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Abstract—We demonstrate a sensitivity-tunable temperature
SPR sensor based on side-opening grapefruit fiber. The opening
sections of the fiber are coated with gold layer and then filled with
a liquid mixture of ethanol and chloroform as the sensing medium.
The variation of the temperature will lead to different coupling
efficiencies between the core-guided mode and the plasmonic mode,
and then resulting in the change of loss spectra of the fiber that
will be detected. Simulation results indicate that the temperature
sensitivity of the sensor is 19.9 nm/°C at 10°C when the volume
fraction of ethanol in the mixture is 0.1. Moreover, by adjusting the
volume fraction, the sensitivity of proposed sensor can achieve the
upper limit for a certain temperature range without the excitation
of higher order plasmonic modes.

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

I. INTRODUCTION

SURFACE plasmon resonance (SPR) is the phenomenon
that electromagnetic waves resonance with surface plasmon

polaritons (SPP) under the specific conditions in optical frequen-
cies, which is sensitive to the change in the refractive index (RI)
of the dielectric at the metal/dielectric interface, and therefore
being applied in many optical sensors [1]. The optical fiber
sensors based on SPR have been proven to successfully used in
various sensing applications such as traditional immunoassays
(ELISA, DNA detection, etc.), clinical diagnosis, drug discov-
ery, environmental monitoring and so on [1]–[5]. However, those
conventional optical fiber-based SPR sensors generally exist
phase matching problem, which is the major cause of low sensi-
tivity of those sensors [6]–[12]. This problem can be alleviated
by using microstructured optical fibers (MOFs) that could tune
the effective RI of the core-guided modes reach to the anticipated
values [6]–[12]. In addition, the used MOFs with their flexible
design structures can also supply the desired advantages such as
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stable, optimized optical field distribution and controllable dis-
persion characteristics [6]–[12]. Those MOF-based SPR sensor
designs can detect not only the RI changes of the analyte, but
also the temperature changes by replacing the analytes with the
sensing medium possess large thermos-optic coefficient [13]–
[16]. Compared with other optical fiber temperature sensors,
such as FMF-SCF (few mode fiber- seven core fiber) structure
(91.8 pm /°C) [17], fiber Bragg grating (FBG) structure (139
pm/°C) [18] and hybrid mechanism structure (42.18pm/°C and
2.057 nm/°C) [19], the advantages of MOF-SPR temperature
sensors are higher sensitivity and tunable sensitivity range by
choosing the sensing medium [13]–[16]. However, to realize
SPR for temperature sensing, the micron-sized air holes of
those MOF need to be coated with metal films or filled with
metal nanowires by numerous complex and precise processes
[13]–[16]. In addition, the sensing medium also needs to be
filled into the fiber holes. In general, these processing procedures
are very hard to be controlled and make it difficult to change
the sensing medium, which can be used to effectively tune the
sensitivity and sensing range [13], [15].

Recently, the opening MOFs, including exposed-core MOFs,
side-opening MOFs and side-polishing MOFs, are employed to
develop SPR sensors to solve the fabrication problems above
[20]–[38]. The opening portion of those MOFs acting as the
sensing channel not only can be easy to be coated with metal
film but also provide convenience for analyte changing. Tak-
ing advantages of the opening MOFs, in this work, we de-
sign a sensitivity-tunable SPR temperature sensor based on
side-opening grapefruit fiber. A liquid mixture of ethanol and
chloroform is used as the sensing medium. Changing the volume
fraction of the component in the mixture can flexibly alter its
actual thermo-optic coefficient and the RI, and thus tuning the
temperature sensitivity and sensing range of the proposed sensor.

