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Abstract—A surface plasmon resonance sensor based on double-
sided polished microstructured optical fiber with hollow core is
put forward for refractive index sensing. Two gold films parallel
to each other attached to the polished surface act as microfluidic
sensing channels for the analyte. The artificially introduced air
hole can facilitate the phase matching between the core mode and
the plasmon mode. The sensitivities of the proposed sensor are
investigated by the wavelength, amplitude and phase interrogation
methods when the analyte refractive index increases from 1.33 to
1.34. In contrast to the D-shaped design, the double-sided polished
structure demonstrates narrower resonance spectral width and
greater phase sensitivity. Moreover, the numerical results indicate
that the proposed sensor shows a good stability in the fabrication
tolerances of ±5% of the thickness of gold film and the depth of
polishing, respectively.

Index Terms—Fiber optics sensors, surface plasmon resonance,
microstructured optical fiber, refractive index sensors.

I. INTRODUCTION

SURFACE plasmon resonance (SPR) is the excitation of
the surface plasmon coupled with the oscillations of free

electron density between the metal and dielectric [1]–[5]. By
comparison with conventional methods, SPR is an effective
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sensing technology that is extremely sensitive to changes in
surrounding dielectric refractive index (RI), providing charac-
teristics including no marking, real-time detection, high speed
and sensitivity. Therefore, it has been applied extensively in
bio-sensing, medical diagnostics, drug development, food safety
and so on [6]–[22]. Among the various kinds of the SPR sensing
configurations, the microstructured optical fiber (MOF) can be
immaculately integrated with SPR, owing to its small size,
lesser weight, flexible structure, fast response and more prac-
tical [20]–[39]. Compared with the other types of SPR sensors,
such as prism based SPR and optical fiber based SPR sensors
[1]–[19], the main advantage of flexible structure of the MOF is
that it can alleviate phase-matching problem between the core
mode and the surface plasmon polariton (SPP) mode, and thus
improving the sensitivity [20]–[23], [34]–[39]. However, there
are two major problems in the MOF-SPR sensors: one is the
difficult fabrication of sensor and the other is the broadened
spectral width of the resonance peaks. In the process of sensors
fabrication, it contains metal coating on the inner wall of the air
holes and filling the air holes with the analyte [20]–[39]. It is very
sophisticated process in a few micrometer holes from fabrication
point of view. On the other hand, to facilitate phase-matching,
one has to introduce the air holes in the fiber core to lessen
the effective refractive index (neff) of the core mode [34]–[39].
However, the introduced air holes also create an extra loss in
the core modes, which causes a broader resonance spectral
width and thus reducing the resolution of the SPR sensors in
the wavelength interrogation mode. Although the resonance
spectrum width can be decreased by selective coating of metal
film in the MOF [37]–[39], the difficulty of making the sensors
has been further increased.

Recently, the SPR sensors based on D-shape or side-opening
MOFs have obtained extensive attention for their unique struc-
tures [40]–[53]. The problems of the metal coating and analyte
filling in the micrometer holes can be impeccably avoided by
coating the open part of them with the metal film and be-
ing in contact with the analyte directly [40]–[53]. Moreover,
by introducing the air hole into fiber core area, the D-shape
or side-opening MOF structures can also alleviate the phase-
matching problem [40], [48]. In brief, the problems of processing
complex and phase-matching can be simultaneously alleviated
by employing the D-shape or side-opening MOF with hollow
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Fig. 1. (a) 3D view of the SPR sensor based on double-sided polished MOF.
(b) Cross-sectional view of the proposed SPR sensor. (c) Schematic diagram of
the proposed SPR sensor with boundary condition. (d) Schematic diagram of
the SPR sensor based on D-shaped MOF with boundary condition.

core. However, the phenomenon of spectral broadening caused
by the introducing air hole at fiber core area still remains
unsettled [40], [48].

