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A  robust,  easy-to-fabricate,  and  sensitive  liquid  refractometric  sensor  utilizing  optical  fiber  resonators
(OFRs)  obtained  by  simple  stripping  and  cleaning  of  conventional  optical  fibers  is presented.  The  sensing
scheme  is based  on  recording  the spectral  changes  of  the  whispering  gallery  modes  (WGMs)  observed
in  the  transmission  spectrum  of an  OFR  excited  with a tunable  laser  coupled  to  the  OFR  through  an
independent  tapered  optical  fiber.  The  demonstrated  sensor  device  is tested  and  fully  characterized  with
water  solutions  of  ethanol  and  ethylene  glycol  (EG).  Good  agreements  are  obtained  with  theoretical
predictions  for  both  ethanol  and  EG  cases  when  TE and  TM  polarized  WGMs  are considered.  The  limit
ptical fiber resonator
GM

apered fiber
thanol
thylene glycol
ptical sensor

of  detection  of  the  demonstrated  sensor  is  determined  to  be  between  2.7  and  4.7  ×  10−5 refractive  index
unit  (RIU)  comparable  to  the  state-of-the-art  when  precise  temperature  control  of  the  sample  chamber
is  missing.

© 2017  Elsevier  B.V.  All  rights  reserved.
iquid refractometry

. Introduction

Optical ring resonators possess high quality optical resonances,
.e. whispering gallery modes (WGMs), that circulate near the inter-
ace between the dielectric medium of the ring and the outside

edium. WGMs  can have considerable evanescent field intensi-
ies in close proximity (up to several hundred nanometers) to the
ing resonator surface. This yields optical ring resonators well-
uited for sensing the refractive index (RI) of the surrounding bulk
edium [1–5]. Up to date different resonator geometries such as

abry–Pérot cavities [6], microspheres [7–9], microrings [10], and
iquid core optofluidic ring resonators [11–13] have been used in
uch demonstrations of bulk RI sensing. Changes in the bulk RI
own to the order of 10−7 refractive index unit (RIU) could be
etected in the experiments using optofluidic ring resonators [11]
nd microspheres [7].

Standard optical fibers can form cylindrical ring resonators host-

ng WGMs  that reside near the fiber rims and circulate in planes
erpendicular to the fiber axis [14–16]. They are easy to prepare
ollowing simple fiber stripping and cleaning, they have analyti-
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1 Present addresses: Institute of Photonics, University of Eastern Finland, 80100
oensuu, Finland; ITMO University, 190000 Saint Petersburg, Russia.
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924-4247/© 2017 Elsevier B.V. All rights reserved.
cally predictable WGM  properties [17], and their WGMs  can possess
high quality factors (Q-factors) exceeding 106 [14]. Despite these
favorable properties, up to now only one work [16] studied bulk
RI sensing with standard optical fiber resonators (OFRs). In that
work WGMs  with relatively low Q-factors (Q < 500) were employed,
measurements were reported only for pure surrounding fluids (air,
water, and ethanol) without a concentration dependent analysis
revealing the minimum detection limit, and comparison of the sen-
sitivity with theoretical predictions was not included.

Here, we present and fully characterize bulk RI sensors using
optical ring resonators based on standard optical fibers. We  achieve
coupling of light to an individual OFR using a tapered optical fiber
placed in perpendicular geometry [16,18]. Light from a tunable
laser source is coupled to the tapered fiber and WGMs are mon-
itored by measuring the tapered fiber transmission as a function of
the laser wavelength. We use ethanol/water and ethylene glycol
(EG)/water mixtures as test liquids and demonstrate measure-
ments of ethanol and EG concentrations with sensitivities of 37
and 67 pm/%, respectively. Measurements with both ethanol and
EG are in good agreement with theoretical predictions. Such a sen-
sor for precise measurement of ethanol concentration in a solution
can be used for a wide range of applications in chemical engineer-

ing, biotechnology, medicine and food industry [19–22]. Precise
determination of EG concentration in a solution is also important

dx.doi.org/10.1016/j.sna.2017.08.019
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2017.08.019&domain=pdf
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ig. 1. (a) Schematic description of the fiber tapering and sensor characterization s
evice while the chamber is filled with (b) air (Q-factor: 63000, FSR: 4.14 nm)  and (

n applications including separation of ethanol/water mixtures [23]
nd synthesis of advanced materials [24].

