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Abstract

Optical fiber based surface plasmon resonance (SPR) sensors are favored by their high sensitivity,
compactness, remote and in-situ sensing capabilities. Microstructured optical fibers (MOFS) possess
microfluidic channels extended along the entire length right next to the fiber core, thereby enable the
infiltrated biochemical analyte to access to the evanescent field of guided light. Since SPR can only be
excited by the polarization vertical to metal surface, external perturbation could induce the polarization
crosstalk in fiber core, thus leads to the instability of sensor output. Therefore for the first time we analyze
how the large birefringence suppresses the impact of polarization crosstalk. We propose a high-birefringent
MOF based SPR sensors with birefringence larger than 4 <10 as well as easy infiltration of microfluidic
analyte, while maintaining sensitivity as high as 3100 nm/RIU.
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1. Introduction

Surface plasmon resonance (SPR) is considered as one
of the most promising techniques in chemical and
biochemical sensing due to its excellent sensitivity to
the optical properties of ambient dielectric medium. A
conventional SPR sensor is implemented on a
Kretschmann-Raether glass prism to couple the incident
TM-polarized light to surface plasmon polariton (SPP)
that propagates parallel to the interface of thin metal
layer that deposited on prism base and semi-infinite
dielectric medium when the phase matching condition
is satisfied [1]. Due to the limitations of bulky and non-
flexible geometry of prism based SPR sensors,
researchers have been seeking approaches using optical
fibers [2]. Optical fiber based SPR sensors possess
advantages of miniaturization, remote sensing and in-
situ monitoring [3]. Many optical fiber structures have
been proposed for SPR sensing such as tapered fiber [4],

D-shaped fiber [5], U-shaped fiber [6] and fiber
gratings [7, 8]. In recent years, SPR sensors that are
based on microstructured optical fiber (MOF) has
drawn growing interests [9]. MOFs are recognized by
their fine arrangement of air holes in cladding region
extended along the entire fiber length. Solid core MOFs
can achieve small core dimensions with much better
robustness and flexibility than tapered fibers and striped
fibers. Gas or liquid analyte can be infiltrated into the
cladding air holes around fiber core and approaches to
the strong evanescent field of guided mode due to the
small core dimension. This unique feature realizes
effective excitation of SPP when coating thin metal
layers on the inner walls of cladding air holes. Several
structures of MOFs have been proposed for SPR sensor,
such as hexagonal solid core MOF [10], semicircular
channel MOF [11], birefringent photonic crystal fiber
(PCF) [12], multi-channel PCF [13] and suspended core
MOF [14]. However, two orthogonal polarizations of
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guided mode can be coupled to each other when
external perturbation such as bending, twisting or
pressure is applied to fiber. Birefringence exists in most
designs of MOF based SPR sensors [11-14] due to the
structural asymmetry in two orthogonal polarization
directions. Hence the resonant wavelengths
corresponding to two orthogonal polarizations separate
yet their transmission dips overlap partially. Since SPP
can only be excited by TM-polarized light, most SPR
sensors monitor the transmission spectrum of the
polarization that excites strongest surface plasmon
wave. External perturbations or inaccurate input
polarization would lead to the existence of undesired
polarization thereby a shifted resonant wavelength. To
address the wavelength offset, we propose a SPR sensor
that based on a so-called polarization-maintaining MOF
(PM-MOF) which is intentionally introduced with high
birefringence in fiber structure, so that the SPR
behaviors of two orthogonal polarization modes are
well distinct. For the first time, we analyze the relation
between birefringence and wavelength offset and
present the requisite birefringence to suppress the
impact of polarization crosstalk. The proposed PM-
MOF has a near-panda structure that provides desirable
birefringent properties while maintaining feasibility in
fabrication. It can be fabricated by the stack-and-draw
method which is used in MOF manufacturing. The
high-birefringent structure can provide comparable
sensitivity of previously reported MOF based SPR
sensors. More importantly, the high-birefringent MOF
can minimize the polarization crosstalk therefore
improve the stability of SPR sensor.

