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A high sensitivity D-shaped hole double-cladding fiber temperature sensor based on surface plasmon resonance
(SPR) is designed and investigated by a full-vector finite element method. Within the D-shaped hole double-
cladding fiber, the hollow D-section is coated with gold film and then injected in a high thermo-optic coefficient
liquid to realize the high temperature sensitivity for the fiber SPR temperature sensor. The numerical simulation
results show that the peaking loss of the D-shaped hole double-cladding fiber SPR is hugely influenced by
the distance between the D-shaped hole and fiber core and by the thickness of the gold film, but the temperature
sensitivity is almost insensitive to the above parameters. When the thermo-optic coefficient is −2.8 × 10−4∕°C,
the thickness of the gold film is 47 nm, and the distance between the D-shaped hole and fiber core is 5 μm, the
temperature sensitivity of the D-shaped hole fiber SPR sensor can reach to −3.635 nm∕°C. © 2017 Chinese Laser

Press

OCIS codes: (060.2370) Fiber optics sensors; (240.6680) Surface plasmons; (120.6810) Thermal effects.
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1. INTRODUCTION

Temperature sensors based on fiber have been designed and
investigated widely in recent years with the advantages of easy
remote-control, high temperature sensitivity, electromagnetic
wave immunity, and so forth. Kou et al., experimentally dem-
onstrated a fiber temperature sensor based on a first-order fiber
grating [1]. Besides, various optical interferometers have been
widely applied in the field of fiber sensors as well [2,3].
Accordingly, due to the holey structure, the temperature sensor
based on a photonics crystal fiber (PCF) is infiltrated with
different kinds of materials to realize the sensing of temperature
[4].

Surface plasmon resonance (SPR) has been used in the fiber
temperature sensors. Peng et al., demonstrated a PCF SPR tem-
perature sensor by filling a liquid material into the air holes of
the second layer and coating gold film on the inner surface of
some of those air holes [5]. Chen et al., reported a fiber SPR
temperature sensor, in which the temperature sensitive material
was filled into one of cladding air holes [6]. Hameed et al., de-
signed a temperature sensor based on the nematic liquid crystal
(NLC)-PCF with an ultrahigh sensitivity [7]. Two electrodes
were designed to make sure that the rotation angle of the
director of NLC molecules is 90°, by which means it is a

complex sensor structure. However, there is a problem
on the PCF temperature sensor contacting with single-mode
fiber (SMF); besides, the methods of selective filling and
coating are complex as well.

In this paper, we design and demonstrate a novel high
temperature sensitivity D-shaped hole double-cladding fiber
(DCF) sensor based on SPR, in which there is a D-shaped
hole DCF and the gold is well selected as the attractive gold
material to SPR. The problem of liquid-sealed in a capillary
for a no-hole fiber sensor is saved and a more compact struc-
ture is obtained, because the liquid is filled into the D-shaped
hole. Moreover, in the numerical simulations, the transmission
properties of the D-shaped hole double-cladding fiber are cal-
culated by a full vector finite element method. The influences
of distance between the D-shaped hole and fiber core and
the thickness of the gold film are investigated to optimize the
fiber sensor. Optimizing the D-shaped hole double-cladding
fiber SPR temperature sensor, the sensitivity can be up to
−3.635 nm∕°C, which is higher than other reported fiber
temperature sensors, such as the side-polished SMF sensor
[8], fiber grating sensor [1], fiber Fabry–Perot interferometer
sensor [3], multimode interference fiber sensor [2], and PCF
sensor based on SPR [5,6].
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2. SCHEMATIC AND THEORY

The cross section of fiber temperature sensor based on SPR is
shown in Fig. 1. In the fiber sensor, a hollow D-shaped section
is close to the fiber core. The distance between the hollow
D-section and fiber core is described by rd. In order to excite
the metal surface plasmon, the gold film is deposited on the
inner surface of the D-shaped hole with the thickness of
hAu. The radius of core, inner cladding, and silica cladding
are r1 � 5 μm, r2 � 25 μm, and r3 � 62.5 μm, respectively.
Moreover, the refractive index of the core, inner cladding, and
silica cladding are defined as n1 (1.4681), n2 (1.4628), and n3
(1.444), respectively.