In this paper, we design a new SPR sensor based on double-
sided polished MOF with hollow core. Owning to double-sided
channels in RI sensing, the advantages of the proposed sensor
are that it can not only simplify the fabricating process compared
to the inside coating and filling MOF-SPR sensors, but also
support narrower spectral width than the D-shaped MOF-SPR
sensors. We investigate sensing properties of the proposed sen-
sor, incorporating spectral widths, wavelength, amplitude and
phase sensitivities, in comparison with the D-shaped SPR sensor
based on MOF with hollow core, and fabrication tolerances with
respect to the thickness of gold film and the depth of polishing.
The discussion and analyses in this paper allow us to better
understand the coupling between the SPP mode and core mode
of such sensor and also promote it to be a great candidate in SPR
sensing applications.

II. SCHEMATIC AND METHOD

The 3D schematic diagram and cross section of the proposed
SPR sensor based on double-sided polished MOF with hollow
core are shown in Fig. 1(a) and (b), respectively. The cladding
of the fiber consists of three layers air holes in regular hexagon
around the fiber core to lower its average RI for restricting the
transmit of light in the core. Monolayer air holes on the left and
right sides of the core are reserved by polishing the fiber into
flat plane uniformly. The polished planes are deposited with gold
film as a plasmonic material, whose outer surfaces can be flowed
through analyte, which simplifies the sensor structure. A smaller
air hole is introduced into the fiber core that can facilitate and

tune the phase matching between the core mode and the SPP
mode significantly.

The electromagnetic mode of the sensor fiber is settled by the
commercially available software package COMSOL Multipha-
sics, with perfect match layer (PML) added to the outmost layer,
as shown in Fig. 1(c). The lattice pitch of regular hexagon isΛ=
2 µm, and the diameters of the cladding air holes and the core air
hole are d= 0.5Λ, dc = 0.2Λ, respectively. The polishing depths
of h1 and h2 are both 1.2Λ, which are the distances from the fiber
core to the two polished surfaces respectively. The thicknesses
of the gold films are m1 = m2 = 40 nm. The RI of the silica of
the background material (n) is defined as follows by Sellmeier
Equation [28]:

n2 (λ) = 1 +
B1λ

2

λ2 − C1
+

B2λ
2

λ2 − C2
+

B3λ
2

λ2 − C3
(1)

where the λ is the operating wavelength in microns, and B1,
B2, B3, C1, C2 and C3 are Sellmeier coefficients whose values
are referred to in [28]. The RI of air is assumed to be 1. The
permittivity of the gold ε(ω) of gold is described as by the Drude-
Lorentz model [54]:

ε(ω) = ε∞ − ω2
D

ω(ω + jγD)
− ΔεΩ2

L

(ω2 − Ω2
L) + jΓLω

(2)

where ε� is permittivity at high frequency, and ω is the angular
frequency of an incident light, ω = 2π/λ. Moreover, ωD is the
plasma frequency and γD is the damping frequency. Δε is the
weighting factor,ΩL andΓL are the spectral width and oscillator
strength, respectively. The above parameter values can be read
in [54].

For comparison, we also investigate the hollow-core D-shaped
MOF based SPR sensor with the same parameters as shown in
Fig. 1(d), and compare about the mode characteristics and the
sensing performances of the two sensor structures.

III. NUMERICAL RESULT AND ANALYSIS

For the guided light in the fiber core, the evanescent wave
propagates along the boundary of the medium. Resonance oc-
curs when the light momentum matches that of the electron
oscillation at the metal dielectric interface. At the same time,
the intensity of the transmitted light is vastly weakened because
of the transferred energy from photon to plasmon. And therefore
the degree of resonance is determined through detecting the loss
of energy in the core mode [20]–[53]. Based on this principle, we
can monitor the energy transfer between the core mode and SPP
mode of structure of two sensors. It should be noted that only the
x-polarized core mode is considered because of the fact that the
SPP mode generated by the gold surface can only couple with
the x-polarized core mode with the same polarization direction
[40]–[44]. As shown in Fig. 2, at 500 nm (non-resonance region),
for instance, the energy of the light mainly concentrates in the
core mode region. And it starts transferring gradually following
the growth of wavelength. When the wavelength reaches 583 nm
that satisfies the phase-matching condition, the transfer of energy
from the x-polarized core mode to the SPP mode achieves
maximum. There is a markedly difference that the energy of the
x-polarized core mode of double-sided polished sensor transfers



