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ABSTRACT

We review design principles and experimental realization of the resonant sensors that use low-refractive-
index-contrast Bragg fibers filled with liquid analytes. Such fibers have been recently demonstrated using
polymer/polymer, glass/air and polymer/air material combinations. Low-refractive-index-contrast Bragg
fibers have narrow bandgaps whose spectral position is highly sensitive to the value of the real part of the
analyte refractive index filling the fiber core. We demonstrate theoretically and experimentally that when
Bragg fiber is operated in the radiation loss dominated regime it can be used as a highly sensitive sensor
of changes in the real part of the analyte refractive index. The experimental sensitivity of the proposed
sensor is ~1400 nm/RIU, which is comparable to those of the waveguide-based plasmonic sensors. Finally,
we experimentally explore the possibility of using low-refractive-index-contrast Bragg fibers to detect
changes in thicknesses of thin layers deposited directly on the inner surface of the fiber core. A moderate
sensitivity of ~0.9 nm/wm is reported due to the poor overlap between core guided modes and the coated

layer.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

R&D into fiber-optic bio- and chemo-sensors (FOS) has made a
lot of progress during the last 10 years. This is due to the appealing
properties of FOS such as immunity to electromagnetic interfer-
ence, safety in explosive environments, and potential to provide
continuous quantitative and qualitative real-time analysis. Chem-
ically sensitive thin films deposited on selected areas of optical
fibers can influence the propagation of light in such fibers depend-
ing on the presence or the absence of chemical molecules in the
surrounding environment [1]. A wide range of optical sensors has
been developed for selective bio-molecule detection [2,3]. Most of
them have reliability issues as they employ very fragile antibodies
as sensing elements. These sensors include high refractive index
waveguides [4], surface plasmon resonance sensors [5], resonant
mirrors [6], and classical fiber-optical sensors [7,8]. Most optical
sensors are based on evanescent wave sensing, where the per-
turbations in the refractive index close to the sensor surface are
probed by the exponentially decaying optical wave. Such sensors
have proven to be highly sensitive in detection of small targets such
as proteins and viruses, but they experience difficulties in detecting
larger targets such as bacteria (0.5-5 pm) since in that case much
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larger penetration of the evanescent field into analyte is required
[9].

To date, most of fiber-optic biosensors have utilized label-
based sensing strategies in which the target analytes are attached
(labeled) with fluorescent or radioactive tags before detection.
Thus, detection of the radiation (fluorescence) intensity of the
attached labels could provide quantitative information of the target
analytes. Though label-based detections have shown high sensi-
tivities in some biosensing applications, the process of labeling
target analytes is time-consuming and the cost of labels is high.
Furthermore, the labeling strategies potentially have synthetic
challenges, multiple label issues, and may block the important
active site on the bound analytes, thus leading to modification
of the analyte functionalities. Due to these considerations, “label-
free” sensing strategies have recently attracted plenty of scientific
attention. Typical label-free fiber-optic sensors detect shifts of the
resonant wavelength in response to resonant structure changes
caused by the presence of bio-analyte layers [10,11]. Without the
need of labeling test analytes, label-free sensors enable on-site and
real-time detections, which is an advantage to emerging point-to-
care applications. However, challenges of the label-free detections
include development of proper bio-recognition elements (such as
enzymes, antibodies, and phages) that can bind specifically to tar-
get bio-analytes, and design of the bio-functionalization protocol
on the resonant surface of the sensor. Finally, we note that label-
free detections typically operate on the “surface” sensing modality
in which the measured spectral shift is related to the changes in
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analyte density on the sensor surface rather than the total analyte
amount. As to label-based detections, they generally employ the
“bulk” sensing modality to detect the total amount of analytes. In
summary, when designing the sensing protocol, one has to con-
sider these differences between label-based and label-free sensing
strategies to choose the most appropriate method.