In the simulations, the complex relative permittivity of the
gold is demonstrated by the Drude model, which is expressed
as [5]

εAu�T � � ε∞ −
ωd �T �2

ω2 − ωωc�T �i ; (1)

where εAu�T � is the permittivity of the gold; ε∞ represents the
permittivity in high frequency; and ωd �T � and ωc�T � stand for
the plasma frequency and damping frequency, respectively. It is
also worth noting that the thickness of the gold film is related to
temperature. Furthermore, the dispersion of silica is character-
ized by the Sellmeier equation [9]; the thermo-optic coefficient
and expansion coefficient of pure silica can be set to 7.8 ×
10−6∕°C and 4.1 × 10−7∕°C, respectively [10]. Assuming the
thermo-optic coefficient as dn∕dT , the relationship between
the refractive index of filled liquid and temperature can be
evaluated by [5]

ndet � ndet 0 � �T − T 0�dn∕dT ; (2)

where the ndet 0 is the refractive index of filled liquid at the
room temperature of T 0. In the proposed fiber SPR sensor,
the material dispersion of filled liquid material is neglected.
The filled material is the mixture of ethanol (ne � 1.3605)
and glycerin (ng � 1.4746) with the thermo-optic coefficient
of ethanol and glycerin of −3.94 × 10−4 and −2.15 × 10−4∕°C,
respectively [11,12]. The ethanol–glycerin mixture with the re-
fractive index of 1.436 and thermo-optic coefficient of −2.8 ×
10−4∕°C can be obtained when the proportions of ethanol and
glycerin are 34% and 66%, respectively. From Eq. (2), due to
the thermo-optic effects, the refractive index of filled liquid is
changed by controlling the temperature, resulting in the reso-
nant coupling phenomenon appearing at other wavelengths. As
one very important parameter of the D-shaped hole DCF SPR

temperature sensor, the temperature sensitivity determines the
sensing characteristic, and it can be given by

Sλ �
dλres�T �
dT

�nm∕°C�; (3)

where λres is the resonant wavelength of the fiber sensor.

3. SIMULATIONS AND ANALYSIS

Figures 2(a) and 2(b) show the electric field distribution of the y
and x polarizations when the temperature, rd , hAu, ndet 0, and
thermo-optic coefficient of the liquid are 25°C, 5 μm, 47 nm,
1.436, and −2.8 × 10−4∕°C, respectively, and the other param-
eters are the same as in Fig. 1. In Figs. 2(a) and 2(b), the red
arrows stand for the electric vector of the surface plasma wave
(SPW). Comparing Figs. 2(a) and 2(b), it can be found that the
first-order SPP mode appears at the interface of Au and liquid
in the y-polarized direction. Moreover, the electric field inten-
sity of y polarization in the fiber core is weaker than that
of x polarization, because the first-order fiber core mode of
y polarization couples into the same order SPP mode.

The coupling effect with unchanged parameters is shown in
Fig. 3. Figure 3 plots the real part of the effective refractive
index of the fiber core mode of y polarization �Re�neff ��, that
of the first-order SPP mode �Re�nspp�� with different wave-
lengths, and the loss spectrum of the D-shaped hole double-
cladding fiber SPR temperature sensor. As shown in Fig. 3,
the red dashed line for Re�nspp� declines linearly, while the
black solid line for Re�neff � exhibits an S-shaped kink. For
the D-shaped hole DCF, the electromagnetic field reveals more
into the cladding as the wavelength increases, which leads to
the diminution of Re�neff �. However, with the appearance
of resonance, the free electrons and electromagnetic field will

Fig. 1. Cross section of D-shaped hole double-cladding fiber
SPR temperature sensor and the proposed setup for loss spectrum
interrogation.

Fig. 2. Electric field distribution (a) of y polarization and (b) of x
polarization.