II. STRUCTURE AND THEORY

Grapefruit fibers [13], as shown in Fig. 1(a), have six large
air-holes in its cladding. In our sensor design, the part of the
cladding outside the air-hole should be cut a slot to expose
the hole to the external environment, and thus can be easily
coated with the gold layer and then immersed in the liquid
mixture (sensing medium). The 3D and 2D views of the resulting
structure are shown in Fig. 1(b) and (c), respectively. Cutting
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Fig. 1. (a) Scanning electron image (SEM) [39] of the grapefruit fiber, (b)
3-D view of the SPR temperature sensor based on the grapefruit fiber with one
opening hole, (c)-(f) Cross-section view of the SPR temperature sensor based
on the grapefruit fiber with one, two, three and six opening holes.

open the air-holes of the fiber can be manufactured by some
mature methods, such as mechanically polishing, chemically
etching, focused ion beam [40], femtosecond laser microma-
chining [41], [42] and so on [43], [44]. And coating with the
gold film can be realized by using the technologies of electroless
plating and high-pressure chemical vapor deposition [45]–[47].
A liquid mixture that comprised of ethanol and chloroform
is employed as the sensing medium to tune the thermo-optic
coefficient and the RI in temperature sensing. We investigate
the sensing performances of four feasible structures, as shown
in Fig. 1(c)–(f), which with the number of the opening holes (N)
is 1, 2, 3 and 6, respectively.

Here we use COMSOL Multiphysics software with finite
element method (FEM) to find complex propagation constants
of the guided modes, and employ the perfect matched layer
(PML) boundaries to match the outmost layer. In the FEM
modeling, the diameters of the cladding, air-holes and core
area are 125μm, 34.6μm and 12μm, respectively. The distance
between the centers of the neighbor air-hole is 35.3μm, and the
thickness of the gold layer (m) is 40 nm. All the computation
areas are discretized by the triangular normal mesh.

For the material parameters, the default value of air RI is
1. In the case of the MOF, we consider the fused silica as
the background material. And its RI (n) is calculated by the
dispersion equation [48]:

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 the unit of wavelength λ and temperature T are microns
and degrees Celsius, respectively. The dielectric function of the
gold ε(ω) can be calculated by the Drude-Lorentz model [10]:

ε(ω) = ε1 + iε2 = ε∞ − ω2
p

ω(ω + iωc)
(2)

where the ωp is the plasma frequency and its value is
1.3659×1016, the ωc is the collision frequency and its value
is 1.45×1014, and the ω� is related to absorption peaks in
high-frequency section and its value is 9.75 [49].

In addition, the ωp influenced by the temperature changing
can be calculated by [50]:

ωp = ωp0 × exp

(
−T − T0

2
× αV (T0)

)
(3)

where the ωp0 is the plasma frequency at T0 that is the room
temperature (298.15K), and the αV(T0) is the coefficient of
thermal expansion for metal.

The collision frequency ωc is related to phonon-electron
scattering frequency (ωcp) and electron-electron scattering fre-
quency (ωce), and their relationship can be shown as [51], [52]:

ωc = ωcp + ωce (4)

The ωce changed by the temperature can be represented by
the Lawrence model [53]:

ωce(T ) =
1

6
π4 ΓΔ

hEF

[
(kBT )

2 +

(
hω

4π2

)2
]

(5)

where Г is the dimensionless number [53], Δ is fractional umk-
lapp scattering and h, EF, kB are Planck constant, Boltzmann
constant, metal electrons Fermi energy, respectively. For gold,
we take Г = 0.55, Δ= 0.77, h = 6.626×10-34Js, EF = 5.51eV,
kB = 1.38×10-23J/K [53].

The ωcp is also affected by the temperature, and can be
described by the Holstein model [54]:

ωcp(T ) = ω0

[
2

5
+4

(
T

TD

)5 ∫ TD/T

0

z4dz

ez − 1

]
(6)

where TD is Debye temperature, and the units of T and TD are
both degree Kelvins. Theω0 is a constant include the ion density,
ion mass, isolated atom’s total scattering cross section, and other
common constants [54]. For ω0, we use the method summarized
in [14] to calculate it indirectly.

