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Orthogonal-Sided Polished Microstructured Optical
Fiber-Based SPR Sensor for Simultaneous

Measurement of Temperature and Refractive Index
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Abstract—We propose a concept of orthogonal-side polished
microstructured optical fiber (MOF)-based surface plasmon res-
onance (SPR) sensor to implement the simultaneous sensing for
two parameters. Two feasible structures, L-shaped MOF based and
rectangular MOF based SPR sensors are investigated theoretically,
which can support x- and y-polarized resonance peaks that can
be used to measure and separate variations of the temperature
and refractive index (RI). Our results show that the temperature
coefficients (KTx and KTy) are 8 pm/°C and 6 pm/°C, and the RI
coefficients (Knx and Kny) are 1470 nm/RIU and 1570 nm/RIU,
for the L-shaped MOF-SPR sensor, while the KTx and the KTy

are 10 pm/°C and 8 pm/°C, the Knx and Kny are 1460 nm/RIU
and 1500 nm/RIU, for the rectangular MOF-based SPR sensor.
Moreover, these coefficients can be further improved by choosing
the appropriate structure parameters. The proposed SPR sensors
with the advantages of simultaneously measuring two parameters
and no need to be filled with the sensing media are expected to be
more competitive in the MOF-based SPR sensor field.

Index Terms—Microstructured optical fiber, optical fiber sensor,
refractive index, surface plasmon resonance, temperature.

I. INTRODUCTION

R ECENTLY, microstructured optical fiber (MOF) based
surface plasmon resonance (SPR) sensors have attracted

more attention because of their advantages of flexible structure
design and adjustable optical properties [1]–[12]. Compared
with the traditional fiber based SPR sensors, one of the main
advantages of the MOF-based SPR sensors is that it can boost
the phase matching problems, and thus effectively tuning the
resonance wavelength and improving the sensing performance
[12]–[16]. In the early development of the MOF-based SPR
sensors, to implement SPR sensing for liquid samples, the
holes of the MOFs need to be coated with the metal films
or placed with wires, and then filled with the samples [10],
[13]–[18]. Due to the high sensitivity of the SPR on the
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refractive index (RI) of the liquid samples, the MOF-based
SPR sensors also can realize temperature sensing by filling the
holes with sensing mediums with high temperature coefficient
instead of liquid samples [19]–[21]. However, the manufacturing
operations in these MOF-based SPR sensors yield two main
disadvantages.

The first disadvantage is the complex processing for the
sensor fabrication. In the most MOF-based SPR sensors [10],
[13]–[18], to achieve SPR, the several-micron-size holes of the
used MOFs must be deposited with the metal layers by special
methods, such as electroless plating techniques or chemical
vapor deposition techniques [13]. Although, the metal layers
can be replaced by the metal wires [18], it is also hard to
operate in such small holes. Moreover, the liquid samples or
sensing mediums also need to be filled into these holes. These
complicated operations in sensor fabrication are very difficult
to control, and thus reducing the convenience of the sensor
application.

The second disadvantage of those MOF-based SPR sensors is
that the sensors can only determine and measure one parameter at
one time [10]–[21]. As mentioned above, the MOF-based SPR
sensor is very sensitivity to the change of RI of the materials
on metal surface, theoretically, any factor that can affect the
RI of the materials can be detected. However, it is difficult
to distinguish which factors that cause the RI changes, and
therefore those MOF-based SPR sensors can only detect one
factor at a particular circumstance. For example, the MOF-based
SPR sensors can only measure the RI changes by filling the air
holes with samples [11]–[18], or the temperature changes by
filling the air holes with the sensing mediums whose RI is easy
affected by the temperature changes [19]–[21].