2. Theory

In the configuration of Kretschmann-Raether prism,
SPR is generated when the propagation constant of
evanescent wave that parallel to metal-dielectric
interface equals to the propagation constant of SPP,
which is known as the phase matching condition [15]:
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where 6 is the angle of incidence at which the SPR
OCCUIS. &prism, €metal aNd  egielecric  are  the dielectric
constants of prism material, metal layer and dielectric
medium, respectively. The left expression of equation
(1) defines the propagation constant of evanescent wave
of TM-polarized light with incidence angle 6. at the
prism-air interface. The first term of right expression of
equation (1) defines the propagation constant of SPP
obtained by solving Maxwell’s equations for the

interface of semi-infinite metal and dielectic media.
The second term Ap denotes the effects of finite
thickness of metal layer and the high refractive index of
prism. AB is much smaller compared with the first term
thus it is often neglected [16]. It decreases when the
metal film thickness increases [15]. This principle can
also be applied to optical fiber based SPR sensor,
except that the angle of incidence in optical fiber shall
vary from the critical angle to 90° [9]. It can be
concluded from equation (1) that when the phase
matching condition is satisfied, the effective refractive
index of the guided mode in optical fiber equals to that
of the surface plasmon mode [17].

The resonant dip of SPR sensor corresponds to the
largest transmission loss of the guided mode. The
attenuation of core mode L. (dB/m) in optical fiber is
given by [18]:

L, = 8.686 X koIm(nesy) 2)

where ko is the free space wave vector and Im(nes) is
the imaginary part of effective refractive index of core
mode. Therefore, the sensor measurement can be
realized by monitoring the variation of L, which is a
function of Im(nes).

In this work we adopt the wavelength interrogation
method, in which the shift of resonant wavelength
corresponding to the peak transmission loss induced by
the change of refractive index of analyte is followed to
evaluate the SPR sensor performance. The sensitivity of
SPR sensor S; (nm/RIU) can be approximated by the
following expression [15]:
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where n, and n, are the refractive indices of analyte and
prism respectively. en is the real part of dielectric
constant of thin metal layer in the SPR configuration.

3. Configuration and Principles

We propose a SPR sensor based on a near-panda MOF
with three rings of photonic crystal air holes (figure 1
(@)). The pitch of MOF is 3.94 m. The diameters of two
central air holes in lateral direction are enlarged to be
2.5 times of those of the others. The diameters of small
holes and large holes are d; = 1.75 pm and d> = 4.38
pm, respectively. We coat gold layers on the inner
walls of two large central holes and fill these two holes
with analyte. We numerically analyze the behaviors of
proposed SPR sensor using COMSOL which conducts
modeling with finite element method (FEM). FEM meshes
the constructed geometry into triangular elements with
different sizes and refractive indices [19]. The maximum and
minimum element sizes at the boundaries of gold layers are
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Figure 1. (a) Schematic structure of near-panda MOF
based SPR sensor; (b) x-polarized and (c) y-polarized
core mode pattern of proposed SPR sensor.

0.05 pm and 0.45 nm, respectively. The remaining parts of
geometry use the fine mesh that is predefined by COMSOL.
A peripheral layer of 3 pm thick is added as the perfectly
matched layer (PML) to avoid interference by the reflection
at geometry boundary. The material of MOF is fused silica,
of which the refractive index can be determined by the
Sellmeier equation. The dielectric constant of gold is
characterized by the Drude-Lorentz model [20]. The
core mode pattern with polarization in lateral direction
that primarily excites the surface plasmon on the
surface of gold layer is shown in figure 1 (b).

Figure 2 shows the variations of the effective indices
of x-polarized core mode and surface plasmon (SP)
mode of the MOF. According to equation (1), the
intersection of the real part of core mode index and real
part of SP mode index indicates the equating of the
propagation constants, at which phase matching
condition is satisfied. However at near infrared (IR)
wavelengths, the effective refractive index of surface
plasmon mode would be closed to the bordering
analyte, e.g. ~1.33, which is much lower than that of a
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Figure 2. Effective indices of core mode and surface

plasmon mode with refractive index of analyte of 1.33

and gold layer thickness of 70 nm.
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Figure 3. Changes of core mode transmission loss
when refractive index of analyte increases from 1.33 to
1.34.

silica fiber [1]. Hence the operating wavelengths of
SPR sensor is ~600 nm where the indices of core mode
and surface plasmon mode equate at ~1.45. Based on
equation (2), core mode attenuation L. is a function of
Im(nerr). We follow the shift of resonant wavelength at
which L. is largest to evaluate the sensitivity of
proposed sensor.

Figure 3 presents the obvious redshift and the
enhancement of peak transmission loss when the
refractive index of infiltrated analyte increases from
1.33 to 1.34. The resonant wavelength shifts from 604
nm to 617 nm.