Microstructured optical fibers (MOFs), and photonic bandgap
(PBG) fibers which are a subset of MOFs, promise a viable technol-
ogy for the mass production of highly integrated and intelligent
sensors in a single manufacturing step [12]. In standard total inter-
nal reflection (TIR) fiber-based evanescent-wave sensors the fiber
polymer jacket is stripped and the fiber cladding is polished to the
core in order to obtain an overlap between the optical field and
analyte, with sensor sensitivity proportional to such an overlap.
Compared to the conventional solid core optical fibers, MOFs offer
a number of unique advantages in sensing applications. A defin-
ing feature of a microstructured fiber is the presence of air holes
running along its entire length. Fiber optical properties are then
determined by the size, shape, and relative position of the holes.
Particularly, a unique ability of MOFs is to accommodate biological
and chemical samples in gaseous or liquid forms inside of the air
holes in the immediate vicinity of the fiber core [13-15]. In this con-
text a MOF is used simultaneously as a light guide and as a fluidic
channel. The MOF's unique architecture makes it a very promis-
ing sensing platform for chemical and biological detection. First,
MOFs naturally integrate optical detection with the microfluidics,
allowing for continuous on-line monitoring of dangerous samples
in real-time without exposing the personnel to danger. In addition,
the samples can be transferred in the enclosed MOF optofluidic
system for further confirmation analysis, e.g. polymerase chain
reactions (PCR) if needed. Such channels can be further function-
alized with bio-recognition layers that can bind and progressively
accumulate target biomolecules, thus enhancing sensor sensitiv-
ity and specificity. Second, the MOF hole size is in sub-100 pwm
rage, leading to very small fluid samples required for sensing.
Third, MOF based sensors can be coiled into long sensing cells
(~10m), thus dramatically increasing their sensitivity. The same
is impossible to achieve with traditional TIR fiber sensors as side
polishing step limits sensor length to several cm. Forth, the desired
MOFs can be mass-produced using commercial fiber draw tower
in a very cost-effective manner. Fifth, the MOFs can potentially
be scaled up into a two-dimensional array with small dimensions,
which is suitable for making into portable point-of-care devices
for simultaneous on-site detection of different kinds of analytes.
Sixth, photonic bandgap fibers can be designed to guide light
directly in their analyte-field hollow cores [16]. In such fibers light-
analyte coupling is considerably stronger than that in evanescent
Sensors.

In this paper, we review design principles and experimental
realization of the liquid-core fiber sensors using all-polymer
low-refractive-index-contrast Bragg fibers. We demonstrate that
the Bragg fiber sensor operating on the resonant sensing mode
can be used for detection of both “bulk” and “surface” variations
of analytes. Firstly, we study sensing of changes in real part of
the “bulk” refractive index of the analyte filling the fiber core, and
show very high sensitivities ~1400 nm/RIU which are comparable
to those of the surface plasmon resonance sensors. High “bulk”
sensitivity of our sensors is due to an almost perfect overlap
between analytes and optical modes of a sensor, and a resonant
nature of the photonic bandgap guidance mechanism. Secondly,
we study sensing of changes in the thickness of the thin layers
deposited directly on the inner surface of a hollow core. This
constitutes a “surface” sensing modality for our sensors. Because
of the low overlap between the analyte layer and optical field of
a sensor, only modest sensitivities (~0.9nm/wm) to changes in
the layer thickness are measured. We, therefore, believe that the

sensors in this work are most relevant when precise refractive
index diagnosis for liquids or their mixtures is required.

2. Resonant sensor design principles

In this paper we detail design principles behind a resonant opti-
cal sensor utilizing low-refractive-index-contrast analyte-filled
Bragg fibers. In resonant sensors one typically employs fibers with
strongly non-uniform spectral transmission characteristics that are
sensitive to changes in the real part of the analyte refractive index.
Moreover, if narrow absorption lines are present in the analyte
transmission spectrum, due to Kramers-Kronig relation this will
also result in strong variation in the real part of the refractive index
in the vicinity of an absorption line. Therefore, resonant sensors
allow detection of minute changes both in the real part of the
analyte refractive index, as well as in the imaginary part of the ana-
lyte refractive index in the vicinity of absorption lines. Although
the operational principle of almost all fiber-based resonant sen-
sors relies on strong sensitivity of the fiber transmission losses to
the value of the analyte refractive index, particular transduction
mechanism for bio-detection can vary. Consider, in particular, the
case of a hollow core PBG fiber featuring an analyte filled core. In
one sensor implementation one can label the target bio-molecules
with highly absorbing particles of known absorption spectra, such
as metal nano-particles or quantum dots. The presence of such par-
ticles in the aqueous fiber core can then be quantified by detecting
appearance of the absorption lines in the fiber transmission spec-
trum, or through resonant changes in the fiber transmission losses
induced by variations in the real part of the core refractive index. In
another implementation, a functional layer that binds specific bio-
molecules can be deposited on the inside of the hollow fiber core.
Bio-molecule binding events to such a layer can then be detected
through resonant changes in the fiber transmission losses induced
by variations in the real part of the layer refractive index.

