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Abstract: A temperature sensor with high sensitivity based on ultracompact photonics
crystal fibers is proposed and analyzed by the finite-element method. The temperature-
sensitive materials are injected into one cladding air hole, which shows high confinement
loss and works as a defect core. As the phase-matched condition is satisfied, the power
in the transferring core couples to the defect core. The temperature sensitivity and figure
of merit reach to 2.82 nm=�C, 0:105=�C and 1.99 nm=�C, 0:048=�C, for the y -polarized
and x -polarized directions, respectively, which are one to two orders of magnitude better
than other reported sensors. The performance characteristics can be further improved
by optimizing the structure parameters and infilling materials.

Index Terms: Photonics crystal fibers, temperature sensitive materials, temperature sensor.

1. Introduction
The temperature sensor with compact structure and easy remote control is an important factor
in the remote sensors and communication systems. Optical fibers, exhibiting high sensitivity, im-
munity to electromagnetic wave, corrosion resistance and easy remote control, have been uti-
lized as the sensor medium in the past [1]–[3]. Grobnic [4] reported a sapphire fiber Bragg
grating sensor with sensitivity of 25 pm=�C. Photonics crystal fibers (PCFs), benefit to its holey
structure, are infiltrated with various functional materials to fabricate sensors. Lee [5] proposed
a polymer filled hollow-core PCF temperature sensor showing high sensitivity of �1:7 nm=�C.
Contrast to the difficult fusion splicing of polymer, it is relatively easier to fill the liquid into the air
holes. Qiu [6] demonstrated an isopropanol-sealed PCF temperature sensor with sensitivity of
�166 pm=�C. The side-polished microstructured optical fiber enhanced the effective area of the
infilling material and a temperature sensitivity of 0.38 dB=�C is obtained [7]. Based on the in-
tense surface plasmon resonance, the metal wires and films were injected into the air holes to
get a high temperature sensitivity of 720 pm=�C [8].

In favor of high spectra acutance, various optical interferometers have been employed in
sensing devices [9]–[11]. A high sensitive temperature sensors based on fiber loop mirror
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interferometers have been reported with a high sensitivity of about 0.94 nm=�C [12]. Zhang [13]
proposed a fiber optic extrinsic Fabry-Perot interferometer based on polymer-filled glass capillary
with high sensitivity of 5.2 nm=�C. Limited to the free spectral range, however, the interferome-
ters usually exhibit a narrow measurement range from 15 �C to 22 �C reported in [13].

In this paper, we designed a temperature sensor based on an ultra compact PCF. The tem-
perature sensitive materials are supposed to be injected into one cladding air hole to form a de-
fect core. As the phase matched condition is satisfied, the power in the transferring core
couples to the defect core and the confinement losses increase remarkably. The defect core is
labeled at the neighborhood of the transferring core and thus the couple can be complete. The
designed temperature sensor avoiding transferring in high loss materials, showing ultra compact
structure, low cost, high linearity, high sensitivity and figure of merit (FOM), are competitive for
application in temperature measurement devices.

2. The Novel Design of Polarization Splitter
Fig. 1(a) shows the schematic of the designed temperature sensor system. The light source ex-
ports stable, continuous and broadband lights. The upper single mode fiber (SMF) connects the
light source and the input port of the photonics crystal fiber which is infiltrated with temperature
sensitive materials (TSM-PCF). The below SMF is utilized to connect the output port of the
TSM-PCF and the spectrograph. A reflex mirror is located at the end of the TSM-PCF to in-
crease the effective transferring distance. Fig. 1(b) depicts the cross section of the TSM-PCF.
Two big air holes with diameters of d1 are placed at the left and right of the core to achieve bire-
fringence effect. The black air hole with diameters of d2 is infiltrated with temperature sensitive
materials. The rest air holes with diameters of d3 are benefit to confine the power in the cores.
The adjacent air holes pitch is labeled by �.

The background material of the TSM-PCF is fused silica and the dispersion relationship of
which can be expressed by the Sellmeier equation [14]

n2ð�;T Þ ¼ ð1:31552þ 6:90754� 10�6T Þ þ ð0:788404 þ 23:5835� 10�6T Þ�2

�2 � ð0:0110199þ 0:584758� 10�6T Þ

þ ð0:91316þ 0:548368� 10�6T Þ�2

�2 � 100
(1)

where T is the temperature in Celsius, and � is the free space wavelength in microns. Many liq-
uids such as alcohol, methylbenzene, chloroform, and index-matching fluids exhibit high refrac-
tive index-temperature sensitive coefficient of about �4� 10�4=�C. In this paper, the refractive
index of the temperature sensitive materials is designed as

nTSM ¼ 1:37� 4� 10�4T (2)

Fig. 1. (a) The schematic of temperature sensor system and (b) cross section of TSM-PCF. The
black air hole is infiltrated with temperature sensitive materials.
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where nTSM is 1.37 at 0 �C. The actual measurement range is influenced by the freezing point
and boiling point of the infilling liquid.