4. Discussion

The proposed fiber structure with two enlarged central holes
introduces large birefringence that improves the immunity of
sensor output to polarization crosstalk. Considering a
conventional hexagonal lattice solid core PCF with cladding
air hole diameter of 1.75 jum and pitch of 3.94 jm, SPP can
be excited by both x- and y-polarized guide modes due to the
cylindrical geometry of thin metal layers coated on the inner
walls of first ring air holes. As shown in figure 4, SPP is
mainly excited on the metal layer surfaces that normal to the
polarization direction. Birefringence commonly exists in
structures of MOF based SPR sensors. Hence SPR
corresponding to x- and y-polarized modes show
divergent wavelengths and intensities. As a result, when

(b)

Figure 4. Mode patterns of (a) x- and (b) y-polarized
core mode in conventional PCF with 50 nm gold layers
and analyte refractive index of 1.38.
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Figure 5. Loss spectra of MOF based SPR sensors

when (a) d/d,=0.95 (b) d/d,=0.4 with analyte

refractive index of 1.38.

input polarization is not at the exact wanted direction or
external perturbation leads to polarization crosstalk so
that two orthogonal polarizations coexist, the overall
detected SPR signal would be offset. To analyze how
the birefringence influences resonant wavelength offset,
we gradually enlarge the two central holes in lateral
direction of the structure shown in figure 1 to introduce
birefringence intentionally.

Figure 5 (a) shows the loss spectra of MOF based
SPR sensor when the ratio of common air hole diameter
d; and two enlarged central holes diameter d, is 0.95.
The inner walls of first ring air holes are coated with 50
nm gold films. The refractive index of infiltrated
analyte is 1.38, which is the typical effective refractive
index of cytoplasm [21-23] and some types of protein
layers [24, 25]. When di/d> = 0.95, the modal
birefringence at resonant wavelength is ~2x10°. As
shown in Figure 5 (a), the resonant wavelengths of x-
and y-polarized core modes are 642.66 nm and 641.19
nm respectively and the attenuation corresponding to
two polarizations are similar. The resonance of total
loss spectrum is at 641.99 nm, which shifts 0.67 nm
from that of Xx-polarized mode. Hence when the
unwanted y-polarization is induced by external
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Figure 6. Resonant wavelength offset against phase
birefringence.

perturbation, the 0.67 nm resonant wavelength offset
compromises the accuracy of SPR sensor output. Figure
5 (b) shows the loss spectra of our proposed PM-MOF.
The high-birefringent structure enlarges SPP of x-
polarized core mode while significantly suppresses SPP
of y-polarized mode. Although the resonant
wavelengths of two polarizations are more drifted apart,
the overall loss spectrum is predominated by that of x-
polarized mode. The resonant wavelength offset is
improved to be as small as 0.06 nm. The phase
birefringence at resonant wavelength is ~4.2x10*.

The resonant wavelength offset undergoes a rise and
fall along with the increasing birefringence as the two
central holes expanding (figure 6). When di/d, varies
from 0.9 to 0.65 meanwhile birefringence increases
from ~4x10° to ~1x10% the wavelength offset
increases to be as high as 18.89 nm. After birefringence
exceeds ~1x10%, the offset sharply drops and tends
towards O beyond birefringence of ~4x10* The
resonant wavelength of overall loss spectrum is
determined by the phase birefringence and the relative
magnitude of the attenuation of x- and y-polarized
modes. When birefringence is relatively small, i.e. di/d>
> 0.65, the overall resonant wavelength is drifted away
from that of x-polarized mode due to the considerably
large influence of y-polarized mode as the relative
magnitude is not significant. After a threshold, i.e. di/d>
= 0.65, the overall resonant wavelength shifts towards
that of x-polarized mode. Since the loss spectrum of y-
polarized mode is much smaller than that of x-polarized
mode at large birefringence, the overall loss spectrum is
predominated by x-polarized mode. Therefore even if
the resonant wavelengths of two orthogonal modes
continue drifting apart, the influence of y-polarized
mode becomes too small that the overall resonant
wavelength quickly shifts towards that of x-polarized
mode. This is why the offset suddenly drops after the
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Figure 7. Variations of core mode attenuation with
filled analyte refractive index of 1.33 when the
thickness of gold layers is 50 nm, 60 nm, 70 nm and
100 nm respectively.
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Figure 8. Sensitivities as a function of resonant
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ratio exceeds 0.65.

Figure 6 indicates that a birefringence larger than
210" can effectively reduce the resonant wavelength
offset thereby enhance the resistance of wavelength
interrogation to polarization crosstalk. Our proposed
MOF provides modal birefringence as high as ~4.2x10
4 that suppresses the offset to be extremely small.

