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resonator for an all-optical temperature sensor
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and Si Chen *b

We present an all-optical temperature sensor device made of an MXene V2C integrated runway-type

microfiber knot resonator (MKR) for the first time. MXene V2C is coated on the surface of the microfiber

by optical deposition. The experimental results show that the normalized temperature sensing efficiency

is ∼1.65 dB °C−1 mm−1. The high sensing efficiency of the temperature sensor we proposed benefits

from the efficient coupling of the highly photothermal material MXene and the runway-type resonator

structure, which provides a better idea for the preparation of all-fiber sensor devices.
1. Introduction

Optical bers have a wide range of applications in commu-
nications, sensing, and biomedical elds.1,2 Closed-loop
winding of a tapered ber creates effective optical coupling
loops and resonances so that different all-optical devices can
be obtained by self-winding coupling. Currently, ring types,3,4

knot types,5–7 coil types,8 and other ring winding structure
resonators have been developed. In particular, a microber
has the property of strong evanescent eld, which facilitates
the coupling between the near eld on the microber surface
and the 2D material. Many devices based on near-eld
coupling have been applied to resonators,9,10 lasers11 and
sensors.12–14 Two-dimensional (2D) materials have been
introduced into the sensor eld. In 2015, a groundbreaking
demonstration of an all-ber modulator was achieved,
utilizing the thermo-optical effect exhibited by graphene-
deposited microbers.15 Subsequently, the exploration of
alternative materials for all-ber modulators has garnered
signicant attention. Notably, arsenic phosphide (ASP),16

gallium nitride (GaN)17 and silicon carbide (SiC)18,19 have
emerged as promising candidates in the eld of all-ber
modulator research. Aer that, all-optical interferometer
structures and resonator structures based on 2D materials
have been widely used in the sensor eld. Recently, all-ber
sensor devices based on interferometer structures have
limited their practical applications due to poor anti-interfer-
ence ability and low sensing efficiency. Therefore, it is
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important to improve the efficiency sensing and environ-
mental stability of all-ber devices.

Compared to all-ber interferometer structures, the
microber knot resonator (MKR) has good environmental
stability. The runway type MKR provides a larger range of light-
matter interaction, and its coupling with 2D materials has
a wide range of prospects in the sensing eld. Theoretically,
the sensing efficiency of all-ber sensor devices can be raised
by decreasing the diameter of microbers and selecting suit-
able 2D materials. MXene, as a type of novel 2D crystal mate-
rial, has been shown to have large bandgap tunability, high
thermal conductivity,20 and high photothermal conversion
efficiency, which can be applied to the eld of photothermal
devices. In addition, a report has shown that the light-to-heat
conversion efficiency of MXene can be up to 100%.21–23 Vana-
dium carbide (V2C) has been reported as a new MXene
compound with excellent photothermal conversion efficiency
and high saturation absorption.24 The potential of V2C MXene
in thermal management is still at an early stage, and exploring
MXene V2C-based all-optical temperature sensor devices is
promising.25

In this paper, runway-type MKR based on V2C coated
demonstrates normalized temperature sensing efficiency
(∼1.65 dB °C−1 mm−1) by increasing the interaction length
(∼0.2 mm) of light with MXene V2C. The largest the light
amplitude variation DT versus temperature is about 0.33 dB °
C−1. In addition, the optical amplitude tuning experiment is
able to directly demonstrate that the sensing efficiency of the
runway-type MKR-V2C is larger than bare all-ber devices. Our
proposed runway-type MKR structure will provide more possi-
bilities for the application of 2D materials in the eld of optical
sensor devices. The fabrication, characterization, and experi-
ments of all-ber sensor devices are described in the following
sections.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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2. Materials and methods
2.1 Material characterization

The prepared ethanol suspensions of V2C nanosheets are
dropped onto copper grids for morphology studies. The trans-
mission electron microscopy (TEM, JEOL-F200) image of V2C
nanosheets is shown in Fig. 1(a), which indicates that V2C has
a thin sheet structure and a cross-section size of about two mm.
Energy dispersive spectroscopy (EDS) equipped on TEM is
employed to conrm the composition of the V2C nanosheets.
Elemental mapping is presented in Fig. 1(c–f). Elemental
mapping illustrated that a V2C nanosheet presented in Fig. 1(b)
contains the elements C, V, O, and F. To further investigate the
properties of the V2C nanosheets, we measured the Raman
spectrum (high-resolution confocal Raman microscope,
HORIBA LabRAM HR800) and showed it in Fig. 1(g). According
to Fig. 1(g), characteristic peaks at 138.9, 282.9, 403.7, 519.3,
682.6, and 988.4 cm−1 can be observed in the Raman spectrum,
which is derived from the vibrational modes of the terminated
Fig. 1 Themorphology characterization of V2CMXene nanosheets. (a) TE
images of C, V, F, and O species on V2C MXene nanosheets. (g) The Ram

