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Highly Birefringent Optical-Fiberized Slot
Waveguide for Miniature Polarimetric
Interference Sensors: A Proposal

Jun-long Kou, Wei Guo, Fei Xu, and Yan-qing Lu, Senior Member, IEEE

Abstract— A new scheme of highly birefringent fiberized slot
waveguide (FSW) by post-processing a non-birefringent circular
microfiber is proposed for polarimetric interference sensors with
ultrasmall sensor heads (tens of micrometers). The different
sensing properties of an FSW polarimetric interferometer based
on a typical fiber loop mirror are investigated and discussed in
detail for refractive index, temperature, and strain measurement.
The sensitivity can achieve a high level of >5x10* nm/refractive
index unit (RIU), >5 nm/°C, and ~1 pm/ue for refractive
index, temperature, and strain sensing, respectively. Moreover,
its strain sensitivity has a large tuning range from negative to
positive, and can be used as an ultracompact and highly efficient
strain compensator. Together with its high birefringence, unique
geometry, and extremely small size, FSW presents wide poten-
tial applications in physical, biological and/or chemical sensing
areas.

Index Terms— High birefringence, sensor, slot waveguide.

I. INTRODUCTION

PTICAL fiber technology is one of the most effective

methods for sensing. Various kinds of sensors utilizing
optical fibers have been investigated, such as Bragg gratings,
Mach—Zehnder and polarimetric interference that are based
on highly birefringent (Hi-Bi) fibers. The Hi-Bi fibers are
polarization maintaining fibers where the linear polarization
states are structurally maintained. They are easy to be applied
in optical sensing, by implementing a polarimetric interfer-
ence such as a fiber loop mirror or Sagnac loop [1], [2].
Typical Hi-Bi fibers such as Bow-Tie [3], PANDA [4], and
Hi-Bi photonic crystal fibers [5], have been widely studied
and applied in strain or temperature measurement and other
sensors. However, these Hi-Bi fibers with their diameters of
hundreds of micrometers seriously limit the sensors’ size and
are difficult to be used in refractometers as biological and/or
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chemical sensors because of weak available evanescent field
outside, even for the D-type Hi-Bi fiber [6]. Subwavelength
Hi-Bi microfibers are promising elements to meet the increas-
ing demands of nano-photonic sensors and to decrease the
sensors’ size while keeping large evanescent field. With the
fast development of microfiber fabrication technology, several
approaches have been reported to fabricate Hi-Bi microfibers:
such as adiabatically tapering conventional polarization main-
taining (PM) fibers [7] and rectangular-shaped fibers [8], [9].
However, it presents great challenges to keep these asymmetric
geometries during tapering which is a serious concern.

Recently, a planar Hi-Bi slot-waveguide that consists of a
thin, low-index “slot” fabricated in a high-index waveguide
has attracted great attention [10]. This opens up the interior
region of the waveguide, where the electric field intensity is
the highest, perfect for sensing [11]. Combining current mature
technology of drawing circular microfibers (CMFs) and micro-
machining, it is possibly easier to realize a Hi-Bi fiberized
slot waveguide (FSW) by post-processing a non-birefringent
CME. With the unique hybrid structure, FSWs will show great
potentials for miniature fiberized sensors, accompanied by a
lot of advantages such as high birefringence, large evanescent
field, super-compact size, flexible design, natural input/output
ends with standard fibers, and simplified fabrication.

In this paper, we propose a possible approach to realize
a Hi-Bi microfiber with a slot inside by post-processing a
non-birefringent CMF and investigate a miniature FSW-based
polarimetric interference sensor with the ultra-small sensor
head for refractive index, temperature, and strain measurement.
Its size can be minimized to tens of micrometers, much smaller
than current polarimetric interference sensors. Taking benefit
of the special and flexible structure, its sensitivity for
liquid refractive index can reach an extremely high level of
10* nm/RIU (refractive index unit), its liquid temperature sen-
sitivity (>5 nm/°C) can be much better than recent results in
fiber temperature sensors, and its strain sensitivity (~1 pm/u¢)
can be comparable with or better than recent results utilizing
the same sensing mechanism. It is worth remarking that
the strain sensitivity also has a large tuning range from
negative to positive, which means that it can be used as an
ultra-compact and highly efficient strain compensator in other
fiber systems. The FSW-based sensor may find more potential
in physical, biological and/or chemical applications with its
unique geometry and extremely small size.
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Fig. 1. (a) Schematic of the FSW. (b) Cross section of the FSW with r
the radius of the microfiber, other parameters are presented in the picture.
(c) Birefringence of the FSW as a function of its geometry parameters.