Operation of a resonant Bragg fiber-based sensor relies on
changes in the radiation loss of a leaky core mode due to changes
in the real part of an analyte refractive index. Such a leaky mode
is typically confined inside an analyte filled fiber core by a reso-
nant reflector cladding. The term “leaky mode” generally refers to
the guidance mechanism where the effective refractive index of a
propagating mode is smaller than that of the fiber cladding. Such
unusual modes are called leaky modes as, outside of a waveguide
core, they do not exhibit a traditional evanescent decay into the
cladding, but rather they radiate slowly (leak) into the cladding.
Unlike in the case of common TIR fibers, leaky modes in PBG fibers
are confined by the bandgap of a microstructured reflector. For a
particular value of an analyte refractive index geometry of such a
fiber is chosen to provide strong optical confinement of the leaky
core mode. An example of a resonant sensor described above is
a photonic bandgap fiber featuring a hollow core filled with ana-
lyte. When changing the real part of an analyte refractive index,
resonant condition for mode confinement will change, resulting in
strong changes in the modal radiation loss (see Fig. 1). Detection of
changes in the transmitted intensities can be then re-interpreted in
terms of the changes in the real part of an analyte refractive index.

3. Detection strategies for absorption-based sensors

We now remind the reader some general facts about amplitude-
based and spectral based detection methodologies. Particularly, we
focus on fiber-based sensors that rely on detection of changes in the
transmitted light intensity in the presence of a target analyte.

In the amplitude-based detection methodology one operates at
a fixed wavelength A and records changes in the amplitude of a sig-
nal, which are then re-interpreted in terms of changes in the analyte
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Fig. 1. Operational principle and schematics of the analyte-filled hollow photonic bandgap fiber-based sensor. Transmission loss through such a sensor is very sensitive to

the values of both the real and the imaginary parts of the analyte refractive index.

refractive index. To characterize sensitivity of a fiber-based sensor
of length L, one employs an amplitude sensitivity function Sq(A,L),
which is defined as a relative change in the intensity P(§,A,L) of a
transmitted light for small changes in the measurand §. Note that
é can be any parameter that influences transmission properties of
a fiber sensor. This includes concentration of absorbing particles in
the analyte, thickness of a bio-layer that can change due to capture
of specific bio-molecules, as well as real or imaginary parts of the
analyte refractive index. Amplitude sensitivity is then defined as:

(1)

_ dP(8, A, L)/d

S0 1) = lim PO A D =PO. A L) ( )/ |5:0‘
s»0  8-P(0, A, L) P(0,2,1)

Denoting, «(4,)) to be the fiber propagation loss at a fixed value §

of a measurand, light intensity at the fiber output can be written
as:

P(8, A, L) = Py (1) exp(—a(8, A)L), (2)

where P;;,(A)is the light intensity launched into a fiber. Substituting
(2) into (1), amplitude sensitivity function can be then expressed
as:

doe(8, 1)
)

Sa(A, L) =— L. (3)
5=0

As follows from (3), sensor sensitivity is proportional to the sensor
length L. In turn, as follows from (2), the maximal sensor length is
limited by the absorption loss of a fiber. Defining Pg.()) to be the
power detection limit at which changes in the light intensity can
still be detected reliably, the maximal sensor length allowed by the
power detection limit can be calculated from (2) as:

_ 108(Pin(%)/Paer(%))
(0, 1) :

Defining 1nger(A)=10g(P;,(A)/Pger(X)), maximal sensitivity allowed
by the power detection limit can be written using (3) as:

da(8, 1)/98_,
(0, 1) ’

In all the simulations that follow we assume that 74,(A) =1, which
allows us to characterize an inherent sensitivity of a sensor system,
while separating it from the issue of a power budget that might
bring additional sensitivity enhancement. Finally, given sensor
amplitude sensitivity, to estimate sensor resolution of a measurand
8, one can use expression (1). Assuming that the minimal detectable
relative change in the signal amplitude is (AP/P)pyin, (Which is typ-
ically on the order of 1% if no advanced electronics is used), then
the minimum value of a measurand that can be detected by such a
sensor is:
(AP/P)min
Sa(A)