Therefore, the Eqs 2–6 could be used to derive the dielectric
function of the gold depending on the frequency and the tem-
perature. It is important to note that using the method of linear
formula for bulk metal is not applicable here to calculate the
thermal expansion of the metal film. Because for the metal film,
it may only expand along the normal direction. Therefore, the
corresponding thermal expansion coefficient (α′

L) is employed
to obtain the correct thickness of the expanded film and it can
be written as [55]:

α′
L=αL

1 + μ

1− μ
(7)

where αL is the linear thermal expansion coefficient and αL =
αV/3, μ is the Poisson number of the metal. The values of αV

and μ are 4.26×10-5 and 0.44, respectively [14].
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TABLE I
FITTING PARAMETERS OF CAUCHY FORMULA FOR ETHANOL AND

CHLOROFORM AT 20°C [49]

To enhance the sensitivity of the sensor for the temperature
sensing, the ethanol and chloroform are chosen and mixed as the
sensing medium in this design. The introduction of ethanol is
aiming to lower the RI of the sensing medium, since chloroform
has the characteristics of large RI that can excite higher order
plasmonic modes which may introduce noises in SPR spectra
[11], [13]–[15].

For the liquid mixture composed of the two substances, its RI
can be represented by the Eq. (8) of the mixture rule in [56]:

n2
mix − 1

n2
mix + 2

=ϕ1
n2
1 − 1

n2
1 + 2

+ϕ2
n2
2 − 1

n2
2 + 2

(8)

where nmix is the RI of liquid mixture, n1 and n2 are the RI
of ethanol and chloroform. The volume fraction of the two
compositions in the liquid mixture are ϕ1 and ϕ2, respectively.
Therefore, ϕ1 can be replaced by 1-ϕ2.

The individual RI of ethanol and chloroform, at the temper-
ature of TC = 20°C, can be computed by using the Cauchy
formula [57]:

n2
0(λ) = C0 +

C1

λ2
+

C2

λ4
+ C3λ

2 (9)

where C0, C1, C2, and C3 are fitting parameters of Cauchy
formula. It has been proved that the 4 terms of Cauchy formula
have a better fitting result than the two items used in the Sellmeier
formula [57]. The fitting parameters of alcohol and chloroform
are shown in the Table I [57].

At other temperatures, the individual RI of the liquid has an
approximate linear relationship with the temperature behavior,
which can be evaluated by [58]:

nT = n0 + (dn/dT )(T − TC) (10)

where n0 is the RI given by Cauchy formula, T is the temper-
ature in degrees Celsius. The thermo-optical coefficients dn/dT
amount to -3.940 ×10-4/°C for ethanol and -6.328×10-4/°C for
chloroform [59], [60].

III. RESULTS

Fig. 2 shows loss spectra of the x- and y-polarized core-guided
modes of the structure with N = 1 at 0°C and 10°C when m
is 40 nm and volume fraction of the ethanol (ϕ1) is 0.3. For
this structure in FEM modeling, the complete mesh consists
of 45042 domain elements and 3542 boundary elements. As
shown in Fig. 2(b), for example, the resonance peak (λpeak) of
the y-polarized core-guided mode is observed at 939 nm (dot
B) for 10°C. This is on account of the energy transfer from the

Fig. 2. Loss spectra of the (a) x-polarized and (b) y-polarized core-guided
modes of the structure with N = 1 and m = 40 nm. Insets show the E field
distributions of the corresponding core-guided modes.

y-polarized core-guided mode into the lossy plasmonic mode
[20]. The electric field (E field) distributions of the y-polarized
core-guided modes [insets A and B] in Fig. 2(b) obvious display
the processes of energy transfer between the two modes. The
energy is mainly confined in the core area at nonresonance
wavelength as the inset A shown in Fig. 2(b). While part of that
transfer into the plasmonic mode at the resonance wavelength,
as seen from the inset B in Fig. 2(b) where the bright portion
near the top of the core area is the energy of the plasmonic
mode. From Fig. 2, it is worthy to note that the losses at the
y-polarized resonance peak is many times higher than that at
x-polarized resonance peak because the y-polarized core-guided
modes with the electric field orthogonal to the gold surface can
couple better with the plasmonic modes [20], [61]. This feature
indicates that monitoring the y-polarized core-guided modes can
obtain narrower resonance spectral and better signal to noise
ratio in the wavelength interrogation.