The thickness of metal layer is very crucial to
surface plasmon excitation. Both the peak transmission
loss and the resonant wavelength can be affected by the
change of gold layer thickness. We investigate the
impact of gold layer thickness on the attenuation
spectrum and the sensitivity of proposed SPR sensor.
Figure 7 shows the attenuation spectra of proposed
sensor with analyte refractive index of 1.33 when the
gold layer thickness is 50 nm, 60 nm, 70 nm and 100
nm respectively. As the gold layer thickens, the
resonance shifts to longer wavelengths and the
transmission loss significantly reduces especially when
the gold thickness increases from 50 nm to 60 nm. The
phenomenon agrees well with previous studies [26, 27].
It has been proven that when the gold layer thickness
increases from 0 to 60 nm, the SPR loss first rises and
then declines. The highest loss of SPR appears at
thickness of ~22 nm, beyond which the electric field
has difficulty to penetrate through the gold layer. The
decline rate of resonance loss due to the gold layer
thickening slows down as the gold thickness exceeds
~40 nm [17]. Since the term AB in equation (1)
decreases with the metal layer thickening [15], the
thickening of gold layer leads to the decrease of real
part of effective index of surface plasmon mode. As a
result, the phase matching between the fiber core mode
and surface plasmon mode is satisfied at a smaller
effective refractive index thereby a longer resonant
wavelength. That is the reason why we observe a
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Figure 9. Effects of the dimension of central enlarged
holes on sensitivity.

redshift of resonant wavelength as gold thickness
increases.

Although the intensity of surface plasmon wave is
highly impacted by the thickness of gold layer, the
sensitivities of proposed SPR sensors are weakly
affected as the gold thickness changes (figure 8).
Within a relatively wide refractive index range from
1.33 to 1.38, the resonant wavelength exhibits
polynomial increase. The larger the refractive index of
analyte, the higher the sensitivity is. This property of
SPR sensor can be explained by equation (3). The
denominator of equation (3) consists of two terms with
opposite signs since the material dispersion of optical
fiber in the second term, dny/d4, is negative. Although
the second term slightly increases as the wavelength
increases, the overall effect is dominated by the first
term so that the sensitivity is higher at longer
wavelength, which corresponds to larger refractive
index of analyte. As shown in figure 8, the sensitivities
curves of 50 nm, 60 nm, 70 nm and 100 nm gold
thickness are nearly in parallel. Hence the sensitivity is
weakly affected by the gold layer thickness. This is
reasonable since the variables in equation (3) are
weakly impacted by the change of metal layer
thickness. Similar phenomenon is also observed in [28].
The sensitivity of SPR sensor can be viewed as linear
within small refractive index range (e.g. 1.37 - 1.38).
The larger the refractive index, the higher the
sensitivities are. Within the refractive index of 1.37 -
1.38, the sensitivities corresponding to 50 nm, 60 nm,
70 nm and 100 nm gold thickness are 3000 nm/RIU,
3000 nm/RIU, 3100 nm/ RIU and 3100 nm/RIU
respectively.

Besides birefringence, the large two central holes
dimension also improves the sensor sensitivity. We
compare the sensitivities of dimensions that di/d, = 0.4,
di/d2 = 0.5, di/d2 = 0.6 with only two enlarged holes
coated with 50 nm gold layers and infiltrated with



analyte and the sensitivity of conventional PCF shown
in figure 4. It can be seen from figure 9 that larger two
central holes provide higher sensitivity especially at
high refractive index range. The sensitivities are 1900
nm/RIU, 2500 nm/RIU, 2800 nm/RIU and 3000
nm/RIU within refractive index of 137 - 1.38,
corresponding to di/d; = 1.0, 0.6, 0.5 and 04,
respectively. The improvement of sensitivity along with
holes expanding is mainly due to the increased
interaction area between the core mode and the
infiltrated analyte as well as the enhanced evanescent
field owing to smaller core dimension in lateral
direction. Hence our birefringent structure provides a
higher SPR sensitivity compared with other hexagonal
latticed non-birefringent MOFs [29-31].

5. Conclusions

In conclusion, we demonstrate the capability of using
easily fabricated high-birefringent MOF to construct
reliable and sensitive SPR sensors. Our simulation
results show the enhancement of birefringence and the
optimization of the detection sensitivity can be made by
tuning the structural parameters. The large area of air
holes around the fiber core leads to high birefringence
that effectively suppresses polarization crosstalk, and
also enables easy microfluidic infiltration as well as
enhances the interaction between SPP and analyte. The
proposed sensor offers advantage in stabilizing SPR
sensing performance under polarization crosstalk, while
providing sensitivity as high as 3100 nm/RIU.
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