II. Hi-B1 FSWs AND FSW-BASED POLARIMETRIC
INTERFERENCE SENSORS

Figure 1(a) shows the schematic of the Hi-Bi FSW. It is
a conventional microfiber with a slot located at the waist.
Here, the indices of the microfiber, medium in the slot and
outside environment are denoted by ngjjica, nm, and nanalyre
respectively. Other parameters used in this paper are presented
in the cross section diagram (Fig. 1(b)). All the calculation
work is done at the wavelength of 1550 nm by using a full-
vectorial finite-element analysis.

Due to the broken of the circular symmetry observed in
fiberized slot waveguides, high birefringence (B) above 1072
can be achieved in FSWs as shown in Fig. 1(c). As the
microfiber radius increases, birefringence first becomes larger
and then decreases. Our calculation results show that it can
even reach a very high level of 4x1072 at r = 1 um,
Wsiot = 400 nm, and ¢t = 0.

Throughout this paper, we investigate the sensing properties
of the FSWs by employing the typical polarimetric inter-
ference setup, a fiber loop mirror as shown in Fig. 2 [12].
The transmission of the light with respect to the operation
wavelength (1) can be obtained [12]:

2
T(2) [cos (%)} (1)

where L is length of the FSW. Due to the high birefringence
of the FSW (~10~2 shown in Fig. 1(c)), the length of the slot
up to several hundreds of micrometers is enough for sensing
according to Eq. 1. Because at this length, a reasonable free
spectral range can be achieved, considering the common light
sources found in labs. Such a structure can be obtained using
modern micro-fabrication method, such as focused ion beam
(FIB) or deep-UV lithography [13]. Due to the ultra-small
volume of the sensing area, it is important to highlight that
these FSWs may be excellent candidate for physical, biological
and/or chemical sensing.
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Fig. 2. Schematic of a typical Hi-Bi fiber loop mirror for sensing based on
polarimetric interference.

III. FSWs: ENHANCED SENSITIVITY
OF REFRACTIVE INDEX

Previously, Hi-Bi fibers (with diameters ~125 um as
mentioned above) can hardly be used as elements in refractive
index sensors because that the light field has no access to
the sensing medium. Here, we investigate the sensing prop-
erty of the FSW which provides a natural channel for lig-
uid/gas refractive index measurement. The sensing mechanism
employs its relatively high birefringence (on the order of 1072)
as well as its large evanescent field both outside the silica fiber
and inside the slot. In all these interference-based sensors,
sensitivity of the analyte (Sgnaiyre) is defined as the shift of
the interference wavelength 1¢ with respect to the analyte
(assumed to be water, ngnpalyre = Nwarer) index change:

00 _ o0lo OB _ Ay OB
ananalyte 0B ananalyte B ananalyte.

Figure 3(a) and (b) show the sensitivity of the FSWs as
a function of the microfiber radius. As can be deduced,
sensitivity as high as 10 to 10* nm/RIU is achieved with
microfibers of different radius which can be easily obtained
using the mature fiber tapering technique. From these figures,
we can also see that a bigger slot width and height (that is
smaller ) results in a higher sensitivity. However, according
to our calculation, for Wy, larger than 100 nm, the microfiber
can hardly support the propagating wave and causes intolerable
loss when immersed in water. What is more, by comparing the
two green lines in Fig. 3 (a) and (b), ¢+ has a small effect
on sensitivity when it is less than 0.5xr. As ¢ increases,
both sensitivity and birefringence become smaller. Sensitivity
changes quickly with microfiber radius, thus controlling the
radius of the microfiber to sub-wavelength level is a key point
in achieving a high sensitivity.

