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Optical fiber temperature sensors have been widely employed in enormous areas ranging from electric power industry,
medical treatment, ocean dynamics to aerospace. Recently, graphene optical fiber temperature sensors attract tremendous
attention for their merits of simple structure and direct power detecting ability. However, these sensors based on transfer
techniques still have limitations in the relatively low sensitivity or distortion of the transmission characteristics, due to the
unsuitable Fermi level of graphene and the destruction of fiber structure, respectively. Here, we propose a tunable and
highly sensitive temperature sensor based on graphene photonic crystal fiber (Gr-PCF) with the non-destructive integration
of graphene into the holes of PCF. This hybrid structure promises the intact fiber structure and transmission mode, which
efficiently enhances the temperature detection ability of graphene. From our simulation, we find that the temperature
sensitivity can be electrically tuned over four orders of magnitude and achieve up to ~ 3.34 x 1073 dB/(cm-°C) when
the graphene Fermi level is ~ 35 meV higher than half the incident photon energy. Additionally, this sensitivity can be
further improved by ~ 10 times through optimizing the PCF structure (such as the fiber hole diameter) to enhance the
light-matter interaction. Our results provide a new way for the design of the highly sensitive temperature sensors and

broaden applications in all-fiber optoelectronic devices.
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Optical fiber, as one of the most remarkable waveguides,
possesses many intrinsic excellent features such as ultralow
transmission loss, perfect single-mode transmission ability,
anti-electromagnetic interference capacity and the compatibil-
ity for complex environments.!!~#! These characteristics have
made it an attractive platform for all-fiber temperature sensors,
which are widely used in applications such as fire monitor-
ing, temperature distribution of engines, and magnetic reso-
nance imaging.>~7! Traditional optical fiber temperature sen-
sors are mainly based on fiber gratings or interferometers, in
which the environment temperature change leads to the varia-
tion of the grating pitch or the optical path difference in inter-
ferometers, and results in the change of the detecting signal.

However, these fiber temperature sensors suffer from compli-
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cated structural design and wavelength resolved measurement
system.[8-101 To break through this dilemma, some strategies
have been developed, including combining optical fiber with
functional thermo-sensitive materials.!!1~13]

Originating from the atom-scale hexagonal lattice struc-
ture and unique Dirac band, graphene has exhibited excep-
tional electrical, optical and thermal properties.!'*>3 Herein,
the tunable light absorption ability under different environ-
ment temperatures endows graphene with the potential to
sense temperature via simple sensor construction and direct
power detecting system.>*27 Considering atomic thickness
of graphene and light-matter interaction enhancement capac-
ity of optical fiber, it is mutually beneficial to integrate both

for all-fiber temperature sensors. In the current manufac-
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ture technologies, side-polished and tapered optical fibers are
most commonly used platforms to combine with graphene due
to the evanescent wave coupling. However, these tempera-
ture sensors based on transfer techniques conventionally suf-
fer from the distortion of the propagation mode or short in-
teraction length with relatively low sensitivity,?®=3 which
limit their practical applications. Besides, the influences of
the Fermi level (EF) variation on light absorbance of graphene
and the consequent sensor performance are still unclear, which
may be a key point to further improve the sensitivity of the
temperature sensors. 34!

