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Demonstration of a refractometric sensor based on optical microfiber
coil resonator
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We experimentally demonstrated a refractometric sensor based on a coated optical microfiber coil
resonator. It is robust, compact, and comprises an intrinsic fluidic channel. A sensitivity of about
40 nm/RIU 共refractive index unit兲 has been measured, in agreement with predictions. © 2008
American Institute of Physics. 关DOI: 10.1063/1.2898211兴
Evanescent-field-based optical resonators in the form of
microspheres, photonic crystals, microdisks, microtoroids,
and microrings have been under intensive investigation for
deployment as biological and/or chemical sensors.1–9 Resonating structures can provide a simple, inexpensive, highthroughput technology for label-free real-time measurements
and are attracting increasing interest. Subwavelengthdiameter optical microfibers are ideal sensor elements because of their low cost, low loss, and very large evanescent
fields.10–13 Microfiber resonators, in the form of loop and
multicoils, have the advantage of a launching/collection efficiency close to unity thanks to their extremities fiber pigtails.
Thus, microfiber resonators do not suffer the onerous input/
output coupling problems experienced by other high-Q
共quality factor兲 resonators. The remaining dominating problem, associated with devices based on microfiber resonators,
is the temporal degradation of their optical and mechanical
properties when manufactured in air.13 This issue was resolved by embedding the devices and this has led to the
proposal to develop several high sensitivity sensors14,15
based on microfiber coil resonators.16–18 Although they are
protected by a layer of coating, they still have a large evanescent field. Three-dimensional 共3D兲 microfiber microcoil
resonators have been experimentally demonstrated by wrapping microfibers on a rod19 and coating them with Teflon20 or
immersing them in a low refractive index liquid.21 The optical microfiber coil refractometric sensor 共OMCRS兲 has been
obtained from an embedded 3D microfiber microcoil resonator by removing its supporting rod. The proposed OMCRS
has a microfluidic channel for the analyte delivery and has
small size, high sensitivity, high selectivity, and low detection limits. It is also strong and portable because it is coated
and embedded in a polymeric host.
In this letter, we experimentally demonstrate an OMCRS
based on a Teflon-coated 3D microfiber coil resonator.
The OMCRS was fabricated as follows. First, a microfiber was fabricated with the so-called modified flamebrushing technology using the setup presented in Ref. 22
with a microheater 共NTT-AT, Japan兲. The length and diameter of the uniform waist region of the fabricated microfiber
were 50 mm and ⬃2.5 m, respectively. The microfiber was
then wrapped on a 1 mm diameter polymethylmethacrylate
共PMMA兲 rod. PMMA is a polymer with an amorphous structure which is soluble in acetone, has a density of 1.19 g / cm3,
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very low water absorption, and a refractive index in the
range of 1.49–1.51. The whole structure was repeatedly
coated by the Teflon solution 601S1-100-6 共DuPont, USA兲,
in order to form a protective embedding layer that was as
thick as possible. The overall drying time in air depends on
the number and thickness of the embedding Teflon layers
and it is in the range of hours. The dried embedded
microcoil resonator was then left soaking into acetone to
dissolve the support rod. The whole PMMA rod was completely dissolved in 1 – 2 days at room temperature. Finally,
the OMCRS sensor with a ⬃1 mm diameter microchannel
and two input/output pigtails was obtained. The picture of
the sensor is shown in Fig. 1. The sensor consists of a microfiber resonator with five turns and has a microfluidic
channel inside. The adjacent microfibers are very close and
the major coupling area is in the middle. Although some
bubbles are left inside the OMCRS during the drying process, these seem to be far from the microfiber and do not
affect the overall sensor operation.
Even though the transmission properties of a multiturn
microfiber coil resonator can be simulated by solving multiple coupled wave equations, its spectrum is very complicated. In most cases, there is only one dominating resonance,
which can be easily evaluated using the coupled mode equations with results analogous to those of a single-loop
resonator;23 if ␤ = 2neff /  is the propagation constant, neff
effective index, ␣ the loss coefficient, K coupling parameter,
and length L of a single turn, then T can be written as24

T=

exp共i␤L − ␣L兲 − sin K
.
1 − exp共− i␤L + ␣L兲sin K

共1兲

Resonances in T occur if K and ␤ are near to values

a兲

FIG. 1. 共Color online兲 Picture of the OMCRS.
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FIG. 2. 共Color online兲 Schematic of the cross section of an OMCRS.