Microfiber refractive index sensors based on fiber Bragg
gratings with the same radius have a sensitivity less than
103 nm/RIU as pointed out in Ref. [14]. Here, attributed to the
unique structure, we can obtain an extremely high sensitivity
(>10* nm/RIU) in a wide range of geometry dimensions based
on the high birefringence and large evanescent field of the
FSWs.

2)

Sanalyte =

IV. FSWSs: ENHANCED SENSITIVITY OF TEMPERATURE

Various types of fiber temperature sensors have been devel-
oped because of its light weight, immunity to electromagnetic
interferences and flexibility of directly embedding into the
system. Among them, the one based on long period gratings
is attractive due to its high sensitivity; however, its size is
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Fig. 3. Sensitivity of the FSWs as a function of microfiber radius (a) at

different slot width (Wg)o¢) with ¢+ = 0 and (b) at different height (2r —t) of
the slot with Wgjo¢ = 50 nm.

too long and it easily suffers from the bending effect [15].
The use of fiber Bragg gratings has provided us with sensors
possessing wavelength multiplexing feature; but the tempera-
ture sensitivity (St) is greatly limited (~10 pm/°C) [16]. The
temperature sensor using a Hi-Bi polarimetric interferometer
has attracted more and more attention owing to its stability,
flexibility, and very high sensitivity (~1 nm/°C) [2], [17]. Of
course, the sizes of these temperature sensors are still limited
by the conventional thick Hi-Bi fibers.

Here, we investigate the temperature sensitivity (at 20 °C) of
the proposed FSW-based polarimetric interferometer. By mon-
itoring the shift of the interference wavelength with respect
to the change of the temperature, we define the temperature
sensitivity as:
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+Aoor (3)

where a7 (5.5x1077/°C) is the thermal expansion coefficient
of silica and o7 sitica(1.1x107/°C), o7, parer(-8x1072/°C)
are the thermo-optics coefficient of the fused silica and water,
respectively. According to our calculations shown in Fig. 4(a),
thermal expansion effect (the first and fourth part of Eq. 3)
contributes little to the total sensitivity (<2%), mainly due to
the low thermal expansion coefficient of silica. And sensitivity
resulting from the refractive index change of water (red line
in Fig. 4(a)) is more than five times bigger than that of
silica (green line in Fig. 4(a)). In Fig. 4(b) we plot the total
temperature sensitivity resulting from both the thermo-optics
effect and thermal expansion effect under three different values
of Wy:. The sensitivity can achieve as high as 5 nm/°C.
It is much better than recent results in fiber temperature sensors
[2], [17]. It is important to emphasize that the temperature
sensitivity has a large dependence on microfiber radius. When
r is larger than 1 um, St becomes lower than 1 nm/°C
and is less dependent on W,;. This is because that as r
is comparable to or larger than the wavelength; the light
field will be well confined in the silica and slot region.
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Fig. 4. (a) Temperature sensitivity at Wyjo; = 25 nm and ¢ = 0, the red, green,
and blue lines represent the temperature sensitivity results from refractive
index change of water, silica, and structure change of the microfiber and
(b) temperature sensitivity at different Wy;,; with ¢t = 0, the blue line is the
summation of the values of the three lines in (a).
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Fig. 5. Strain sensitivity (a) at ¢ = O under different values of Wgo; and
(b) at Wgjot = 50 nm under different values of ¢.

Thus the thermo-optics coefficient of silica will play a more
important role in affecting St, leading to a lower temperature
sensitivity.