Currently, the open-style MOFs, including the exposed core
MOFs and the side polished MOFs, have been used as a substi-
tute to fabricate the SPR sensors for RI or temperature sensing
[22]–[37]. These novel open-style structures can be easy to be
metallized for SPR, such as deposited with the metal layers or
placed with the metal wires, and therefore they not only simplify
the sensor fabrication but also obtain the function for real-time
sensing which is hard to realize by using the conventional
MOFs. In addition, by arranging two vertical sensing channels
in one open-style MOF-based SPR sensors, they can measure
two parameters (RI and temperature) simultaneously [38]–[41].
However, for temperature sensing in those design, the sensing

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0003-3305-2707
https://orcid.org/0000-0003-3134-2866
https://orcid.org/0000-0003-2529-9339
https://orcid.org/0000-0002-5543-2228
mailto:nannanluan@gmail.com
mailto:201921902013@stu.hebut.edu.cn
mailto:202021902017@stu.hebut.edu.cn
mailto:202021902017@stu.hebut.edu.cn
mailto:202131903016@stu.hebut.edu.cn
mailto:qiyao@hebut.edu.cn
mailto:songli@hebut.edu.cn
mailto:jfliu@hebut.edu.cn


6824008 IEEE PHOTONICS JOURNAL, VOL. 14, NO. 3, JUNE 2022

Fig. 1. Schematic diagram of the L-shaped (a) and rectangular (b) MOF-SPR
sensors in 3D view and cross-section view.

channel is the air hole which is also needed to be coated with
the metal layer and filled with the sensing medium inevitably
[38]–[41].

To overcome the above problems, in this work, we propose
two designs of the orthogonal-side polished MOF-based SPR
sensors for simultaneous sensing of RI and temperature. The
polished planes in these MOFs can be easily coated with the
gold layers and in contact with the sample for the RI sensing.
For the temperature sensing, they mainly depend on the changes
of the properties of the fiber and of the gold layer caused by the
variations of the temperature, and therefore do not need extra
sensing medium. The proposed structures can support x- and
y-polarized resonance peaks that can present strong dependency
to the changing of the sample RI and temperature. By monitoring
the changes of the two polarized resonance peaks, the changes
of the sample RI and temperature can be separated, and thus
determined simultaneously.

II. STRUCTURE AND METHOD

In order to create the x- and y- polarized resonance peaks
simultaneously for the different characteristics of sample RI and
temperature, we propose two feasible orthogonal-side polished
MOFs to fabricate the SPR sensor, as shown in Fig. 1. In
the first MOF, see Fig. 1(a), the fiber is polished two sides
to form the L-shaped cross-section. In the second MOF, see
Fig. 1(b), the fiber is polished four sides to form the rectangular
cross-section. These structures could be fabricated accurately
at a 3D mechanical platform that can move along the X, Y,
and Z directions to operate the polishing position, length, and
depth [29]. The polished planes of the two MOFs can be easy
coated with the gold layer uniformly. Moreover, to lower the
RI of the core mode to facilitate the phase matching problem
[12]–[16], [25], [26], we also introduce a small air hole into
the core center of the two fiber. In order to investigate and
contrast their sensing performance, the two sensors have the

same structure parameters. As shown in Fig. 1, the lattice pitch
is Λ = 2 µm and the diameter of the cladding holes is 0.45Λ.
The polishing depths in the horizontal and vertical directions are
h1 = 1.2Λ and h2 = 1.25Λ, respectively. The thickness of the
gold layer is m = 40 nm, and the diameter of the central hole is
dc = 0.1Λ.

We employ the COMSOL Multiphysics software with the
finite element method (FEM) to investigate the core mode and
surface plasmon polariton (SPP) mode of the sensors. A perfect
match layers with 2 µm thickness boundary is used to matching
the outmost layer, and the triangular normal mesh is adopted
to discretize the computation area. In the FEM, the RI of the
air is set to be 1 and assumed independent with the variation of
the temperature. The material dispersion of the silica is given as
[20], [42]

n2 (λ, T ) = (1.31552 + 0.690754× 10−5T )

+
(0.788404 + 0.235835× 10−4T )λ2

λ2 − (0.0110199 + 0.584758× 10−6T )

+
(0.91316 + 0.548368× 10−6T )λ2

λ2 − 100
(1)

where λ is the wavelength in microns and T is the temperature
in degrees Celsius. The permittivity of the gold ε(ω) can be
calculated by the Drude formula [20]