HOU et al.: SURFACE PLASMON RESONANCE SENSOR BASED ON DOUBLE-SIDED PMOF WITH HOLLOW CORE 6800408

Fig. 2. Energy transfer between the x-polarized core mode and SPP mode of the double-sided polished MOF-SPR sensor and D-shaped MOF-SPR sensor at
several different wavelengths.

Fig. 3. Loss spectra of the x-polarized core mode of the double-sided polished
MOF-SPR sensor and D-shaped MOF SPR sensor with na at 1.33 and 1.34.

to double-sided SPP modes while that of D-shaped sensor trans-
fers to single-sided SPP mode, which means the double-sided
polished sensor has more prominent coupling with core mode.
Fig. 3 presents loss spectra of the x-polarized core mode in
the wavelength of range from 500 nm to 700 nm when RI of
analyte (na) varies from 1.33 to 1.34. For evaluating the sensing
performance, there are three main interrogation modes of the
proposed sensor detection–wavelength interrogation, amplitude
interrogation and phase interrogation modes.

A. Wavelength Interrogation Mode

In the wavelength interrogation mode, the change of na can
be judged by the shift of the wavelength of resonance peak. The
wavelength sensitivity is defined as follows [34]

Sλ (nm/RIU) =
Δλpeak

Δna
(3)

where Δλpeak is the shift of resonance peak wavelength and
Δna is the change of na.

Fig. 4. The amplitude sensitivities of the curves of the double-sided polished
MOF-SPR sensor and D-shaped MOF SPR sensor when na changes from 1.33
to 1.34.

For the two sensors, the Δλpeak are both from 583 nm at
na = 1.33 to 596 nm at na = 1.34. Therefore, the two structures
have the same wavelength sensitivity 1300 nm/RIU calculated
according to (3). From the Fig. 3, it is important to note that,
compared with the D-shaped structure, the double-sided struc-
ture owns greater loss at the resonance peak due to its two
gold-coating polished surfaces that generate more SPP modes to
couple with the x-polarized core mode. As a result, the resonance
spectral width becomes narrower, and thus improving the signal
to noise ratio (SNR) [38].

B. Amplitude Interrogation Mode

The amplitude interrogation mode, characterized by the sim-
pler detection without spectral involvement, is performed at a
certain wavelength. The amplitude sensitivity is given by [34]

SA

(
RIU−1

)
=

1

α (λ, na)
· Δα (λ, na)

Δna
(4)
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Fig. 5. (a) Phase difference of two modes for the SPR sensor based on double-sided polished MOF with na at 1.33 and 1.34. (b) Phase difference of two modes
for the SPR sensor based on D-shaped MOF with na at 1.33 and 1.34.

Fig. 6. (a) Re(neff) curves and (b) loss spectra of the x-polarized core mode of the double-sided polished MOF-SPR sensor when dc/Λ varies from 0 to 0.4.
(c) Electric field distributions of the x-polarized core mode at the resonance wavelength (phase matching point) with dc = 0Λ, 0.1Λ, 0.2Λ, 0.3Λ, 0.4Λ.

where the α(λ, na) is the propagation loss of x-polarized core
mode associated with wavelength (λ) and the na. L is the
length of the sensor, supposing L = 1/α(λ, na) reasonably [34].
Fig. 4 presents the amplitude sensitivity (SA) curves of the two
structures at na varying from 1.33 to 1.34. The maximum SA of
the double-sided MOF-SPR sensor and the D-shaped MOF-SPR
sensor are 129.21 RIU−1 at 604 nm and 128.99 RIU−1at 605 nm,
respectively. Thus it can be verified that the two sensors have
almost the same maximum SA. One difference here, however,
is that a short sensor length (L) in the double-sided structure is
required to achieve maximum SA due to its higher mode loss
α(λ, na).