V. FSWs: ENHANCED SENSITIVITY OF STRAIN WITH A
LARGE TUNING RANGE

Conventional Hi-Bi fibers have also been intensively used
in strain sensors [18]. Based on mechanics of materials, when
longitudinal strain is applied to the FSW, wavelength shift can

be estimated as follows:
A 763 ! A +
— Aneir: e
0 ansilica B silica
OB

AB AL
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) 0+ 70
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The influence due to a change in the fiber diameter
(waveguide geometry effect) is small and can therefore be
neglected [19]. As can be seen, wavelength shift is propor-
tional to the strain applied to the FSW at a fixed cross section
of the fiberized slot waveguide (i.e., at a certain value of
r, t and Wy). And strain sensitivity (Ss = AA/e) can
thus be easily deduced just like what we have discussed in
the previous section. Three parameters appearing in Eq. 4,
i.e., Poisson’s ratio (v = 0.16), strain-optics coefficient of
silica (p1; = 0.11, p;» = 0.25) can be found in Ref. [19].
From Fig. 5, the attainable highest strain sensitivity is about
1 pm/ue, comparable to previous results utilizing the same
sensing mechanism [18]. Wy, has a bigger influence on S
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as r increases. It is worth noting that the strain sensitivity can
be both negative and positive by varying the radius, which
means that FSW has great potential in an ultra-compact and
highly efficient strain compensator for various fiber systems.

VI. DISCUSSIONS

Slot waveguide based on a planar substrate has been
extensively investigated both theoretically and experimentally.
Single-slot, double-slot, and multi-slot waveguides have been
fabricated and applied in sensing and communication. FSW
or slot waveguide based on a CMF is the first time to be
presented and discussed in this paper. It can be made by
utilizing current advanced micro-machining techniques, par-
ticularly FIB micromachining. So far, a number of engineered
fiber micro/nano devices by FIB drilling have been fabricated
and demonstrated successfully, such as a 3.7-um fiber-top
cantilever which is nearly free standing in air [20], [21], a
Fabry-Perot cavity based on a microfiber with a large slot
(2—4um long and high, located at the position with the local
radius r = 2—4 um) [13], [22], an ultra-short microfiber
grating with deep periodic grooves (11 grooves in a microfiber
5 um in diameter, every groove is 1.6 um deep) [23], [24].
These devices have been demonstrated as various sensors such
as temperature, refractive index, vibration and displacement
sensors, and they are stable, portable, and reliable. Considering
these successful examples of FIB-machined microfiber sensors
with more complicated and challenging geometries, FSW with
a slot tens of nanometers in width can also be fabricated using
the similar process and employed as sensors.

Our simulation shows that the length of the slot up to 10 gm
is enough for sensing according to Eq. 1. Such a short length
also makes the fabrication and handling easier. Moreover, the
fiber is still mechanically strong with a slot in a diameter of
~1 pum provided that ¢ does not approach zero. It is possible
but more difficult to fabricate an FSW under much smaller
diameter (<1 um). Hoverer, FSW with several micrometer
diameters is much easier to be realized and used in sensing.
For a 2-um-diameter FSW, its birefringence is still very
large (0.01-0.02) which is enough for sensing applications.
In piratical situations, FSWs (1-2 um in diameter) with slot
(10-20 um in length) are preferred and suitable to serve
as a miniature sensor head. Longer and thinner FSW is not
recommended.

By employing the fiber loop mirror setup, FSW based
sensor head can be used to measure various physical or
chemical parameters with high sensitivity. From our previ-
ous work and experience on tapered microfiber sensors with
large open-grooves, however, refractive index and temperature
measurements should be implemented more easily than strain
measurement. Furthermore, if incorporated with fiber Bragg
gratings in the microfiber, FSW may open up new possibilities
for multi-parameter sensing applications.

VII. CONCLUSION

We have analyzed in detail the enhanced sensing properties
of the proposed FSW utilizing its high birefringence and large
evanescent field. It shows a high sensitivity in refractive index,
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temperature, and strain measurement. Its unique geometry
enables the sensor to be tens of micrometers in size, much
smaller than other Hi-Bi fiber sensors. The FSW has great
potentials in ultra-compact and highly efficient strain compen-
sators because of its special property of the strain sensitivity.
The large evanescent field, flexible design, and the slots for
liquid/gas flow makes FSW a promising element in future
biological and/or chemical areas, nano-photonics and micro-
systems.
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