Km =


共2m + 1兲,
2

␤m = 共2n + m兲

m = 1,2, . . . ,
where n is an integer,

共2兲
共3兲

respectively.
From Eqs. 共1兲–共3兲, it is clear that the wavelength at resonance changes with neff.
Figure 2 shows a schematic of the OMCRS cross section. Because of the interface with the analyte, the mode
propagating in the coated microfiber experiences a refractive
index surrounding similar to that of a conventional D-shaped
fiber.25,26 The mode properties are particularly affected by
two parameters: the microfiber radius r and the coating thickness d between the microfiber and the fluidic channel. We
evaluated the effective index neff of the fundamental mode
propagating in the optical microfiber by a finite element
method with the commercial software COMSOL3.3. The fundamental mode is the one with the largest propagation constant and the only mode that is well confined in the vicinity
of the microfiber.25,26 Generally, neff increases as the analyte
refractive index 共na兲 increases, and increases more sharply
for smaller d because in this case a larger fraction of the
mode is propagating in the analyte. In the OMCRS we fabricated d ⬃ 0.
The performance of resonant refractive index sensors
can be evaluated by using the sensitivity S, which is defined
as the magnitude in shift of the resonant wavelength divided
by the change in refractive index of the analyte.27
The sensitivity was measured by inserting the sensor in a
beaker containing mixtures of isopropyl and methanol,
where the isopropyl component had the following ratios: 共1兲
60%, 共2兲 61.5%, 共3兲 63%, 共4兲 64.3%, 共5兲 65.5%, 共6兲 66.7%,
and 共7兲 67.7%. These solutions were chosen with the
objective of simulating aqueous solutions, having a refractive index in the region around 1.33 at a wavelength of
 = 1.55 m. The ratio was increased by adding small calibrated quantities of isopropyl to the solution at a position far
from the sensor. The refractive indexes of pure isopropyl and
methanol at 1.5 m are 1.364 and 1.317, respectively.28 The
sensor was connected to an erbium-doped fiber amplifier and
an optical spectrum analyzer and then immersed into the
mixtures. Figure 3 shows the spectra recorded at 1530 nm.
The resonator peak shifts towards longer wavelengths for
increasing mixture refractive indexes. These results agree
with our predictions from Eqs. 共1兲–共3兲. Due to the change in
the overlap between the mode propagating in the resonator
and the analyte, an increase in na produces an increase in neff
and thus in the resonator peak wavelength. In contrast, the
extinction ratio does not behave in a linear fashion. It increases with increasing na from 共1兲 to 共4兲, where it achieves
a maximum, and then decreases for further increases of na.

FIG. 3. 共Color online兲 Output spectrum of the OMCRS in seven different
mixtures of isopropyl of methanol. The Isopropyl fraction is 共1兲 60%, 共2兲
61.5%, 共3兲 63%, 共4兲 64.3%, 共5兲 65.5%, 共6兲 66.7%, and 共7兲 67.7%,
respectively.

This can be explained by the change of the coupling coefficient with the refractive index. The coupling coefficient has a
strong periodical dependence on the refractive index and,
hence, a small change in na can induce a significant, nonlinear change in the coupling coefficient, and thus in T through
Eq. 共1兲. Figure 4 shows the measured wavelength shift
共dashed lines兲 and calculated 共solid lines兲 for r = 1250 nm
and different polymer thicknesses d. The simulation shows
that the best fit occurs for d ⬃ 0, in agreement with the experimental results. The small difference observed in Fig. 4
has been attributed to the uneven profile of the microfiber
diameter, to the imprecise winding of the microcoil resonator, to the roughness of the channel inner surface, and to the
uneven distance of the microfiber from the microfluidic
channel. The sensitivity, defined as the slope of these lines,27
was evaluated to be about 40 nm/RIU 共refractive index unit兲
from the data of Fig. 4. This value is comparable with those
reported previously for microsphere and microring
resonators,2,4,5 but smaller than recently reported values for a
slot waveguide共212.13 nm/RIU兲 共Ref. 29兲 and for a liquid
core resonator 共800 nm/RIU兲.30 The relatively low value for
the sensitivity can be attributed to the small overlap between
the mode propagating in the microfiber resonator and the

FIG. 4. Dependence of the measured and calculated wavelength shifts on
the liquid mixture refractive index. The dashed line represents the measured
results while the solid lines are the calculated results for r = 1250 nm and
different polymer thicknesses d.
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analyte. Another factor which has probably affected the sensor sensitivity is the lack of smoothness of the device surface
in contact with the analyte. This is possibly caused by
PMMA residues on the surface of the channel or it may
originate from the original roughness of the PMMA support
rod. This roughness produced the moderately low Q factor
observed in the resonator 共Q ⬃ 104兲, which limited the interaction length between the mode and the analyte. We forecast
that the overall sensitivity can be considerably improved to
⬃104 by using thinner microfibers and by fabricating microcoil resonators with higher Q factors.
In summary, a refractometric sensor based on a microfiber coil resonator was experimentally demonstrated and a
sensitivity of about 40 nm/RIU was recorded. High sensitivities can be achieved by improving the manufacturing
technology.
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