Here, we propose a highly sensitive temperature sensor
based on graphene photonic crystal fiber (Gr-PCF) (Fig. 1(a)),
in which the transmission mode is kept intact and the inten-
sity of the transmitted light changes with temperature. Tech-
nically, the Gr-PCF can be massively fabricated by direct
chemical vapor deposition method,*! which endows it with
the great potential in the practical application as a tempera-
ture sensor. This all-fiber temperature sensor theoretically ex-
hibits a tunable sensitivity by modulating graphene Ef, and the
highest sensitivity can reach ~ 3.34 x 103 dB/(cm-°C) with
Er = 0.435 eV under 1550 nm incident photon (~ 0.8 eV),
dramatically enhanced compared with that at charge neutral
point. Through optimizing the PCF structure, the sensitivity
can be further enhanced by 10 times to 0.036 dB/(cm-°C). Our
results provide a promising new way for high-performance all-
fiber temperature sensors based on Gr-PCF.
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Fig. 1. Schematic illustration of Gr-PCF temperature sensor. (a) The
configuration of Gr-PCF temperature sensor, in which the change of en-
vironment temperature can be monitored by the change of output light
power. (b) Schematic of Gr-PCF cross-section, where graphene film is
fully covered on the inner surface of air holes in PCF cladding (the hole
diameter @ and pitch A are both at micron scale).

In the as-designed Gr-PCF temperature sensor, a
graphene film is attached tightly on the hole surface in PCF,
where the PCF structure is selected according to the commer-
cial one based on the total internal reflection theory for the
practical application potential. In the cross-section of Gr-PCF,
six circles of air holes are arranged periodically in the PCF
cladding with the hole diameter (@) of 2.22 um and pitch (A)

of 5.4 um (Fig. 1(b), 3 circles of air holes just for schematic di-
agram). Besides, the diameters of the solid core and the whole
optical fiber are ~ 8.6 and ~ 125 um, respectively. The se-
lected PCF structure guarantees the endless single-mode prop-
erty and low insertion loss with commercial single-mode fiber
at the operating wavelength near 1550 nm.*®! The charac-
terizations of the light distribution and transmission attenua-
tion in the Gr-PCF at different temperatures are obtained by
full-vector finite element simulation method. 3% As shown
in the electric field distribution of the fundamental mode in
Gr-PCF and the bare fiber, the addition of atomic thickness
graphene film does not distort the propagation mode, which
indicates the perfect integration ability of graphene and pho-
tonic crystal fiber (Figs. S1(a) and S1(b)). The propagating
light in this fiber can continuously interact with the graphene
film along the axis of the fiber via the evanescent wave cou-
pling (Fig. S1(c)), which leads to the strong light—matter inter-
action.

The mechanism of this Gr-PCF temperature sensor is di-
rectly related to the Fermi—Dirac distribution change of the
electrons in graphene with temperature at a given Er such as
the charge neutral point (Fig. 2(a)). At the temperature of 0 K,
the electrons are entirely distributed under Er (Fig. 2(a), left
panel). Then with the temperature arising (7 > 0 K), some
electrons possess larger kinetic energy and occupy higher en-
ergy levels above Er[*!! (Fig. 2(a), right panel). Hence, the
temperature change contributes to the electron redistribution
in the Dirac-cone energy band of graphene and further results
in the variation of its conductivity (og;) according to the Kubo
formula, which is directly related to the complex refractive in-
dex (ng):125-271

GGr(vaFu ra T)
ie*(w+2il)
h?

e [ (252 2529):
_/o df(ﬂi}iﬁ__’ﬁﬁ)z)]» M
g0dc;’

nGr = ntik = /g6 =/ 1+ 2
where np (¢) = 1/{1 +exp[(e —Ep) /(kpT)]} is Fermi-Dirac
distribution, € is the electron energy, kg is the Boltzmann con-
stant, 7 is the temperature,  is the radian frequency, I' is the
scattering rate, /i is the reduced Planck’s constant, & is the
vacuum permittivity, and dg; is the graphene thickness. At
the condition of Egp = 0 eV and 1550 nm incident light, the
imaginary part (k) of ng; shows a decreasing trend with tem-
perature rising from —100 °C to 100 °C, leading to the de-
crease of graphene absorption (Fig. 2(b)). Meanwhile, the real
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part (n) of ng; increases with temperature (Fig. 2(c)), bringing
about the increase of the refractive index in fiber cladding and
consequent enhancement of the normalized light intensity /
(ratio of intensity at the innermost graphene position to that
at the fiber core center) in Gr-PCF (Fig. 2(d)). Taking the
combined influences of k and n into account, the change of
transmission attenuation in Gr-PCF with the temperature from
—100 °C to 100 °C is demonstrated as ~ 6.4 x 107> dB for
one-centimeter-long fiber (Fig. 2(e)), which shows the enor-
mous potential to monitor temperature through light intensity
change.