Another popular sensing methodology is spectral-based. It uses
detection of displacements of spectral singularities in the presence

L (4)

Sa(A) = —nger(A) (5)

(6)

‘Smin =

of a measurand with respect to their positions for a zero level of
a measurand. This sensing approach is particularly effective in the
resonant sensor configurations that feature sharp transmission or
absorption peaks in their spectra. Defining A,(8) to be the posi-
tion of a peak in a sensor transmission spectrum as a function of a
measurand value §, spectral sensitivity function can be defined as:

_AS)

Si= o5 (7)

8=0
Given sensor spectral sensitivity, to estimate sensor resolution of a
measurand §, one can use expression (7). Thus, assuming that the
minimal detectable spectral shift in the peak position is (AAp)min
(which is typically on the order of 0.1 nm in the visible spectral
range if no advanced optical detection is used), then the minimum
value of a measurand that can be detected by such a sensor is:

5min = (A)\”sp)min . (8)
A

4. Sensing using analyte-filled hollow core photonic
bandgap fibers

We now describe the resonant sensor based on hollow core
photonic bandgap fibers filled with analyte. In their crossection
PBG fibers can contain periodic sequence of micron-sized lay-
ers of different materials [17,18] (Fig. 2(a)), periodically arranged
micron-sized air voids [19-21] (Fig. 2(b)), or rings of holes sepa-
rated by nano-supports [22,23] (Fig. 2(c)). PBG fibers are currently
available in silica glass, polymer and specialty soft glass implemen-
tations. The key functionality of such fibers is their ability to guide
light directly in the hollow or liquid-filled cores with refractive
index smaller than the refractive index of a surrounding cladding
material. Unlike microstructured fibers, PBG fibers confine light in
their hollow cores by photonic bandgap effect, rather than by total
internal reflection. Practically, bandgaps are defined as frequency
regions of enhanced fiber transmission, and they are the result of
destructive interference of the core guided light inside of the fiber
microstructured cladding. When launching spectrally broad light
into a PBG fiber, only the spectral components guided by the fiber
bandgaps will reach the fiber end, while all the spectral compo-
nents not located within the bandgaps will be irradiated out near
the fiber coupling end. Moreover, even in the absence of fiber mate-
rial losses, core guided modes always exhibit radiation loss. This is
a direct consequence of guidance in a core with refractive index
smaller than that of a cladding. As we will soon see, core mode
radiation loss can be very sensitive to the value of the real part
of the refractive index of the material filling the fiber core, which
can be utilized for sensor applications. Finally, PBG fibers have a
tendency to improve the beam quality of guided light, while being
effectively single mode in the limit of long propagation distances.
This is a consequence of the fact that radiation losses (and, gener-
ally, absorption losses too) of the core guided modes of a PBG fiber
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(a)

Fig. 2. Various types of hollow core photonic bandgap fibers. (a) Bragg fiber featuring large hollow core surrounded by a periodic sequence of high and low refractive index
layers. (b) Photonic crystal fiber featuring small hollow core surrounded by a periodic array of large air holes. (c) Microstructured fiber featuring medium size hollow core

surrounded by several rings of small air holes separated by nano-size bridges.

are strongly differentiated with only a few low-order modes hav-
ing small propagation losses. Thus, when exciting several modes at
the fiber input end, only the modes having the lowest losses will
survive till the fiber end. For historical reference we mention that
before the invention of the all-dielectric PBG fibers, guidance in the
hollow core fibers has been demonstrated in the context of metal
coated capillaries [24,25].

We now detail some of the advantages offered by the hollow
core PBG fibers for sensing applications. One has to distinguish two
modes of operation of such sensors. The first is the non-resonant
sensing mode in which sensing of changes in imaginary part of
the analyte refractive index (analyte absorption) is performed by
detecting the presence and strength of the narrow absorption
bands in the fiber transmission spectrum. This is the simplest, non-
resonant application of the hollow PBG fibers for optical sensing
in which one only takes advantage of large overlap of the core
guided leaky mode with analyte. In such sensors, signal strength
due to analyte absorption, as well as sensor sensitivity are directly
proportional to the sensor length. Recently, several experimen-
tal implementations of such absorption-based sensors have been
demonstrated [26-30]. The second is the resonant sensing mode in
which sensing of changes in the real part of analyte refractive index
filling the PBG fiber core and sensing of changes in thicknesses of
layers deposited on the inner surface of fiber core are performed
by detecting the shift of resonant wavelength in the fiber trans-
mission. As we explained in the following section, the sensitivity
of the PBG fiber sensor operating in the resonant mode is virtually
independent to the fiber length.