Fig. 3. Real part of effective refractive index of fiber core mode and
SPP mode and the loss spectrum of fiber SPR sensor.
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be influenced by the evanescent field and oscillation of resonant
electrons, respectively, leading to the change of fiber core mode.
The electromagnetic field on the left of the resonant wave-
length, which is called the slow electromagnetic field, is accel-
erated by the resonance, while the electromagnetic field on the
right of the resonant wavelength, which is named the fast
electromagnetic field, is decelerated by the resonance.
Therefore, an S-shaped kink for Re�neff � appears at around
the resonant wavelength [13]. The first-order fiber core mode
resonantly couples into the same order SPPs mode at the wave-
length of 1015 nm, where Re�neff � is equal to Re�nspp�.
Correspondingly, the loss is up to the maximum at the wave-
length of 1015 nm, as shown by the blue solid line.

The distance �rd � between the fiber core and the D-shaped
hole is introduced to optimize the D-shaped hole double-
cladding fiber SPR temperature sensor. Figure 4 shows the
influences of rd with different temperatures. Figures 4(a)–4(c)
plot the loss spectra of the D-shaped hole double-cladding fiber
SPR temperature sensor with the rd of 5, 5.5, and 6 μm,
respectively, when the other parameters remain unchanged.
In Fig. 4(a)–4(c), the resonant wavelength moves to shorter
wavelengths, and the peaking loss decreases as the temperature
increases. When the temperature is 20°C, the peaking loss at
the resonant wavelengths of 1037 nm (rd � 5 μm), 1027 nm
(rd � 5.5 μm), and 1021 nm (rd � 6 μm) are 130.604,
99.571, and 58.975 dB/cm, respectively. Obviously, the reso-
nant wavelength moves to shorter wavelengths and the peak
loss decreases strongly when rd is increased. This is mainly
because the gold film gets closer to the fiber core as rd keeps
decreasing, enhancing the plasmonic wave. The resonant wave-
lengths with different temperatures are plotted and fitted in
Fig. 4(d). In Fig. 4(d), the blue, red, and black solid lines stand
for the fitted lines of resonant wavelength corresponding to the
rd of 5, 5.5, and 6 μm, respectively. As plotted in Fig. 4(d), the
fitted lines display a good linear fitting. When the rd are 5, 5.5,
and 6 μm, the temperature sensitivities are −3.635, −3.578, and

−3.521 nm∕°C, respectively. Therefore, the peaking loss is
hugely influenced by rd, while the temperature sensitivity of
the fiber SPR sensor is almost unchanged. The main factor
considered in the design of rd is the length of the fiber sensor.
In this paper, we set rd as 5 μm to obtain a better temperature
sensitivity and smaller fiber length. When the length of the
fiber is about 2 mm, the loss of the fiber is enough for the light
detection of the fiber sensor.

The effect of the thickness of gold film (hAu) on the fiber
SPR temperature sensor is also discussed. Figure 5 shows the
influences on hAu of different temperatures, while the other
parameters remain unchanged. Figures 5(a)–5(c) plot the loss
spectra of the D-shaped hole double-cladding fiber SPR tem-
perature sensor when the hAu is 47, 57, and 67 nm, respectively.
As shown in Fig. 5(a)–5(c), the resonant wavelength has
blueshift, and the peaking loss decreases with the increase of
temperature. Furthermore, when the temperature is selected
as 20°C, the peaking loss is 130.604 dB/cm at the resonant
wavelength of 1037 nm with the hAu of 47 nm, while the peak-
ing loss decreases to 48.833 dB/cm and the resonant wave-
length moves to 1059 nm as the hAu increases to 57 nm;
additionally, when the hAu is up to 67 nm, the peaking loss
and resonant wavelength are 23.837 dB/cm and 1063 nm, re-
spectively. It is clear that the resonant wavelength moves to
longer wavelengths and the peaking loss decreases drastically
when the hAu increases from 47 to 67 nm. The drastic decrease
of peaking loss is mainly because the penetration distance of the
leakage mode of the fiber core is increased with the thickening
of the gold film, which leads to a weaker intensity of the SPPs
mode at the interface of the Au and liquid. The relationship
between the resonant wavelength and temperature with differ-
ent hAu is shown in Fig. 5(d), where the blue, red, and black
solid lines represent the fitted line of the resonant wavelength
with different temperatures when the hAu is 47, 57, and 67 nm,
respectively. In Fig. 5(d), the fitted lines of the blue, red, and
black solid lines decrease linearly, and the slopes of these fitted

Fig. 4. Influence of rd on the loss spectrum. (a) rd � 5 μm,
(b) rd � 5.5 μm, (c) rd � 6 μm, and (d) the fitted results of resonant
wavelength of y polarization with different temperatures, where the
blue, red, and black markers are the simulation results.