. Experimental

The experimental study is started with tapering of a standard
ingle mode fiber (SMF). The polymeric layer of the SMF  is removed
echanically and cleaned with isopropyl alcohol (IPA) and made

eady for tapering. Fiber tapering is performed using a hydrogen
ame while pulling the SMF  from both ends utilizing computer-
ontrolled motorized stages. Hydrogen flow rate is kept constant
t 95 ml/min for the generation of the hydrogen flame. Following
ber pulling, the diameter of the tapered region becomes as thin as
round 3.2 �m (see the inset in Fig. 1) which is sufficient for cou-
ling light out from the tapered fiber. For avoiding the sagging of
he tapered region of the fiber, the motorized stages moved fur-
her without the hydrogen flame. The additional pulling distance is
hosen to be between 0.02 and 0.10 mm to ensure that the tapered
egion is straight.

Following fiber tapering, another standard SMF  is stripped from
he polymeric layer and cleaned with IPA, and then placed on the
apered fiber in a perpendicular position with respect to tapered
egion to serve as the OFR (Fig. 1(a)). Both the tapered fiber and
he OFR are fixed with an epoxy glue to a printed circuit board,
nd wavelength dependent transmission of the tapered fiber was
easured using a tunable laser (Santec, TSL-510-C, tuning range:

500–1630 nm,  wavelength resolution: 1 pm). The transmission
pectrum of such an exemplary sensor when surrounded by air is
hown in Fig. 1(b). The observed spectrum reveals a free spectral
ange (FSR) of 4.14 nm together with a Q-factor of 63000. Using Eqs.

1) and (2) with nout = 1, R = 62.5 �m,  and � ≈ 1535 nm,  FSR value is
ound to be 4.15 nm (TM) or 4.16 nm (TE) for nin = 1.46. This best
t value to the RI of the OFR is in agreement with the RI of typical
lass materials at � ∼ 1535 nm [25].
 used in the experiments. Exemplary transmission spectra recorded from a sensor
ter (Q-factor: 13000, FSR: 4.18 nm)  are shown.

Prepared sensor devices are then transferred to a sample cham-
ber which allows for liquid flow. Fig. 1(c) shows the transmission
spectrum obtained from a sensor device at this stage, when
surrounded by water. From this spectrum, the Q-factor of the res-
onance modes decreases to 16,000 mainly due to water absorption
and the presence of contaminants in the liquid. FSR observed in
Figs. 1(b) and (c) are 4.14 and 4.18 nm,  in good agreement with the
predictions from Eqs. (1) and (2) which reveal FSR = 4.15–4.16 nm
(TM and TE) for nin = 1.46, nout = 1 or nout = 1.3183, R = 62.5 �m,  and
� ≈ 1535 nm.

The picture of the sample chamber is provided in Fig. 2. In the
beginning of each experiment, deionized (DI) water is injected into
the chamber using a syringe pump to make sure that the solute
concentration is 0%. Then ethanol/water or EG/water solution is
introduced into the chamber at a required concentration using
the syringe pump. During the experiments tapered fiber transmis-
sion spectra are continuously recorded. Spectral shifts of individual
WGMs  are determined by post-processing using a Gaussian curve
fitting algorithm [26].

3. Spectral positions of the WGMs

Spectral positions of the WGMs  have been analytically calcu-
lated for the OFR geometry used in the experiments. The calculation
involves solving the Helmholtz equation and applying boundary
conditions for an infinitely-long cylinder. For TM and TE excita-
tions, the coefficients of the field amplitudes are respectively given
by [17]

al = J′
l
(y)Jl(x) − mJl(y)J′

l
(x)

(1)

J′
l
(y)Hl(x) − mJl(y)H′

l
(x)

bl = mJ′
l
(y)Jl(x) − Jl(y)J′

l
(x)

mJ′
l
(y)Hl(x) − Jl(y)H′

l
(x)

(2)
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F . (b) An SEM image of a tapered fiber. Scale bar is 10 �m.  The thickness at the thinnest
p apered fiber. Scale increases by 1 mm.
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Fig. 3. Calculated spectral shift values (��) of the WGMs  with respect to ethanol
and EG concentrations. First radial order WGMs are considered which have l = 362
with starting resonant wavelengths of 1537.68 nm (TE) and 1536.17 nm (TM) when
the  ambient medium is pure water. EG calculation yields a higher slope since EG
has  a higher RI contrast with water than the RI contrast of ethanol with water. Inset
shows the assumed change in the RI of the solutions as a function of the ethanol or
EG  concentration.