C. Phase Interrogation Mode

The phase interrogation mode, deriving from the phase dif-
ference, is special property of the D-shaped SPR sensor in
which the incident light is split into two orthogonally polarized

components, one of which does not resonate with the SPP mode
[40], [41]. The change of the phase difference of the x-polarized
core mode and y-polarized core mode can judge the change in
na. The phase difference Φd can be expressed as [40], [41]

Φd=
2π

λ
(Re (np)−Re (ns)) L (5)

where L is the length of sensor, Re(np) and Re(ns) represent
the real part of effective index of x-polarized core mode and
y-polarized core mode, respectively.

Fig. 5 shows the Φd of double-sided polished and D-shaped
MOF-SPR sensors with the na changing from 1.33 to 1.34,
respectively. The maximum change for Φd of the double-sided
polished design is 5.53 Deg/cm at 588 nm, while that of the
D-shaped design is 2.61 Deg/cm at 588 nm, which means the
maximum phase sensitivity of the double-sided polished design
is 553 Deg/RIU/cm, nearly twice as much as that of the D-shaped
design. Compared with the D-shaped design, the double-sided
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Fig. 7. Wavelength sensitivities and peak wavelengths of x-polarized core
mode of the double-sided polished MOF-SPR sensor for different dc when na
from 1.33 to 1.34.

polished design not only improves the intensity of the resonance
between the core mode and the SPP mode, but also enhances the
birefringence of the core modes which mainly contribute to the
phase sensitivity [40], [41].

IV. DISCUSSION

A. Influence of the dc on Sensing Performance

The sensing performance of the sensors can be readily tuned
by varying MOF structural parameters, particularly the air hole
in the core area [34]–[39]. In what follows, we will study and
discuss the dc on the sensing performance of the proposed sensor,
including the SPR spectra, wavelength sensitivities, amplitude
sensitivities and phase sensitivities.

In the condition of the above setting parameters, the real part
of neff (Re(neff)) of core mode and loss spectra of the x-polarized
core mode for various dc are numerically simulated and plotted
in Fig. 6(a) and (b) by different colors and types of curves. The
perpendicular line denotes the wavelength of the corresponding
resonance wavelength (phase matching point). As dc increasing
from 0 to 0.4Λ, Re(neff) of x-polarized core mode shows the
decreasing trend obviously, as depicted in Fig. 6(a), resulting
in the phase matching point between the x-polarized core mode
and SPP mode moving to the longer wavelength. It is much
easier observed that the larger hole in the fiber core is, the
more electric field adjacent to metallic surfaces leak out, and
accompanying with more energy coupling to SPP mode at the
resonance wavelength, as shown in Fig. 6(c).

The peak wavelength at na = 1.33 and 1.34 and wavelength
sensitivities of x-polarized core mode for dc variation are plotted
in Fig. 7, where peak wavelength exhibits a tendency of linear
growth proportional to dc/Λ and Sλ corresponding also increases.
An increase in dc/Λ contributes to a decrease in Re(neff) of core
mode, and thus leading to the shift of resonance wavelength to
the right, which further promotes notably the ability in penetra-
tion for plasmon, and thus enhancing the wavelength sensitivity.

Fig. 8 presents the maximum SA and operation wavelengths of
x-polarized core mode of the double-sided polished MOF-SPR
sensor for various dc. As shown in Fig. 8, The black solid line

Fig. 8. Maximum amplitude sensitivities and operation wavelengths of
x-polarized core mode of the double-sided polished MOF-SPR sensor for various
dc.

