig. 7: Change in reflected power at minimum (a)
and maximum (b) versus RI

It was mentioned that tip geometry cause
interference in the reflected spectrum. Fig. 6
shows this interferometric spectrum when it is
embedded in solutions with different refractive
indices. The spectrum shows a minimum at
about 1530 nm and a maximum at about 1560
nm. The power at the maximum and minimum
was plotted versus analyte RI (Fig. 7). This
results show that the reflected power decreases
with increasing analyte RI, which is in
agreement with decreasing Fresnel’s reflection
coefficient when difference in refractive
indices of the two medium decreases.
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The power sensitivity of the sensor is
calculated from [7]:

P, —P
=" (dB/RIU)

S =
] n,—n

(1)

where, P, and P, are the reflected power
measured in dB in solutions with n, and n,

refractive  indices, respectively.  Power
sensitivity of 1900 dB/RIU and 2300
dB/RIU in the reflected power was achieved
for the minimum and the maximum of the
reflected spectrum of the sensor, respectively.
The maximum error after repeating experiment
for 5 times was 0.127dB and 0.189dB for the
minimum and maximum, respectively. These
errors leads to detection limit of

6.7x10°RIU and 8.2x10°RIU .

I\VV. CONCLUSION

A simple and sensitive RI sub-micrometer tip
sensor was presented. This sensor which
monitors reflected spectrum of the tip can
detect changes in RI in femto-liter scale
volumes. The sensor has achieved limit of

detection of 6.7x10°RIU and can be used
with a simple setup consisting a source,
circulator and photodiode, too.
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