Table 1
Calculated bulk RI sensitivity and concentration sensitivity values for the OFR.

Solute Conc. Bulk RI sens. [nm/RIU] Conc. sens. [pm/%]

TM TE TM TE

Ethanol 0% 62.9 55.3 25.7 22.6
EG  0% 62.6 56.8 50.8 46.1
ig. 2. (a) Picture of the sample chamber with the detector and the syringe pump
ortion  of the tapered fiber is measured to be ∼3.2 �m.  (c) Holder for the OFR and t

here Jl is the lth-order Bessel function of the first kind, Hl is the
th-order Hankel function of the first kind and m is the relative RI
etween the inside and outside of the resonator, i.e. m = nin/nout. The
rguments of the functions Jl and Hl are defined as x = 2�Rnout/�,
lso known as the size parameter, and y = m x. R, � and l repre-
ent the radius of the resonator, wavelength of the light in vacuum
nd azimuthal mode number, respectively. If the electric (mag-
etic) field of the excitation is parallel to the cylindrical symmetry
xis of the OFR, WGMs  are defined to have TE (TM) polarization,
ccording to the convention from the reference [17]. WGMs  are
bserved for size parameters when the denominators of al and
l become equal to zero. Results of the theoretical calculations
howing the spectral shift values (��) of the first radial order

GMs  for different ethanol or EG volume/volume concentrations
cETH or cEG) in water (nw = 1.3183 at � = 1535 nm [25]) are shown
n Fig. 3. In these calculations the RI of the OFR is taken to be
OFR = 1.46 based on the best fit to the free spectral range (FSR)
bserved in the transmission spectrum shown in Fig. 1(b), assuming

 = 62.5 �m.  ��  values are calculated for specific first radial order
GMs  which have l = 362 with starting resonant wavelengths of

537.68 nm (TE) and 1536.17 nm (TM) when the ambient medium
s pure water. The RI of the pure water ambient medium is changed

ith cETH or cEG based on the references [27,28]. In [27,28], RI of
thanol/water and EG/water solutions with different concentra-
ions are provided assuming � = 589 nm at 20 ◦C. We  convert these
I values to � = 1535 nm,  assuming the changes in RI with concen-
ration of the substance follow similar trends as in Ref. [27,28]
xcept for normalization factors that are obtained by comparing
I values of pure water, ethanol and EG at � = 589 nm with those
alues at � = 1535 nm [25]. RI values of pure ethanol and EG are con-
idered to be 1.3506 and 1.4199, respectively at � = 1535 nm [25].
otal RI of the ambient medium (namb) as a function of ethanol or EG
oncentration is depicted in the inset in Fig. 3. Using these values

or nOFR and namb, expected ��  values are calculated as a function
f cETH or cEG with Eqs. (1) and (2) for both TM and TE polarizations.
he resulting sensitivities to bulk RI changes and solute concentra-
ion are listed in Table 1. For small concentration changes around
Ethanol 35% 90.9 78.1 39.9 34.3
EG  35% 114.1 100.6 88.0 77.6
0%, bulk RI sensitivities of ��  are obtained as ∼63 nm/RIU and
∼55–56 nm/RIU for TM and TE cases, independent of the solute
added to water. For concentration changes around 35%, sensitiv-
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Fig. 4. Exemplary transmission spectra recorded during experiments using water solutions of (a) ethanol and (c) EG. From the WGMs  depicted in the transmission spectra,
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our  were selected for analysis under changing concentrations of ethanol or EG. Resp
redictions for TE and TM polarizations shown by dashed lines.

ties become equal to 90.9 nm/RIU (TM) and 78.1 nm/RIU (TE) for
thanol, and 114.1 nm/RIU (TM) and 100.6 nm/RIU (TE) for EG. On
he other hand, sensitivities of ��  to concentration are obtained as
5.7 pm/% (TM, ethanol), 22.6 pm/% (TE, ethanol), 50.8 pm/% (TM,
G) and 46.1 pm/% (TE, EG) for concentration changes around 0%,
nd 39.9 pm/% (TM, ethanol), 34.3 pm/% (TE, ethanol), 88.0 pm/%
TM, EG) and 77.6 pm/% (TE, EG) for concentration changes around
5%.