Fig. 9. Maximum phase sensitivities and operation wavelengths of the double-
sided polished MOF-SPR sensor for various dc.

represents the maximum SA and the blue dotted line represents
the operation wavelength corresponding to maximum SA, both
of which increase as dc increasing. For example, when dc is
0.1Λ, maximum SA is 120.15 RIU−1 at λ = 601 nm. While
maximum SA is obtained at dc = 0.4Λ and λ = 611 nm, with
a value of 150.27 RIU−1. The distinct increase in maximum
SA is due to the fact that increasing dc increases the Δλpeak

when the na changes from 1.33 to 1.34, and leading to a higher
Δα(λ, na) in (4). Furthermore, the maximum Δα(λ, na) always
occurs in the vicinity of the peak wavelength, and therefore the
operation wavelength of the maximum SA also increases as the
dc increasing.

The maximum phase sensitivities and operation wavelengths
of the double-sided polished MOF-SPR sensor with dc variation
are described in Fig. 9, which implies that with dc increment the
phase sensitivity and operation wavelength are both growing
gradually. For instance, with dc = 0.4Λ, the maximum phase
sensitivity can reach 1408.81 Deg/RIU/cm at 596 nm, which is
far more than that of 323.69 Deg/RIU/cm at 585 nm with dc =
0.1Λ. The increase of dc plays a facilitating role in birefringence
of the core modes, causing augment of the Φd, as in (5), and
thus the maximum phase sensitivity (change in Φd) is enhanced
accordingly. The max change in Φd also takes place near the
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Fig. 10. Loss spectra of the x-polarized core modes of the double-sided
polished MOF-SPR sensor with the variation of ±5% of the polishing depth
(h2) the at na = 1.33.

peak wavelength, which allows the operation wavelength of the
maximum phase sensitivity to increase as well.

Generally, the air hole introduced into the fiber core can
improve phase matching between the core modes and the SPP
modes efficiently [34]–[39]. By increasing the size of the air hole
(dc), the sensitivities of the sensor, including the wavelength,
amplitude and phase sensitivities, can be improved. With the dc
incremental, the maximum phase sensitivity grows faster than
the wavelength and amplitude sensitivities which are basically
linear increase. Therefore, the increasing dc is more efficient for
maximum phase sensitivity improvement.

B. Influence of Fabrication Tolerance of the h2 and m2 on
Sensing Performance

For the actual fabricating process, it is difficult to process
the symmetrical structure, such as polishing the double sides or
depositing the gold film on the two sides in the same parameters.
The slight errors in the polishing depths and the gold film
thicknesses would disrupt the symmetry of the sensor, and thus
affecting the sensor performance. Owing to its symmetrical
structure, in this section, we only consider the influence of the
fabrication tolerances of h2 and m2 in the range of ±5% on
sensitivity properties.

The influence of the variation of±5% of h2 on the loss spectra
of the x-polarized core mode of the double-sided polished MOF-
SPR sensor at na = 1.33 is shown in Fig. 10. It can be seen
that as the h2 increasing, the resonance peak moves to longer
wavelength and its loss decreases gradually. This scenario is
easy to understand by noting that the increasing h2 extends the
path distance between the core mode and SPP mode, therefore
needing longer wavelength to achieve the mode coupling and
also weakening the intensity of the mode coupling, and resulting
in longer wavelength and lower mode loss of the resonance peak.
Note that the spectral width of the resonance peak is narrowest
at the h2 = 1.2Λ (the case of symmetric structure), increasing
or decreasing h2 will broaden spectral width.