Figs. 3– 5 present loss spectra of the x- and y-polarized
core-guided modes of the structure with N = 2, 3 and 6 when
other conditions remain consistent with the above structure
mentioned in Fig. 2. From the data in Fig. 3–5, it can be seen
that the processes of energy transfer for structure with multi
opening holes are similar to that of structure with one opening
hole. However, there was a significant difference among the four
structures that the more opening holes they have, the narrower
resonance spectral will be found. This is owing to the metal
layer coated on several opening hole areas could allow more
plasmonic modes to be excited and thus more energy transfer
between the core-guided modes and plasmonic modes as the
insets B shown in Fig. 2 and insets A shown in Figs. 3–5.
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Fig. 3. Loss spectra of the (a) x-polarized and (b) y-polarized core-guided
modes of the structure with N = 2 and m = 40 nm. Insets show the E field
distributions of the core-guided modes at resonance wavelength for T = 0°C.

Fig. 4. Loss spectra of the (a) x-polarized and (b) y-polarized core-guided
modes of the structure with N = 3 and m = 40 nm. Insets show the E field
distributions of the core-guided modes at resonance wavelength for T = 0°C.

Besides, it is important to note that a small peak located at
904 nm (dot B) could be observed in Fig. 5(b). One reason for
this phenomenon is that there exists the interference between the
neighboring hole of the structure. The other is due to the fact that
higher order plasmonic modes are excited and, in consequence,
coupled with core modes, which could be observed from insets
B in Fig. 5(b).

Fig. 5. Loss spectra of the (a) x-polarized and (b) y-polarized core-guided
modes of the structure with N = 6 and m = 40 nm. Insets show the E field
distributions of the corresponding core-guided modes.

To calculate the temperature sensitivity of the proposed sen-
sors, we employ a spectrum-based detection method. And the
sensitivity (Sλ) could be written as [6], [14]:

Sλ[nm/◦C] =
dλpeak(T )

dT
(11)

where dT is the temperature variation and dλpeak is moving
distance of resonance wavelength correspond to dT. By using
the data of Fig. 3, we can calculate that the spectral sensitivity
of the x- and y-polarized is 6.7 nm/°C and 7.9 nm/°C in the
detection range of 0°C to 10°C for the structure with N = 2
when ϕ1 is 0.3. In addition, the temperature sensitivity of x- and
y-polarized core guided modes for the four structures at different
temperatures are shown in Table II under the condition of ϕ1

= 0.3. The N denotes the number of the opening holes of the
sensor structures in this table.

From Table II, it can be seen that, for the structure with N = 1
or 2, the temperature sensitivities of y-polarized resonance peaks
are higher than that of x-polarized resonance peaks at the same
temperature range, because resonance effects of y-polarized
resonance peaks are better than that of x-polarized resonance
peaks as shown in Figs. 2 and 3. While, for the structure with N
= 3 or 6, the sensitivities of x- and y-polarized peaks are very
close due to the resonance effects of the two polarized peaks are
quite similar, which could be observed in Figs. 4 and 5.