Fig. 5. Influence of hAu on the loss spectrum. (a) hAu � 47 nm,
(b) hAu � 57 nm, (c) hAu � 67 nm, and (d) the fitted results of res-
onant wavelength of y polarization with different temperatures, where
the blue, red, and black markers are the simulation results.
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lines are −3.635, −3.720, and −3.701, respectively. Therefore,
the peaking loss is greatly affected by the hAu, while the temper-
ature sensitivity of such a fiber sensor varies within a small
range. The main factor considered in the choice of hAu is
the length of the D-shaped hole fiber sensor. The hAu is selected
as 47 nm to get a good temperature sensitivity; meanwhile, the
loss is larger than that for other hAu. Similarly, when the length
of the fiber is about 2 mm, the loss of the fiber is enough for the
light detection of the fiber sensor.

The loss spectra of the D-shaped hole double-cladding
fiber SPR sensor with different temperatures are illustrated
in Fig. 6(a). In Fig. 6, the rd and hAu are set as 5 μm and
47 nm while other parameters are unchanged. In Fig. 6(a),
the peaking loss is 130.604 dB/cm at the resonant wavelength
of 1037 nm when the temperature is 20°C, while the peaking
loss decreases to 78.996 dB/cm and the resonant wavelength
shifts to 928 nm when the temperature becomes 50°C. This
shows that the peaking loss decreases and the resonant wave-
length moves to shorter wavelengths with increasing tempera-
ture. The resonant wavelengths with different temperatures are
fitted and plotted in Fig. 6(b). As plotted in Fig. 6(b), the
resonant wavelength almost shows a linear decrease with the
increase of temperature, and the sensitivity of the D-shaped
hole fiber SPR temperature sensor can reach to −3.635 nm∕°C.

For the fiber sensor, the substrate is aD-shaped hole double-
cladding fiber. According to Li et al. [14], the D-shaped hole
double-cladding fiber can be fabricated by using a conventional
modified chemical vapor deposition. At first, a D-shaped
preform with the refractive index of n1 (fiber core) and n2
(inner cladding) can be fabricated. The distance between the
fiber core and the hollow D-section is relevant to the structure
parameters of the D-shaped preform. In order to fabricate
a precise D-shaped preform, the D-shaped preform with a
rough cut is polished and stopped several times to measure
the residual diameter during the polishing. Then we clear
the D-shaped preform and select an appropriate tube with the
refractive index of n3 (the outer cladding). It is worth noting
that during the drawing of fiber, the inert gas replaces the low
melting point metal which is pumped into the D-shaped hole
to obtain a D-shaped hole double-cladding fiber. When the
temperature and rate of drawing is reasonable, a goodD-shaped
hole double-cladding fiber is fabricated. Furthermore, accord-
ing to the research reported by Sazio and Badding [15] and
Baril et al. [16,17], the smooth gold film can be deposited

on the inner surface of the air hole of a microstructured fiber
by high pressure chemical deposition. According to the line of
deposit rate, the thickness of the deposited film can be
controlled accurately by controlling the deposition time.
Therefore, the gold film can be coated on the inner surface
of the D-shaped hole in our proposed fiber sensor.

4. CONCLUSIONS

In conclusion, a novel high sensitivity D-shaped hole double-
cladding fiber SPR temperature sensor with liquid filling is
designed and analyzed. In the fiber sensor, the refractive index
of the filled liquid decreases as the temperature increases, lead-
ing to the blueshift of the resonant wavelength. Moreover, the
rd and hAu are optimized to obtain a fiber SPR sensor with a
temperature sensitivity of −3.635 nm∕°C. The research on the
SPR temperature sensor based on a D-shaped hole double-
cladding fiber with liquid filling would be very useful in the
design of novel types of temperature sensor. Moreover, a filled
liquid material, which leads to a wider temperature range and
higher temperature sensitivity, will be researched in the future.
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