A comparison of sensitivities with variation of ±5% of
h2 are summarized more roundly in the Table I. For the

Fig. 11. Loss spectra of the x-polarized core mode with the variation of ±5%
of thickness of the gold film (m2) at na = 1.33.

wavelength interrogation mode, the wavelength sensitivity in-
creases with the h2 increasing. It can be seen from Table I that the
resonance peak shifts to longer wavelength with h2 increasing,
and this shift increases for the same h2 change at na = 1.34,
which lead to a higher wavelength sensitivity for a larger h2.
For the amplitude interrogation mode, the maximum amplitude
sensitivities appear near the h2 = 1.2Λ which is the symmetric
structure that excites the resonance peak with the narrowest
spectral width. According to the (4), the narrowest spectral width
mainly contributes the biggest Δα(λ, na), and thus supporting
the maximum amplitude sensitivity. For the phase interrogation
mode, the maximum phase sensitivity decreases with the h2
increasing. This phenomenon is easy to rationalize by noting
that the h2 increases the birefringence of the core modes, which
also promotes the phase sensitivity according to the (5). It is
worthy to note that, similar to the peak behavior, the operation
wavelengths of the maximum amplitude and phase sensitivities
also move to longer wavelength as the h2 increasing. This
is because the main factors (the Δα(λ, na) and the birefrin-
gence) always achieve extrema in the vicinity of the peak wave-
length, which influences the amplitude and phase sensitivities
respectively.

The loss spectra of the proposed sensor varied by the variation
of ±5% of m2 at na = 1.33 are presented in Fig. 11. The
resonance peak shifts to longer wavelength while the peak loss
decreases gradually with m2 increasing, which is consistent with
that of the other MOF-SPR sensors with the metal film thickness
increasing [34]–[38]. This phenomenon also results from the fact
that the extended path distance between the core mode and SPP
mode, which requires longer wavelength to achieve the mode
coupling and while weakens its intensity, and leading to a longer
resonance wavelength and a lower peak loss of the peak. It is
worthy to note that the spectral width of the resonance peak is
also narrowest when the sensor structure is symmetric (m2 =
40 nm).

Table II compares the sensing performance of the proposed
SPR sensor with variation of ±5% of m2 at na changing from
1.33 to 1.34 in terms of wavelength interrogation mode, am-
plitude interrogation mode and phase interrogation mode. In
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TABLE I
SUMMARY OF SENSING PERFORMANCE OF THE PROPOSED SENSOR IN VARIATION OF ±5% OF H2

TABLE II
SUMMARY OF SENSING PERFORMANCE OF THE PROPOSED SENSOR IN VARIATION OF ±5% OF M2

the wavelength interrogation mode, the peak shift caused by
the m2 variation at na = 1.34 is longer than that at na = 1.33,
and thus providing a higher wavelength sensitivity for a thicker
m2. While in the amplitude interrogation mode, the maximum
amplitude sensitivity is located at the vicinity of the m2 = 40 nm.
The structure of m2 also can support the narrowest spectral width
of the resonance peak, hence supporting maximal Δα(λ, na)
in the (4), and resulting in higher amplitude sensitivity. In the
phase interrogation mode, the maximum birefringence for the
core mode as well as the maximum phase sensitivity are nearby
the m2 at 40 nm, because the m2 changing does not destroy the
structure of the fiber core. Note that the operation wavelengths
of the maximum amplitude and phase sensitivities also change
accompanied by the peak moving.

V. CONCLUSION

In this paper, we design a novel SPR sensor based on the
double-sided polished hollow-core MOF with a pair of parallelly
flat channels for RI sensing. A comparison is made with the
D-shaped hollow-core MOF-SPR sensor, which indicates that
the proposed sensor gives prominence to less spectrum width
of the resonance peak due to its double-sided structure, thus
can improve SNR for the wavelength interrogation mode and
enhance the maximum phase sensitivity for phase interrogation
mode. Furthermore, our results demonstrate that the proposed
sensor can work normally with the fabrication tolerance of m2

and h2 in the range of ±5%. The proposed SPR sensor not only

possesses all the advantages of D-shaped MOF-SPR sensor, such
as real-time sensing in RI, the evasion of the air holes coated
with gold film and filled with analyte, but also provides better
sensing performances than the D-shaped MOF-SPR sensor,
which endows it with greater prospect for sensing applications.
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