IV. DISCUSSION

The temperature sensors we proposed here possess the follow-
ing two advantages. One is that it could provide convenience to
the fabrication processes for metal coating and sensing media
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TABLE II
TEMPERATURE SENSITIVITY OF THE X-POLARIZED AND Y-POLARIZED CORE GUIDED MODES OF THE FOUR STRUCTURES

AT DIFFERENT TEMPERATURES WHEN ϕ1 IS 0.3

TABLE III
SENSITIVITY COMPARISON OF VARIOUS FIBER OPTIC TEMPERATURE SENSORS

filling due to the employment of the side-opening fiber. The
other is that it is able to alter the sensitivity and the detecting
range of temperature by tuning the proportion of the component
in the liquid mixture. According to the results above, the sensor
structure with N = 2 at y-polarized spectrum-based detection
method is the better option to balance the sensing performance
and manufacturing difficulty. Therefore, we take y-polarized
resonance peak in the structure with N = 2 as an example to
discuss the influences of the volume fraction of liquid mixture
and the thickness of gold layer on the sensing performance.

A. Influence of Volume Fraction of Component in the Liquid
Mixture on Sensing Performance

According to Eq. 8, when the volume fraction of the ethanol
and chloroform are changed, the RI and thermo-optical coef-
ficient (dn/dT) of the liquid mixture varies accordingly, thus
resulting in different resonance peaks and the sensitivities at the
same temperature. Fig. 6(a) exemplarily shows the loss spectra
of the y-polarized core-guided modes for the structure with N =
2 at 40°C when m is 40 nm and the volume fraction of the ethanol
(ϕ1) in the liquid mixture is 0, 0.1, 0.2 and 0.3, respectively. As
shown in Fig. 6(a), the resonance peak shows higher value of loss
spectra for lowϕ1 than that for high ϕ1 and its wavelength shifts
from 794 nm forϕ1= 0.4 to 996 nm forϕ1= 0. According to Eq.
8, we could find that this is owing to the reduction ofϕ1 increases
the RI of the liquid mixture, therefore the contrast of RI for the
fiber core and the liquid mixture at the cladding is reduced, and
resulting in more energy transferred from core-guided modes
into lossy plasmonic modes. In addition, the growth of RI could
cause an increase of effective refractive index (neff) of plasmonic
mode, hence the wavelength corresponding to the intersection
(phase-matching point) of the neff curves of plasmonic mode
and core mode shifts towards the long wavelength [8]–[11], [13],
[14], [29], [37]. This peak behavior at 40°C is similar to that at the

Fig. 6. (a) Loss spectra of the y-polarized core-guided modes of the structure
with N = 2 at 40°C when m is 40 nm and ϕ1 is 0, 0.1, 0.2 and 0.3, respectively.
Insets show the E field distributions of the core-guided modes at resonance
wavelength for ϕ1 = 0, 0.1, 0.2 and 0.3. (b) Sensitivity curves of the y-polarized
core-guided modes of the structure with N = 2 when m is 40 nm and ϕ1 is 0,
0.1, 0.2, and 0.3, respectively.

other temperatures, and thus leading to different sensitivities for
the differentϕ1 as shown in Fig. 6(b) that presents the sensitivity
curves of the y-polarized core-guided modes of the structure with
N = 2 at the 0–50°C detection range when the m is 40 nm and
theϕ1 is 0, 0.1, 0.2, and 0.3, respectively. Overall, the sensitivity
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Fig. 7. (a) Loss spectra of the y-polarized core-guided modes of the structure
with N= 2 at 40°C whenϕ1 is 0.3 and m is 30 nm, 40 nm and 50 nm, respectively.
Insets show the E field distributions of the core-guided modes at resonance
wavelength for m = 30 nm, 40 nm and 50 nm. (b) Sensitivity curves of the
y-polarized core-guided modes of the structure with N = 2 when ϕ1 is 0.3 and
m is 30 nm, 40 nm and 50 nm, respectively.