4.1. Non-resonant sensing

Classic perturbation theory considerations [31] predicts that
changes in the effective refractive index of a guided mode Anegy
are related to the changes in the refractive index Ang of analyte
infiltrating the fiber, through the overlap factor f defined as:

Ane = Ang - f = Re(Ang) - f
dA|E)?
dAE; x H)

f analyte

+i-Im(Ang)-f f 9)

Re (Z ’ fcrossection
where E;, H; are the transverse electro-magnetic fields of a fiber
mode, while E is a complete electric field of a mode. Strictly
speaking, expression (9) is only valid for the truly guided square
integrable modes of the total internal reflection (TIR) fibers. In the
case of hollow-core PBG fibers the leaky modes are, generally, non-
square integrable [32]. In this case, however, expression (9) can
still be used but only approximately. Particularly, to avoid diver-
gence in the denominator of (9), one performs integration only
over the finite fiber crossection limited by the interface between

the multilayer reflector and a cladding. For the hollow core PBG
fibers, detailed simulations show that f is typically larger than 0.9.
The value of an overlap increases rapidly when the fiber core size
increases, reaching values higher than 0.99 for even the moderate
core sizes Reore ~5-10A. Such a high value of the overlap factor is
explained by high confinement of the guided mode in the fiber core
(see, for example, energy flux distribution of the core guided mode
in the inset of Fig. 1).

Expression (9) is fundamental for the analysis of non-resonant
absorption-based sensors. Consider, for example, a microstruc-
tured or a hollow core fiber filled with aqueous solution. One
possible biosensor implementation utilizing such fibers can, for
example, monitor presence and concentration of specific bio-
molecules labeled by highly absorbing nano-particles. In such a
sensor biomolecules in the aqueous solution are purged through
the fiber microstructure. Defining C to be the concentration (mea-
surand; §=Cin (1)) of the absorbing particles mixed with analyte,
and assuming that nano-particle bulk absorption per unit of con-
centration is a¢(A), while fiber loss in the absence of nano-particles
is af(A), then total fiber loss in the presence of absorbing nano-
particles can be written using (9) as:

a(C, A) =ap(A)+f - C-ac(A). (10)

In derivation of (10) we used the fact that Im(Ang)~C-ac, o(C,
A)~Im(ngg). By substituting (10) into (5), we now find expression
for the maximal non-resonant sensor sensitivity to changes in the
nano-particle concentration:

ac(A)
ap(A)’

Note that as nano-particle absorption ac(A) is completely inde-
pendent from the fiber loss @A) in the absence of nano-particles,
sensitivity (11) of a non-resonant sensor is, thus, directly pro-
portional to the fiber length L~ 1/af2). Consequently, to increase
sensor sensitivity one has to simply work with longer fibers featur-
ing low propagation loss.

Sa(A) = —f (11)

4.2. Resonant sensing

4.2.1. Sensing of changes in real part of analyte refractive index

Note that expression (9), when applied to PBG fibers, does not
account for the spectral shift of the PBG fiber bandgap (see Fig. 1)
due to changes in the real part of the refractive index of an analyte
filling the fiber core. In fact, for the hollow-core PBG fibers in place
of (9) one has to use the following modified expression:

Angg = Re(Ang) - f +i[Im(Ang) - f + Re(Ana) - fraq) (12)

Here, f,44 is aradiation factor that describes changes in the radiation
losses of a photonic bandgap guided mode due to spectral shift of
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Fig. 3. (a) Bottom: cross section of the hollow core Bragg fiber; top: SEM figure of the PMMA/PS multilayer in the Bragg reflector; (b) simulated loss spectra of the Bragg fiber
filled with NaCl solutions of different concentrations. The weight concentrations (wt.%) and corresponding refractive indices of the NaCl solutions are given in the inset of

(b).

a fiber bandgap caused by changes in the real part of the refractive
index of an analyte filling the fiber core.