. Results

In Fig. 4 we show the results of sensing experiments performed
or both ethanol and EG cases where two different mode fami-
ies (TE and TM)  are visible in the transmission spectra together

ith theoretical predictions. In each of these cases the spectral
ositions of four WGMs  which are depicted in Figs. 4(a) and (c)
re tracked while the bulk RI was changed. Subscripts denote the
zimuthal mode numbers for the corresponding WGMs.  Despite
he fact that both Figs. 4(a) and (c) show the transmission spectra
ecorded when the ambient liquid is water, in these figures WGMs
ith the same azimuthal mode number and polarization appear

t slightly different spectral positions. This is mainly attributed to
light deviation of the angle between the tapered fiber and the OFR
rom 90◦. Each data point in Figs. 4(b) and (d) indicates the spec-
ral shift observed in a specific WGM  after sufficient waiting time
∼10 min) following the injection of the bulk liquid at a certain con-
entration. Modes denoted with TM (TE) indicate the WGMs  which
re more (less) sensitive to bulk RI changes, in agreement with the-
retical predictions shown by dashed curves in Fig. 4. The difference

etween the measured spectral shift values for TM and TE cases is
etween 9–22% for concentrations larger than 10%, in agreement
ith the calculated values of 16–18%. Very good agreements are

bserved between the experimental and calculated concentration
 spectral shifts of the WGMs  are depicted in (b) and (d) together with the theoretical

sensitivities for both ethanol and EG cases shown in Fig. 4(b) (exper-
imental sensitivities of 39 pm/% (TM) and 33 pm/% (TE) as compared
to the calculated sensitivities of 38.1 pm/% (TM) and 32.6 pm/% (TE)
in the concentration range 0–30%) and Fig. 4(d) (experimental sen-
sitivities of 67 pm/% (TM) and 61 pm/% (TE) as compared to the
calculated sensitivities of 60.4 pm/% (TM) and 51.8 pm/% (TE) in the
concentration range 0–25%).

Sensitivity curves and exemplary spectral shift time traces
recorded in other ethanol and EG sensing experiments employ-
ing one of the WGMs  observed in the transmission spectra are
shown in Fig. 5. In these experiments, after the sample liquid is
exchanged with a different concentration solution, saturation lev-
els are reached in a few minutes without fluctuations except for the
cases when multiple syringe shots are injected after one another.
The resonance shift closely follows the changes in concentration.
Response of the OFR begins to increase just after a couple of min-
utes and exponentially reaches the saturation level. At each plateau
of concentration after the saturation is reached, 10 data points are
averaged and ��  values are calculated. These values are then plot-
ted and depicted in Figs. 5(b) and (d).

Our experimental setup does not allow for direct detection of
the polarization of the WGMs.  Instead of a direct measurement,
polarizations of the WGMs  are determined by analysis of multiple
transmission spectra. We  consider the transmission spectra where
both TE and TM mode families are observed. In such cases, among
the two WGMs  with the same mode number, TM polarization is
assigned to the one with smaller wavelength. This mode identi-
fication procedure is further supported by the sensitivities of the
WGMs  to RI changes. We always observed the TM WGMs  to be

slightly more sensitive to RI changes than TE WGMs,  in agreement
with the theoretical predictions shown in Fig. 4. From the data pre-
sented in Fig. 5 average concentration sensitivities are obtained as
34 (TE, ethanol), 39 (TM, ethanol), 63 (TE, EG), and 71 pm/% (TM, EG)
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ig. 5. Exemplary time traces of ��  values observed in (a) ethanol and (c) EG meas
nd  (d), results from multiple measurements are plotted for ethanol and EG, respect
olor.  Depending on the polarization of the examined mode, the indicated symbols

or ethanol and EG concentrations between 0–30%. For both ethanol
nd EG, the average experimental concentration sensitivity values
re very close to theoretical predictions which reveal sensitivities
f 32.1 (TE, ethanol), 37.7 (TM, ethanol), 53.8 (TE, EG), and 62.5
m/% (TM, EG) for a concentration range of 0–30% (Figs. 5(b) and

d)).