ε(ω, T ) = ε1 + iε2 = ε∞ − ωp(T )
2

ω(ω + iωc(T ))
(2)

where the ε� is the permittivity in high frequency, the ωp(T)
and the ωc(T) represent the plasma frequency and the collision
frequency, respectively. The ωp(T) is expressed as [20]

ωp(T ) = ωp0 × exp

(
−T − T0

2
× αV (T0)

)
(3)

Here, the ωp0 is the plasma frequency at room temperature T0

= 298.15K. The αV is the thermal volume expansion coefficient
of gold. The ωc(T) includes two factors, and can be calculated
by the equation [20], [43]

ωc(T ) = ωce(T ) + ωcp(T ) (4)

The ωce(T) is electron-electron scattering frequency which
can be represented by the Lawrence model [20], [44]

ωce(T ) =
1

6
π4 ΓΔ

hEF

[
(kBT )

2 +

(
hω

4π2

)2
]

(5)

where the Γ and the Δ are defined in Ref. [20], [43], the h and
the kB are Planck constant and Boltzmann constant respectively.
And the ωcp(T) is phonon-electron scattering that can be given
by [20], [44]

ωcp(T ) = ω0

[
2

5
+ 4

(
T

TD

)5 ∫ TD/T

0

z4dz

ez − 1

]
(6)

Here the ω0 is a constant that can be determined by calculated
the (2), (4) and (5) at T0 = 298.15K [20]. The TD is the Debye
temperature in degrees Kelvin [20].
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Fig. 2. The x- and y-polarized loss spectra of the L-shaped (a) and rectangular
(b) MOF-SPR sensors with varying temperature from 25 °C to 75 °C. Insets
A-D show the electric field distribution of the relevant core modes.

Besides, the thickness of the gold layer m(T) variation with
the temperature changing can be evaluated by [20], [44], [45]

m(T ) = m0

[
1 + αL

1 + μ

1− μ
(T − T0)

]
(7)

where m0 is the thickness of the gold layer at T0 = 298.15K, the
αL and the μ are the linear thermal expansion coefficient and
the Poisson number of the metal, respectively [20], [44], [45].

III. NUMERICAL RESULT AND ANALYSIS

Fig. 2 shows the x- and y-polarized loss spectra of the L-
shaped and rectangular MOF-SPR sensors with temperature
changing from 25 °C to 75 °C, when the RI of the sample
is 1.33. The insets in Fig. 2 are the electric field distribution
of the core modes corresponding to the particular wavelengths
in the Fig. 2(a) and (b) respectively, which clearly show the
energy transfer between the core modes and SPP modes. Take
the x-polarized loss spectrum of the core mode in L-shaped
MOF-SPR sensor at T = 25 °C for instance, at the unresonance
wavelength A, the energy distributes in the core region, as the
inset A shown in Fig. 2(a), and part of it transfers to the SPP
mode at the resonance wavelength B, as seen from the inset B in
which the small bright region on the left side of the center is the
energy of the SPP mode. This process of the energy transfer is
similar to what happens in the rectangular MOF-SPR sensor.
However, there is an important difference in energy transfer
between the two structure: the part of the energy of the core mode
transfer to the SPP mode at one side in the L-shaped MOF-SPR
sensor, while that transfer to the SPP mode at two sides in the
rectangular MOF-SPR sensor. This difference leads to a prime
result is that the mode loss at the resonance wavelength in the
rectangular MOF-SPR sensor is higher than that in the L-shaped
MOF-SPR sensor, and thus contributing to a narrower resonance
spectral width which can offer a better sensing resolution and

Fig. 3. The x- and y-polarized loss spectra of the L-shaped (a) and rectangular
(b) MOF-SPR sensors with varying RI from 1.33 to 1.34.

SNR (signal to noise ratio). From the Fig. 2, it can be seen clearly
that both of the x- and y-polarized resonance peaks shift to longer
wavelength as the temperature variation from 25°C to 75°C.
While they also move to longer wavelength as the RI increasing
as seen from Fig. 3 that presents the x- and y-polarized loss
spectra of L-shaped and rectangular MOF-SPR sensors with RI
of the sample changing from 1.33 to 1.34 when the temperature
is 25°C.