3. Simulation Results and Analysis
The FEM providing high accuracy and flexible triangular meshes was implemented to character-
ize the performance of the TSM-PCF. The scattering boundary conditions and a perfect
matched layer were employed in the simulation process. As the refractive index of the tempera-
ture sensitive materials is less than silica, the temperature sensitive materials infilled air hole
shows high confinement losses and works like a defect core. Fig. 2 shows the effective refrac-
tive indices of the core modes and defect modes. It is clear to see that the refractive indices of
defect modes have intersections with the core modes at 0.994 �m in the x-polarized direction
and 1.177 �m in the y-polarized direction. At the intersection point, the resonance appears and
the energy couples between core modes and defect modes which can be clarified by the inserts
in Fig. 2.

Fig. 3 demonstrates the confinement losses spectra of core modes and defect modes as a
function of wavelength. At the intersection points, the confinement losses of core modes experi-
ence rapid increases and meanwhile the confinement losses of defect modes show fast de-
creases. It also should be noted that the confinement losses of core modes and defect modes
are equal at phase matched points. It indicates that the imaginary parts of effective refractive in-
dices are identical for core modes and defect modes. The couple between core modes and de-
fect modes is complete which is benefit to obtain a high detection signal.

With the temperature increasing, the refractive index of the temperature sensitive material
gets smaller. Thus, the refractive indices of defect modes become smaller, while the refractive
indices of core modes have no significant variation. It results in a red shift of the phase matched
points. Fig. 4 depicts the confinement losses spectra of core modes at different temperatures
changing from 0 �C to 100 �C. The intensity of confinement losses at phase matched points in-
creases as temperature increasing. It also should be pointed out that the couples between core
modes and defect modes are always complete as temperatures changing from 0 �C to 100 �C.

Fig. 5 shows the resonant wavelengths as a function of temperature in x-polarized and y-po-
larized directions. The peak wavelengths increases linearly as temperature increasing from 0 �C
to 100 �C, which is very important for application. The sensitivity of the designed temperature

Fig. 2. Effective refractive indices of core modes and defect modes relying on wavelengths. The inserts
show the electrical field profile at 0.994 �m in (a) the x-polarized direction and (b) the y-polarized direc-
tion and at 1.177 �m in (c) the x-polarized direction and (d) the y-polarized direction, respectively. The
parameters are d1 ¼ 2:2 �m, d2 ¼ 0:6 �m, d3 ¼ 1:4 �m, � ¼ 2:0 �m, and T ¼ 25 �C.
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sensor is defined by S ¼ d�peak=dT . It can be concluded from the fit lines that the sensitivity is
1.99 nm=�C for the x-polarized direction and 2.82 nm=�C for the y-polarized direction.

The spectra width and signal to noise ratio (SNR) both contribute to a better detection limit.
This can be demonstrated by figure of merit (FOM). The FOM is defined by FOM=S/FWHM,
where FWHM is the full width at half-maximum. Fig. 6 shows the FOM curves as a function of
temperature. It reviews that FOM decreases linearly as the temperature increasing. This is mainly
depended on the fact that the spectra width gets broadened as temperature increasing. The FOM
is 0.0467 �C�1 for x-polarized direction and 0.10238 �C�1 for y-polarized direction at 0 �C.

The performance characteristics of the designed temperature sensor are influenced by the
structure parameters of the PCF. It is well known that the mode's refractive index is mainly
affected by the air holes of first ring [15]. As the diameters of d2 increasing from 0.6 �m to
0.62 �m, the refractive index of the defect mode decreases. Meanwhile, the diameters of d2
have no significant effect on the refractive indices of core modes. Thus, the phase matched
points experience a red shift and the loss peaks move forward to the longer wavelengths as
can be seen in Fig. 7. The decreasing of refractive index of defect mode also results in the
increasing of resonant wavelengths displacement from 22 nm to 23 nm for the x-polarized

Fig. 4. Confinement losses spectra of core modes under different temperatures.

Fig. 3. Confinement losses spectra of core modes and defect modes relying on wavelengths.
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direction and from 30 nm to 31 nm for the y-polarized direction, as temperature increasing from
0 �C to 10 �C. It indicates that the sensitivity of the temperature sensor can be improved by the
increasing of d2. The diameters of d1 have vital influence on the refractive indices of core modes
and faint influence on the refractive index of defect mode. The diameters of d3 and adjacent air
holes pitch simultaneously affect the refractive indices of core modes and defect mode. Thus,
the resonant wavelength displacement and sensitivity can be further improved by adjusting the
PCF structure parameters.

4. Conclusion
A high-sensitivity temperature sensor based on ultra compact PCFs is proposed. The tempera-
ture sensitive materials are injected into one cladding air hole and function as a defect core. The
defect core is localized at the neighborhood of the transferring core to ensure that the couples
between core modes and defect modes are complete. The sensitivity and FOM can reach to
1.99 nm=�C, 0:048=�C for the x-polarized direction and 2.82 nm=�C, 0:105=�C for the y-polarized
direction, respectively. Both of the two polarized directions can be used to detect temperature

Fig. 5. The resonant wavelengths as a function of temperature in the x-polarized and y-polarized
directions.

Fig. 6. The figures of merit as a function of temperature in the x-polarized and y-polarized
directions.
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and even self-correction. The performance characteristics can be further improved by opti-
mizing the PCF structure parameters. The temperature sensitive materials with higher index-
temperature coefficient also are very useful to enhance the performance characteristics. The
designed temperature sensor showing perfect performance characteristics is suitable for the
application in temperature measurement.
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