To understand the radiation loss contribution in (12) one
has to recall the principles of design and operation of the
hollow-core PBG fibers. Consider, as an example, the case of an
all-polymer low-refractive-index-contrast Bragg fiber featuring a
water filled core (refractive index n.) surrounded by a Bragg
reflector (Fig. 3(a)) made of a periodic multilayer of polymethyl
methacrylate (PMMA)/polystyrene (PS) [18] with the real parts of
refractive indices to be n; and ny (n;/ny,: 1.487/1.581 @ 650 nm).
From the basic theory of low-refractive-index-contrast Bragg fibers,
the center wavelength, A, of the fundamental reflector bandgap
could be approximately calculated by [33]:

Ac
5 I
where d,, dj, are the thicknesses of the low- and high-index layer in
the Bragg reflector. From (13), variations in the real part of refrac-
tive index filling the core could modify the resonant condition of
the Bragg fiber, thus leading to changes in the center positions of
the fiber bandgap, which constitutes the sensing mechanism of a
Bragg fiber sensor.

To verify the resonant sensing mechanism, we now perform a
simulation based on transfer matrix method (TMM) [32] to calcu-
late the loss spectra of the fundamental Guassian-like HE;; mode
of the Bragg fiber. In fact, HE;; mode plays a key role in the oper-
ation of a majority of the hollow-core based sensors as it is the
easiest mode to excite with an external Gaussian-like laser source.
To perform the simulation, we measure the refractive indices of
PMMA and PS using a VASE Ellipsometer (J.A. Woollam. Co. Inc.).
The average thicknesses (d;, d) of each layer in the Bragg reflector
are 0.37 wm and 0.13 pm measured from the SEM (scanning elec-
tron microscope) figures (Fig. 3(a)). The number of bi-layers in the
Bragg reflector is approximately to be 25. As liquid analytes, we
choose a series of NaCl solutions with the weight concentrations
ranging from 0% to 25% with a 5% increment step. Real parts of
refractive indices of the NaCl solutions can be found elsewhere [34],
and the bulk absorption of NaCl solutions is assumed to be identical
to that of pure water [35]. Therefore, in our simulation we compute
the total loss of an HE{; mode taking into account absorption loss
of water, as well as dispersion of water and plastics in the Bragg
reflector. Note that in our simulation we assume that the absorp-
tion coefficients of NaCl solutions change negligibly by increasing

1/2

[dy(n2 —n2)"/* + dy(n? — n2) (13)

the concentration of NaCl [35], thus the variations in propagation
loss of the Bragg fiber are only attributed to the changes in real
part of analyte refractive index. Results of the TMM simulation
(Fig. 3(b)) suggest that the bandgap of the fiber reflector features
a blue-shift as the real part of analyte refractive index increases.
For comparison, we plot in Fig. 4 the spectral shift of the bandgap
center wavelength calculated from Eq. (13) and obtained from the
TMM simulation. An excellent agreement is found between the two
data sets.

We now investigate the spectral sensitivity of the Bragg fiber
sensor to changes in real part of the analyte refractive index filling
the fiber core. By substituting (13) into (7), we find the theoretical
expression of the spectral sensitivity of the Bragg fiber sensor as:

nﬁ -1/2 nlz -1/2
Cc Cc

From (14), we note that the sensitivity of a Bragg fiber sensor
increases with the increasing refractive index of an analyte fill-
ing the fiber core. Consequently, the shift of resonant wavelength
should have a polynomial dependence on the increasing analyte
refractive index. However, within the relatively small dynamic
range (n¢: 1.333-1.378) of our simulation, we can approximately
consider the shift of resonant wavelength (bandgap center) to be
linearly dependent on the increment of the refractive index of
the core. From the linear fitting in Fig. 4 the simulated sensitiv-

|0

S=
one

(14)
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700 B~ O TMM Simulation ]
* Calculation from Eq. (13)
680 |
=)
£
=~ 660
<
640 |
T~
620 o
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1.335 1.340 1.345 1.350 1.355 1.360 1.365 1.370 1.375

Refractive index

Fig. 4. Comparison of the spectral shifts obtained from TMM simulation, experi-
ment, and approximation using Eq. (13).
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Fig. 5. (a) Schematic of the Bragg fiber sensor; (b) experimental transmission spectra of the Bragg fiber filled with NaCl solutions with different concentrations. The weight

concentrations and refractive indices of the NaCl solutions are listed in the inset of (b).