To simultaneously measure both variations of temperature
(ΔT) and RI (Δn) and distinguish them by monitoring the shifts
of the x- and y-polarized peaks (Δλx and Δλy), we employ the
following equation [44], [45][

Δλx

Δλy

]
=

[
KTx Knx

KTy Kny

]
·
[
ΔT
Δn

]
. (8)

Here KTx and KTy are the temperature coefficients of the
x- and y-polarized peaks respectively, and Knx and Kny are
the RI coefficients of the x- and y-polarized peaks respectively.
Therefore, the ΔT and Δn can expressed as[

ΔT
Δn

]
=

[
KTx Knx

KTy Kny

]−1

·
[
Δλx

Δλy

]
. (9)

Here we assume that the shifts of the peaks are linear vari-
ations for the changes of RI and temperature in the computing
range. Therefore, according to the data from the Figs. 2 and 3, we
can calculate that the KTx and the KTy are both 6 pm/°C, and the
Knx and Kny are 1390 nm/RIU and 1480 nm/RIU respectively,
for the L-shaped MOF-SPR sensor. The KTx and the KTy are
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Fig. 4. The x-polarized (a) and y-polarized (b) loss spectra of the L-shaped
MOF-SPR sensor with the three different values of dc = 0Λ, 0.1Λ and 0.2Λ.
Insets A-C show the electric field distribution of the relevant core modes at
resonance wavelengths.

10 pm/°C and 8 pm/°C respectively, and the Knx and Kny are
1400 nm/RIU and 1430 nm/RIU respectively, for the rectangular
MOF-SPR sensor. According to the (9), the ΔT and Δn can be
determined as[

ΔT
Δn

]
=

[
2740.740741 −2574.074074
−0.011111 0.011111

]
·
[
Δλx

Δλy

]
(10)

for L-shaped MOF-SPR sensor, and[
ΔT
Δn

]
=

[
461.290323 −451.612903
−0.002581 0.003226

]
·
[
Δλx

Δλy

]
(11)

for the rectangular MOF-SPR sensor.

IV. DISCUSSION

A. Effects of the Sizes of Center Hole Changes on Sensing
Performance

In these two sensors, an air hole is introduced into the fiber
core to lower the effective RI (neff) of a core mode, which is
a common way to facilitate the phase matching and improve
the sensing performance [12]–[16], [25], [26]. Figs. 4 and 5
exemplarily depict the x- and y-polarized loss spectra of the L-
shaped and rectangular MOF-SPR sensors for various diameters
of the central hole dc = 0Λ, 0.1Λ and 0.2Λwhen the temperature
is 25 °C and the RI of the sample is 1.33. From the Figs. 4 and 5,
it can be seen that the main effect of increasing dc is an overall
increase in the resonance wavelengths and the peak losses. The
larger dc can reduce the neff of the core modes effectively, and

Fig. 5. The x-polarized (a) and y-polarized (b) loss spectra of the rectangular
MOF-SPR sensor with the three different values of dc = 0Λ, 0.1Λ and 0.2Λ.
Insets A-C show the electric field distribution of the relevant core modes at
resonance wavelengths.

TABLE I
SUMMARY OF PERFORMANCES OF THE L-SHAPED AND RECTANGULAR

MOF-SPR SENSORS WITH VARIOUS DIAMETERS OF THE CENTRAL HOLE

thus leading to the movement of a resonance peak toward longer
wavelengths [12]–[16], [25], [26]. Another consequence of the
larger dc is expulsion of the modal field from the centre of the
core area to the metallic interface, as seen from insets A-C in
the Figs. 4 and 5, which enhances the resonance and resulting
in higher peak losses.