© 2023 The Author(s). Published by the Royal Society of Chemistry
V2C MXene. It is known from the preview work that the peaks at
∼403.7 cm−1 are from V2C(OH)2, while the bands at ∼519.3
cm−1 and ∼682.6 cm−1 are from the out-of-plane vibrations of
the V-atom model of V2CF2 and V2CO(OH), respectively.26–28

Fig. 1(h) shows the linear absorption spectrum (UV-vis absor-
bance spectrometer, Cary 60, Agilent) of V2C nanosheets at 300–
2000 nm, which exhibit advanced optical properties in terms of
broadband absorption.27 The V2C nanosheets show signicant
light absorption at 300 nm, 800 nm, and 1800 nm. Among them,
the light absorption peak at 300 nmmay be due to the electronic
transition in the valence band under the multilayer nano-
sheets;29 the light absorption at infrared may be caused by the
overlapping realization of the conduction band and valence
band.30 It may also be caused by electronic transitions between
discrete energy levels caused by impurity levels such as edge
states or functional groups of nanomaterials.31 The broadband
absorption properties of V2C nanosheets suggest that it is
a promising infrared material for applications in all-ber
devices.
Mand (b) STEM images of MXene nanosheets. (c–f) Elemental mapping
an spectrum. (h) The absorption spectrum of V2C nanosheets.

RSC Adv., 2023, 13, 19366–19372 | 19367
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Fig. 3 (a) Image of the runway-typeMKR coatedwith V2C nanosheets.
(b) SME image.
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2.2 Methods

Microbers (∼0.1 dB preparation loss @ 1550 nm) are made by
stretching single-mode bers (Corning SMF-28) by the hot
ame stretching method.32 Aerward the runway-type MKRs are
prepared by knotting and their tail bers are xed on highly
clean glass sheets.

Red light excitation and measurement of the optical trans-
mission are performed for the runway-type MKR characteriza-
tion. Fig. 2(b) shows the red-light excitation images of the bare
runway-type MKR (∼2.4 dB preparation loss @ 1550 nm) with
a long axis diameter of ∼12 mm and a short axis diameter of∼2
mm, and the core diameter of microber is ∼8.01 mm (inset in
Fig. 2(b)). The transmission is subsequently measured by con-
necting an amplied spontaneous emission (ASE, CONQUER-
OS321752) to one end of the device, the other end is connected
to an optical spectrum analyzer (OSA, YOKOGAWA-AQ6307C),
as shown in Fig. 2(a). Fig. 2(c) shows the measured transmission
spectrum, from which we can infer that the bare runway-type
MKR has a free spectral range (FSR) of ∼9.3 nm, a resonance Q
of∼793.5 @ 1560.8 nm, and a maximum extinction ratio (ER) of
∼14 dB @ 1560.8 nm.

Integration of MXene and runway-type MKR by optical
deposition method.9–11 The sensor device is prepared by
coupling between the surface near eld of microber and
MXene. The optical deposition system is shown in Fig. 2(a).
∼10–20 mL of MXene V2C dispersion is dropped onto the glass
substrate until the droplets are completely transferred to the
runway region of the runway-type MKR, as represented by the
white arrow in Fig. 3(a). The ASE light source (output power of
80 mW) is fed into the device and MXene is adsorbed onto the
microber surface. The microscope observes the material
deposition process, and the output power decreases as more
material is adsorbed (deposition loss of ∼3 dB). The reason for
depositing V2C material away from the intertwisted knot is that
Fig. 2 (a) Experimental set-up. (b) Microscope image and the inset show
runway-type MKR.