Considering the unique and adjustable Er characteristic
of graphene, it is significant to modulate the Ef for optimizing
the transmission attenuation and the sensitivity of the sensor.
Therefore, we systematically investigate the influence of Er on
the performance of Gr-PCF temperature sensor, and find that
the sensitivity can be highly improved when Ef is adjusted
at a suitable level around 0.4 eV (half energy of the incident
photon of 1550 nm, Fig. 3(a)). In this case, the transmis-
sion attenuation is much lower than that at the charge neutral
point (Er = 0 eV) and the difference of attenuations between
—100 °C and 100 °C (JAA|) drastically changes with Er tuned
around 0.4 eV, which indicates the possibility to enhance the
sensitivity via tuning Er (Fig. S2). This attenuation change
with temperature results from the combined effects of k and n,
which are related to the absorption of graphene and the light
distribution at the innermost graphene film respectively and
show an obvious change with Er adjusted around 0.4 eV at

T=0K

T>0K

different temperatures (Figs. 3(b) and 3(c)). In detail, the light
transmission attenuation in Gr-PCF shows a decreasing trend
with temperature from —100 °C to 100 °C with EF in the range
of 0.35 eV to 0.40 eV, but an increasing trend with Ef in the
range of 0.40 eV to 0.45 eV (Fig. 3(d)). Besides, when Ef is
adjusted from 0.3 eV to 0.45 eV, k and n vary from ~ 2.6 to
~ 0.4 and ~ 3.2 to ~ 2.2 at a constant temperature of 0 °C,
respectively (Fig. S3), contributing the decreasing trend of the
total transmission attenuation of Gr-PCF. For the practical sen-
sor applications, it is important to obtain the high sensitivity
with low total transmission attenuation by setting a suitable
Ep. As a result, the |AA| shows a maximum ~ 0.668 dB/cm
at Er = 0.435 eV (four orders of magnitude improvement than
that at 0 eV) with a relatively low attenuation compared to
that at another peak position of Er = 0.365 eV (Figs. 3(d) and
3(e)). This result also indicates ~ 3.34 x 10~3 dB/(cm-°C)
sensitivity for temperature sensing, where the unit dB/(cm-°C)
is used to describe temperature sensing ability of Gr-PCF for
the unit fiber length. In principle, the absorption of graphene
is directly dependent on the electron distribution at the energy
level of half the incident photon energy (£0.4 eV for 1550 nm
incident light). Hence, for the case of Er = 0.4 eV, the dis-
tribution probability at 0.4 eV (the same as Ep) is always a
constant 0.5, and that at —0.4 eV changes very slightly with
temperature due to the large energy difference from Eg, which
results in a very small attenuation fluctuation with temperature
at Er = 0.4 eV compared to that at Er = 0.435 eV (Fig. 3(e)).
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Fig. 2. Temperature sensing property of Gr-PCF with Er = 0 eV. (a) Fermi-Dirac distributions of electrons in graphene at different temperatures,
resulting in the changes of the conductivity and complex refractive index of graphene. (b)—(e) The relative changes of the imaginary part Ak
(b) and real part An (c) of graphene complex refractive index, the relative normalized intensity (ratio of intensity at the innermost graphene
position to that at the fiber core center) Al (d), and the relative attenuation AA (e) with temperatures from —100 °C to 100 °C. Here A represents
difference between values at a given temperature and that at 0 °C, where &, n, I and A are 2.8326, 2.9340, 11.37467% and 4.04843 dB/cm at
0 °C, respectively.
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Fig. 3. Sensitivity enhancement of the Gr-PCF temperature sensor by modulating Er. (a) The simplified electrical band diagram of graphene
with Ef adjusted around 0.4 eV and 1550 nm input light. The imaginary part (b) and the real part (c) of graphene complex refractive index with
different Ep and temperatures. (d) Transmission attenuation in Gr-PCF with temperature under different Er around 0.4 eV region. (e) The |AA|
(difference of light attenuations between temperatures of —100 °C and 100 °C) change with different Er around 0.4 eV, showing a dip value at
Er = 0.4 eV and two peak values at Er = 0.365 eV and Er = 0.435 eV. The transmission attenuation at Er = 0.435 eV is much lower than that
at Ep = 0.365 eV (d).
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Fig. 4. Sensitivity enhancement by optimizing Gr-PCF structure. (a), (b) The dependence of normalized intensity / at graphene film regime (a)
and transmission attenuation A (b) on air-hole diameter at Er = 0.435 eV and 0 °C. Both 7 and A show an obvious decreasing with hole diameter
increasing. (c) The change of |AA| with different hole diameters, exhibiting an evident change from ~ 7.2 dB/cm to ~ 0.07 dB/cm with hole
diameter increasing and the sensitivity of ~ 0.036 dB/(cm-°C) for 1 um hole diameter. The endless single mode transmission property is kept