ity is found to be ~2100 nm/RIU. Besides, Eq. (14) also indicates
that the closer the value of refractive index of the fiber core to
those of individual layers in the multilayer; the more sensitive
the sensor will be. We, therefore, conclude that low-refractive-
index-contrast Bragg fibers are generally more sensitive than their
high-refractive-index-contrast counterparts [36] in sensing of lig-
uid refractive index. Finally, one finds from (14) that sensitivity of
the Bragg fiber sensor is virtually independent on the length of the
fiber. In fact, centimeters-long Bragg fiber is sufficient to provide
optical filtering. Therefore, short Bragg fiber pieces can be used to
produce compact sensing systems which are more convenient to
use, and easier to maintain than their conventional counterparts
that utilize long coiled fibers.

In addition, we demonstrate the experimental implementa-
tion of this Bragg fiber sensor with the setup schematic shown
in Fig. 5(a). We use two opto-fluidic blocks to integrate a 40-cm
long Bragg fiber into a fluidic system. The opto-fluidic blocks are
designed to simultaneously enable the optical and fluidic coupling
into the core of the Bragg fiber. Each of the Bragg fiber tips is
completely submerged in liquid analytes inside the block to avoid
formation of air bubbles in the fiber, which would strongly sup-
press the fiber transmission. The Bragg fiber used in the sensor has
a core diameter of ~0.8 mm. Such a large core results in a short
response time of the sensor, since the flow resistance decreases
polynomially as the core radius increases. Thus, the experimental
response time of the sensor is ~1s which represents an advantage
of this sensor compared to other MOF sensors [37] (typical response
time ~1 min/1 cm). The volume of liquid analytes required to fill the
Bragg fiber is ~200 mL. To experimentally characterize the Bragg
fiber sensor, we still choose the NaCl solutions with different con-
centrations as liquid analytes. After pumping an analyte into the
Bragg fiber, we couple the beam from a supercontinuum source
into the fiber. The transmission spectrum of the Bragg fiber is then
analyzed by an Oriel spectrometer (Fig. 5(a)). The experimental
result (Fig. 5(b)) suggests that the resonant wavelength (transmis-
sion peak) of the Bragg fiber has a blue-shift with the increasing
refractive index of the fiber core, which agrees with the simula-
tion result. Note that the propagation loss of the light within the
reflector bandgap changes considerably in response to the varia-
tions in real part of analyte refractive index. For the water-filled
Bragg fiber, the experimental propagation loss of the light within
the reflector bandgap is typically 10-15dB/m (at the 700 nm peak
position), and the maximum sensing length of the Bragg fiber sen-
soris ~1m.

With the linear fitting in Fig. 4, we calculate the experimen-
tal sensitivity of the sensor to be ~1400 nm/RIU. We note that the
experimental sensitivity of the sensor is smaller than that calcu-
lated from the simulation. This is likely because in our simulation

we only take into account the HE;; mode, whose effective refrac-
tive index is closest in value to the refractive indices of the Bragg
reflector materials, which, according to (14), makes the HE;; more
sensitive to the changes in core index compared to other angu-
lar momentum 1 modes. In practice, due to the large diameter
of the fiber core, many high order modes which are less sensi-
tive to variations in fiber core index could be also excited, thus
resulting in a smaller sensitivity. We also note that such an exper-
imental sensitivity is comparable to that of the LPG (long period
grating) MOF sensor with a sensitivity of 1500 nm/RIU [38], but
smaller than that of the dual-core MOF sensor with a sensitivity
of 38,000 nm/RIU [39]. However, the LPG MOF sensor requires a
fiber post-processing for grating inscription while our Bragg fiber
sensors enable direct measurements of analyte refractive indices.
Besides, the dual-core MOF sensor is limited to liquid analytes with
Nanalyte > Nsilica- Compared to these two sensors, our Bragg fiber sen-
sor is also advantageous in its short response time (~1 s) due to the
large core of the Bragg fiber.