gradually increases with the decrease of ϕ1, especially in low
temperature region. Two reasons cause this phenomenon, one
reason is that the decrease of ϕ1 increases the RI of the liquid
mixture at the same temperature and thus the sensitivity, which
is consistent with the sensing performance of MOF-SPR sensors
for RI and temperature sensing [10], [11], [13], [15], [20], [36].
The other reason is that the reduction ofϕ1 also increase dn/dT of
liquid mixture and hence leading to a larger RI variation for the
same temperature change which could enhance the sensitivity
even more. Although reducing ϕ1 could increase the sensitivity
effectively, when temperature is low and the value ofϕ1 is small,
the RI of the liquid mixture will reach a higher value and higher
order plasmonic modes also could be excited and coupled with
the core modes, thus making the detection more difficult [10],
[11], [13]–[15], [20]. This is the reason why we can observe
in Fig. 6(b) that the lower detection limit of the temperature
only reaches to 20°C and 10°C when ϕ1 value is 0 and 0.1,
respectively. Therefore, for detection of a certain temperature
range, theϕ1 should be adjusted to an appropriate value to ensure
that the sensor can work effectively, and meanwhile obtain the
maximum sensitivity.

B. Influence of Thickness of Gold Layer on Sensing
Performance

Surface plasmon waves are very sensitive to the thickness of
the metallic layer [8]–[11], [13], [14]. Fig. 7(a) shows the effect
of m on loss spectra of y-polarized core-guided modes of the
structure with N=2 at 40°C whenϕ1 is 0.3 and the m is 30 nm, 40

nm and 50 nm, respectively. As the m increases, we can observe
that the peak wavelength moves to a longer wavelength, and the
full width at half maximum (FWHM) increases which means
lower resolution in the spectrum-based detection. This is due to
the fact that the growth of m could lead to the increase of neff of
plasmonic mode, and thus the phase-matching point determined
by the neff curves of plasmonic mode and core-guided mode
shifts to longer wavelength [29], [37]. In the meantime, the
increase of m could weaken the energy transfer from core-guided
mode into plasmonic mode, as shown in insets A–C of Fig. 7(a),
which causes the declining of peak losses and the increasing of
FWHM. The shifts of resonance wavelength at 40°C is similar
to that at the other temperatures and moves more distance under
lower temperature area for the same m changing. Consequently,
it leads to the increase of sensitivity when m increases, and
this trend can be illustrated by the data in Fig. 7(b), which
shows the sensitivity of the y-polarized core-guided modes of
the sensor when ϕ1 is 0.3 and m is 30 nm, 40 nm and 50
nm, respectively, in the detection range of 0°C to 50°C. This
phenomenon is identical with that of the MOF-SPR sensor for
the RI and temperature sensing which the increase of metallic
layer result in movement of the resonance peak towards long
wavelength and increasement of the sensitivity [10]–[11], [13],
[15], [37].

In general, the proposed SPR temperature sensor with side-
opening structure not only avoid the inside coating and filling of
the fiber holes and thus lower difficulty in sensor fabrication, but
also give the capacity of flexibly tunable sensitivity primarily
through changing the volume fraction of ethanol in the liquid
mixture (ϕ1). Therefore, it is able to provide higher sensitivity
at a desired temperature range, as shown in Table III for example,
the sensitivity can reach to 19.9 nm/°C at m= 40 nm by changing
the ϕ1 to be 0.1, which is higher than that of other MOF-based
SPR sensors that can not adjust sensitivity easily.

V. CONCLUSION

We propose a SPR temperature sensor based on side-opening
grapefruit fiber that filled with liquid mixture of ethanol and
chloroform as the sensing medium, which is able to tune the
most sensitive range of the sensor to a desired value and avoid
the excitation of higher order plasmonic modes. This design
combines the advantages of the side-opening MOFs that facil-
itate the coating of metallic layer and the altering of sensing
medium, and of the liquid mixture that its RI and thermo-optical
coefficient can be flexibly adjusted. Thus, it is expected to be
more competitive in the field of optical fiber temperature sensors.
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