In order to characterize the reversibility of the sensors, hystere-
is experiments are performed where ethanol or EG concentration

ig. 6. Exemplary time traces of �� values observed during hysteresis experiments pe
oncentration very closely. In (b) and (d), results from multiple measurements are plotted

GMs  are shown with the same color. Depending on the polarization of the examined
espectively.
ents. Changes in �� values follow changes in the concentration very closely. In (b)
For each measurement, spectral traces of multiple WGMs  are shown with the same
ther full or void for TM and TE polarizations, respectively.

is gradually increased from 0% to 20% and then decreased back to 0%.
Exemplary spectral shift time traces and sensitivity curves obtained
from three such hysteresis experiments for ethanol and EG are
shown in Fig. 6. In these experiments the polarizations of the WGMs
are indirectly determined, as discussed for Fig. 5. For a certain con-

centration, hysteresis is mathematically defined as the difference
between ��forw and ��back, normalized to ��forw, where ��forw
and ��back are amounts of shifts during increasing and decreas-

rformed with (a) ethanol and (c) EG. Changes in �� values follow changes in the
 for ethanol and EG, respectively. For each measurement, spectral traces of multiple

 mode, the indicated symbols are either full or void for TM and TE polarizations,
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ng concentrations. Average hysteresis values calculated from Figs.
(b) and (d) are 15% (TE, ethanol), and 17% (TM, ethanol), 2% (TE,
G), and 1% (TM, EG). In both of these figures, analytical calcula-
ions are plotted together with the experimental results. Average
ensitivities deduced from Fig. 6 for ethanol and EG are 34 (TE,
thanol), 40 (TM, ethanol), 56 (TE, EG), and 63 pm % (TM, EG). Simi-
ar to Figs. 4 and 5, sensitivity values observed for both ethanol and
G are in good agreement with theoretical predictions which reveal
ensitivities of 29.1 (TE, ethanol), 34.1 (TM, ethanol), 48.0 (TE, EG),
nd 56.3 pm/% (TM, EG) for a concentration range of 0–20% (Figs.
(b) and (d)).

In order to determine the limit of detection (LOD) of our liq-
id refractometric sensor, we calculate the standard deviation of
he measurements performed with a constant solute concentra-
ion. The uncertainty in spectral shift measurements is determined
rom the standard deviation of data points as 2.6 pm in Fig. 6(a)
etween t = 59.56–68.68 min  (75 data points), and 1.7 pm in Fig. 6(c)
etween t = 6.75–16.65 min  (80 data points). Based on Table 1, these
inimum detectable spectral shifts correspond to LOD values of

.7 × 10−5 (TE, ethanol), 4.1 × 10−5 (TM, ethanol), 3.0 × 10−5 (TE,
G), and 2.7 × 10−5 (TM, EG) RIU. The observed LOD values can be
urther improved by implementing a better thermal control to the
ample chamber [11].

. Conclusion

A liquid refractometric optical sensor utilizing OFRs obtained
rom standard SMFs is studied both theoretically and experimen-
ally. Sensing mechanism relies on spectral shifts of WGMs  excited
n the azimuthal direction of the OFR using a tapered fiber. The relia-
ility of the sensor is verified with experiments using ethanol/water
nd EG/water solutions. WGMs  with different polarizations are
bserved to show slightly different sensitivities when the solute
oncentration is changed. Average sensitivities to solute concen-
rations are measured to be 34 (39) and 63 (71) pm/% for ethanol
nd EG cases for TE (TM) polarization for a concentration range
f 0–30%, in good agreement with theoretical predictions. LOD
f the demonstrated sensor is shown to be between 2.7 and
.7 × 10−5 RIU. The observed LOD can be further improved by

mplementing a closed loop thermal control of the sample cham-
er. Hence, the presented robust, easy-to-fabricate, and sensitive
ptical refractometric sensor constitutes an attractive alternative
o other optical refractometric sensor technologies.
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summers of 2016 and worked on this project.

N. Bavili was  born in Tabriz, Iran in 1989. He received his B.Sc. degree from Tabriz
University, Physics Department in 2012 and his M.Sc. degree from Istanbul Technical
University (ITU), Physics Engineering Program in 2015. He joined Koç University
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