Table I summarizes the performances of the L-shaped and the
rectangular MOF-SPR sensors in terms of temperature coeffi-
cients (KTx and KTy) and RI coefficients (Knx and Kny) when
the dc is 0Λ, 0.1Λ and 0.2Λ, respectively. For the temperature
sensing, the temperature coefficient appears a little irregular
behavior as dc changing, because it is effected by many compli-
cated factors, such as thermal expansion effect, phonon-electron
and electron-electron scatterings. While for the RI sensing, RI
coefficient shows a growing tendency with the dc increasing,
because the larger dc can lower the neff of a core mode, hence
facilitating the phase matching between the core modes and the
SPP modes, and resulting in a higher RI sensitivity [12]–[16],
[25], [26].
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Fig. 6. The x-polarized (a) and y-polarized (b) loss spectra of the L-shaped
MOF-SPR sensors with the three different values of m = 30 nm, 40 nm and 50
nm. Insets A-C show the electric field distribution of the relevant core modes at
resonance wavelengths.

B. Effects of the Thickness of the Gold Layer Change on
Sensing Performance

In the MOF-SPR sensors, the thickness of the metallic layer
is an important parameter that can influence the SPR spectra and
the sensor performances [12]–[16], [19]–[21], [26]–[28], [30],
[34]–[36]. In Figs. 6 and 7, we exemplarily depict the loss spectra
of the core modes for the two MOF designs of Fig. 1 with 30
nm, 40 nm and 50 nm thicknesses (m) of a gold layer when the
dc is 0.2Λ, the temperature is 25 °C and the RI of the sample is
1.33. Generally, the mode loss of the resonance peak decreases
with the m increasing, and simultaneously, the wavelength of
the resonance peak shifts toward longer wavelengths. This peak
behavior is caused by the fact that the thicker gold layer can
weaken the energy transfer from the core modes to the SPP
modes, as seen from insets A-C in Figs. 6 and 7, and also increase
the neff of the SPP modes at the metal dielectric interface, and
thus requiring longer wavelength to match the phases of the core
modes and SPP modes [12]–[16], [19]–[21], [26]–[28], [30],
[34]–[36].

The sensing performances of the L-shaped and Rectangular
MOF-SPR sensors caused by the various m are summarized in
Table II. As shown, in the both structures, the temperature coeffi-
cients still appear a little irregular behavior with the m changing,
while the RI coefficients are increasing as the m increasing.
Moreover, coating with thinner gold layer can also support a
narrower resonance spectral width in the both MOF-SPR sensors
as shown in Figs. 6 and 7. In the aspect of the RI sensing, the
variations of the resonance peaks and the sensing performances
caused by the m changing in the two SPR sensors are also
consistent with that in the others MOF-SPR sensors [12]–[16],
[19]–[21], [26]–[28], [30], [34]–[36].

Fig. 7. The x-polarized (a) and y-polarized (b) loss spectra of the rectangular
MOF-SPR sensors with the three different values of m = 30 nm, 40 nm and 50
nm. Insets A-C show the electric field distribution of the relevant core modes at
resonance wavelengths.

TABLE II
SUMMARY OF PERFORMANCES OF THE L-SHAPED AND RECTANGULAR

MOF-SPR SENSORS WITH VARIOUS THICKNESSES OF THE GOLD LAYER

C. Effects of the Polishing Depths Change on Sensing
Performance

In these two sensor structures, to construct two resonance
peaks with orthogonal-polarization direction for simultaneous
RI and temperature sensing, the way of orthogonal-side polish-
ing is required, and the polishing depths (h1 and h2) are also the
important parameters to determine the positions and intensities
of the resonance peaks.

Figs. 8 and 9 exemplarily exhibit the loss spectra of the
core modes for the two MOF designs with h1 = 1.2Λ, 1.25Λ
and 1.3Λ when the dc is 0.2Λ, the temperature is 25 °C and
the RI of the sample is 1.33. As seen from the figures, the
increase in the h1 has a weak effect on the resonance peak of
the y-polarized core mode, while the main effect of increase in
the h1 is the increase of wavelength of the resonance peak of
the x-polarized core mode, as well as the decrease in the loss
of the resonance peak. This effect is because the increasing h1
actually increases the horizontal size of the core area, which can
increase the neff of the x-polarized core mode and thus leading to
the resonance wavelength (phase-matching point) between the
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Fig. 8. The x-polarized (a) and y-polarized (b) loss spectra of the L-shaped
MOF-SPR sensor with the three different values of h1 = 1.2Λ, 1.25Λ and 1.3Λ.
Insets A-C show the x-polarized electric field distribution of the relevant core
modes at resonance wavelengths.