at different hole diameters and pitches.

In addition, the sensor sensitivity is also related to the
strength of light-matter interaction in Gr-PCF, which can be
improved by optimizing the PCF structure.*?! The perfor-
mance of sensitivity with different PCF structures is studied on
the condition of Er = 0.435 eV, meanwhile, the endless single
mode transmission property is kept by elaborately designing
the sizes of the hole diameter and pitch.[**) With the & re-
duced from 5 um to 1 wm and the temperature of 0 °C, the nor-
malized intensity / at graphene film regime of Gr-PCF shows
a strong enhancement from ~ 4.9% to ~ 24.2% (Fig. 4(a)).
Considering influences of both the light intensity change at
the innermost graphene position and the given graphene ab-
sorption, the transmission attenuation also shows an increas-

ing trend with @ changing from 5 um to 1 wm (Fig. 4(b)).
Furthermore, the difference of attenuations (|AA|, between the
temperatures of —100 °C and 100 °C) demonstrates an ob-
vious enhancement with reducing @ (Fig. 4(c)), which indi-
cates temperature sensitivity of ~ 3.6 x 1072 dB/(cm-°C) with
@ =1 pm, ~ 10 times improvement than that of conventional
PCF with & = 2.22 um (Fig. 3(e)). Overall, the decrease of
hole diameter in PCF leads to the enhanced light—graphene in-
teraction, and results in dramatically increased sensitivity.

In summary, a highly sensitive temperature fiber sensor
based on Gr-PCF with the intact transmission mode is pro-
posed theoretically by modulating Er and optimizing the PCF
structure. With Er ~ 0.435 eV (35 meV higher than the half
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energy of the incident photon), the sensitivity can be enhanced
by four orders of magnitudes to ~ 3.34 x 1073 dB/(cm-°C)
with a relatively low transmission attenuation. Furthermore,
with the hole diameter optimized to 1 pum, the sensitivity can
be improved to ~ 0.036 dB/(cm-°C), which demonstrates a
huge potential in highly sensitive temperature sensors. Our
strategy provides a new way for the design of high perfor-
mance all-fiber temperature sensors targeting next-generation
optical fiber applications. Furthermore, considering the excel-
lent properties of various nanomaterials such as sufficient vol-

ume, high catalytic activity, specific adsorption capacity and

[43-45

remarkable electrocatalytic property, I these nanomateri-

als have demonstrated enormous potential to make up for the
shortages of intrinsic graphene in the mentioned aspects and
be integrated with PCF to target for broadening types or func-
tions of sensors with high performance.
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