4.2.2. Sensing of changes in thickness of the coated layer

Another implementation of this Bragg fiber sensor operating on
the resonant sensing mode is to detect changes in thicknesses of
thin layers deposited directly on the inner surface of the fiber core.
By coating a thin layer, the localized refractive index in the vicinity
of fiber inner surface would change substantially, which then mod-
ifies the resonant guidance of the Bragg fiber and leads to a spectral
shift of the resonant wavelength in the fiber transmission. We take
the thickness of the coated layer, d,, as the measurand. Therefore,
according to (7) we define the sensitivity of the Bragg fiber sensor
to changes in thickness of the coated layer as: S=0A./dd,. We note
that due to the large core of the Bragg fiber, only a small fraction of
core-guided mores can be found in the vicinity of the inner surface
of the fiber core, thus leading to a poor modal overlap of the ana-
lyte layer. Consequently, we expect the sensitivity in the surface
sensing modality to be quite moderate.

To study surface sensing, we first coat a ~3.8-pum thick layer
on the inner surface of a 15-cm long Bragg fiber (from the same
perform with the fiber used above). Particularly, a 60 wt.% sucrose
solution is filled into the Bragg fiber core. Then the fiber is placed in
an oven for 6 h in order to make the sucrose solution more viscous.
Subsequently, an air pump is used to blow off most of the sucrose
syrup in the fiber core while leaving a thin sucrose layer behind
(Fig. 6(a)). The fiber is then dried again.

For the optical measurements we first insert the dry sucrose-
coated Bragg fiber into the sensing setup and then quickly (~1s)
fill the fiber with distilled water. As the sucrose layer gradually
dissolves in water, the bulk refractive index of the fiber core grad-
ually increases. The transmission spectra (Fig. 6(b)) of the fiber
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Fig. 6. (a) Top: appearance of the Bragg fiber coated sucrose layer; bottom: appearance of the Bragg fiber with the coated layer dissolved in the liquid core. (b) Time dependent
spectral changes in the fiber transmission during the dissolution of a thin sucrose layer coated on the inner surface of a fiber core. At t=0 the fiber core is dry; sucrose layer
is 3.8 wm thick. Then, distilled water is quickly introduced. In the first 20 min rapid changes in the transmission intensity and peak position are detected. After several hours

the reference is measured by purging the fiber with distilled water.

are acquired throughout the dissolution process. Fig. 6 shows that
the transmission spectrum shifts ~8.2 nm towards shorter wave-
lengths in the first 20 min after filling the fiber with distilled water.
During this period, the spectral shift is mostly due to increase of
the bulk refractive index of the core caused by the dissolution
of sucrose-layer. No significant spectral shift appears after 20 min
which indicates that most of the sucrose layer is dissolved. In con-
trast, the transmitted intensity still keeps slowly increasing during
the several hours that follow. Visual inspection of the fiber under
the microscope indicates that increase of the signal amplitude is
probably due to reduction of the scattering losses incurred by the
fiber mode on small chunks of the undissolved sucrose. Finally,
when fiber transmission spectrum stops changing (complete disso-
lution of the sucrose layer), we refill the fiber with distilled water.
Consequently, the peak of the transmission spectrum shifted to
655.7 nm. Comparison with the initial peak position that is mea-
sured almost instantaneously after filling the sucrose-coated fiber
with water allows us to conclude that the presence of a 3.8-pum
thick sucrose layer leads to a 3.5 nm red shift of the transmission
spectrum of a water-filled fiber compared to that of a water-filled
fiber without a sucrose layer. The corresponding surface sensitivity
of our sensor to changes in the layer thickness is then estimated to
be ~0.9 nm/pm. Note that the sensitivity for the surface sensing,
in principle, is also strongly independent on the length of the fiber;
however, the maximal sensing length is experimentally found to
be ~20cm due to the large scattering loss caused by the sucrose
layer.

5. Conclusions

We have detailed operation principles behind the analyte-filled
low-refractive-index-contrast Bragg fiber-based resonant optical
sensors of changes in the real part of the analyte refractive index.
The sensor described in the paper showed strong resonant depen-
dence of the fiber transmission on the real value of the analyte
refractive index. A sensitivity of ~1400 nm/RIU is experimentally
achieved, which is comparable to those of plasmonic waveguide-
based sensors. Moreover, we note that maximal sensor sensitivity
islargely independent of the sensor length. Finally, we demonstrate
the operation of the Bragg fiber sensor in the surface sensing modal-
ity to detect changes in thicknesses of layers deposited on the inner
surface of the Bragg fiber core. Only a moderate surface sensitivity

of ~0.9 nm/pm is reported due to the poor overlap of core guided
modes to the deposited thin layer.
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