Fig. 9. The x-polarized (a) and y-polarized (b) loss spectra of the rectangular
MOF-SPR sensor with the three different values of h1 = 1.2Λ, 1.25Λ and 1.3Λ.
Insets A-C show the x-polarized electric field distribution of the relevant core
modes at resonance wavelengths.

x-polarized core mode and SPP mode shift to longer wavelengths
[12]–[16], [25], [26]. In addition, the increasing h1 also increases
the horizontal path distance between the core and the metal
surface, which could weaken coupling intensity between the
x-polarized core mode and SPP mode, as insets A-C shown in
Figs. 8(a) and 9(a), and therefore resulting in a low loss of the
x-polarized resonance peak.

Table III shows the effect of the various h1 on the sens-
ing performances of the L-shaped and Rectangular MOF-SPR

TABLE III
SUMMARY OF PERFORMANCES OF THE L-SHAPED AND RECTANGULAR

MOF-SPR SENSORS WITH VARIOUS HORIZONTAL POLISHING DEPTH

Fig. 10. The x-polarized (a) and y-polarized (b) loss spectra of the L-shaped
MOF-SPR sensor with the three different values of the h2 = 1.25Λ, 1.3Λ and
1.35Λ. Insets A-C show the y-polarized electric field distribution of the relevant
core modes at resonance wavelengths.

sensors. In the both structures, along with the h1 increasing, the
KTx and KTy are the downward trend, while the Knx and Kny

show a general upward trend. Also note that the Knx increases
more than the Kny for the same h1 change because the h1
increasing mainly increases the wavelength of the x-polarized
resonance peak.

The effect of the change in h2 on the loss spectra of the core
modes for the two MOF designs with h2 = 1.25Λ, 1.3Λ and
1.35Λ are shown in Figs. 10 and 11 when the dc is 0.2Λ, the
temperature is 25 °C and the RI of the sample is 1.33. Contrary
to effect of changing h1, the main effect of increasing h2 are
the increase in the wavelength and decrease in the loss of the
y-polarized resonance peaks because the increasing h2 actually
increases the vertical size of the core area and the vertical path
distance between the core and the metal surface.

The sensing performances of the L-shaped and Rectangular
MOF-SPR sensors caused by the various h2 are summarized
in Table IV. As shown, in the both sensor structures, as the h2
increasing, the KTx and KTy also show a downward trend, while
the Knx and Kny show an overall upward trend. The increasing
h2 mainly increases the wavelength of the y-polarized resonance
peak, and therefore the Knx increases less than the Kny for the
same h2 change which is also contrary to effect of changing h1.
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Fig. 11. The x-polarized (a) and y-polarized (b) loss spectra of the rectangular
MOF-SPR sensor with the three different values of h2 = 1.25Λ, 1.3Λ and 1.35Λ.
Insets A-C show the y-polarized electric field distribution of the relevant core
modes at resonance wavelengths.

TABLE IV
SUMMARY OF PERFORMANCES OF THE L-SHAPED AND RECTANGULAR

MOF-SPR SENSORS WITH VARIOUS VERTICAL POLISHING DEPTH

V. CONCLUSION

In conclusion, we investigate two orthogonal-side polished
MOFs, L-shaped and rectangular MOFs, based SPR sensors for
simultaneous RI and temperature sensing. The effects of the
structure parameters, including the diameter of the central hole,
the thickness of the gold layer and the polishing depths of hori-
zontal and vertical directions, on the sensing performance of the
two MOF-SPR sensors in terms of the SPR spectra, temperature
coefficients and RI coefficients are analyzed. Numerical results
show that the proposed sensors can support x- and y-polarized
resonance peaks which can be used to measure simultaneously
the variations of the temperature and the RI of the sample,
and thus separate them. In addition, the proposed sensors also
can solve the cross-sensitivity problem and facilitate the sensor
calibration, and thus promoting more accurate measurements.
The discussion and analysis of the two sensor structures can help
them to be optimized to fit practical application and also could
provide references for the designs of the D-shaped or double-side
polished MOF-SPR sensors.
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