19368 | RSC Adv., 2023, 13, 19366–19372
excessive absorption of the deposited materials at the knot can
cause a small fraction of the light to be recirculated into the
loop. In addition, depositing materials away from the knot can
reduce the increase in the loss factor of the resonator due to
deposition.33 Fig. 3(a) shows the image of runway-type MXene-
MKR, where a small portion of the curved region of the runway
is shown using scanning electron microscopy (SEM) as illus-
trated in Fig. 3(b), from which we can see that the V2C nano-
sheets are successfully coated onto the microber, where the
deposited length of the material is estimated to be 200 mm.
3. Results and discussion
3.1 Experimental setup and results

This section presents the optical characterization of the bare
runway-type MKR and runway-type MXene-MKR. The experi-
mental setup for the device characterization is shown in
Fig. 4(a). An ASE(CONQUER-OS321752) light source at 1550 nm
is connected to one end of the sensor device, and an OSA
(YOKOGAWA-AQ6307C) is connected to the other end of the
device with which the sensing performance is tested. The
runway-type MXene-MKR is then placed in a Vacuum drying
oven (VDO). The glass sheet containing runway-type MXene-
s the MF with a diameter dz 8.01 mm. (c) Transmission spectra of bare

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Experimental set-up. (b) Transmission spectra of the runway-type MXene-MKR (blue curve) and the bare runway-type MKR (red curve).
(c) Transmission spectra of bare runway-type MKR at different temperatures.
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MKR is placed into a VDO. The temperature sensing charac-
teristics are veried at 5 °C intervals over 30 °C to 70 °C.

Fig. 4(b) shows the transmission spectra of the bare runway-
type MKR and runway-type MXene-MKR at room temperature
(25 °C). There are three apparent differences between these two
curves. Firstly, the transmission spectrum of runway-type
MXene-MKR is smoother compared to bare runway-type MKR.
The transmission curve becomes smoother aer the deposition
of materials with nonlinear absorption. Secondly, the overall
transmission of runway-type MXene-MKR (blue curve in
Fig. 4(b)) is ∼5.4 dB (increased loss by the deposition of V2C)
lower than that of bare runway-type MKR (red turn in Fig. 4(b)).
Thirdly, the ER of the device increased from∼14 dB to∼15.1 dB
aer deposition with V2Cmaterial. In terms of smoother curves,
this suggests that only one primary resonance condition is
satised in the runway-type MXene-MKR deposited by V2C, and
other possible resonances are suppressed.24 Several resonances
occurred in the bare runway-type MKR without V2C. The reso-
nant amplitude tuning experiments are performed on the
device without V2C, and the output transmission spectra are
recorded when the temperature is increased from 30 °C to 70 °C
@ 1561 nm in Fig. 4(c), respectively we can see that the trans-
mitted light amplitude variation DT @ 1561 nm is ∼3.5 dB
(Max). The results indicate that the light amplitude variation DT
is small. The corresponding temperature sensing efficiency is 0–
0.1 dB °C−1.
3.2 Discussion

The blue curve in Fig. 4(b) gives an FSR of ∼9.4 nm at the
resonance wavelength lres = 1561.3 nm. The red curve in
Fig. 4(b) gives an FSR of ∼9.3 nm at the resonance wavelength
© 2023 The Author(s). Published by the Royal Society of Chemistry
lres= 1560.8 nm. Light produces multiple modes when it passes
from the transition zone through a non-nanoscale microber
(micron level). In this study, for microber with a tapered zone
diameter of∼8.1 mm, the light should be considered to generate
multiple modes when passing through, as shown the inset of
the temperature control center in Fig. 4(a). The produced device
is a large elliptical runway, as shown in Fig. 2(b). So, at this
point, we cannot continue to extend the bit-phase difference to
explain this phenomenon. This can be understood by the
following analysis: the distance (l) of the multiple modes
produced by the light passing through the transition zone is the
same in the microber ring area, and the effect of Dl in eqn (1)
(ref. 34) is very small and oen negligible, which means that the
denominator in eqn (1) is only Dneffl. And the change of the rst-
order, second-order, and third-order modes, when the light
passes through the transition zone, will cause the refractive
index to Dneff change together. However, the change in Dneff is
oen very small compared to the other inuencing factors, so
this results in a very small Dneffl, which leads to a large FSR. The
larger FSR provides a better idea for the preparation of ber
optic sensor devices.

FSR ¼ l2

Dneff l þ neffDl
(1)

where l is the wavelength; neff is the effective refractive index; l
is the length of the microber ring region.

As shown the inset of the temperature control center in
Fig. 4(a), the fundamental mode emitted to the SMF (HE11

mode) is excited in the transition region to a higher order mode
(HE1n mode, is an integer and n $ 2), and in the ring region of
the microber,35 the three modes will independently cycle
RSC Adv., 2023, 13, 19366–19372 | 19369
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Fig. 5 Transmission spectra of runway-type MXene-MKR. (a) @ 1530–1570 nm (b) @1570–1560 nm.

Fig. 6 (a) Linear fit of DT versus temperature for four different resonances wavelengths. (b) The output spectra of the four resonance
wavelengths.

Table 1 Properties and the obtained DT variation rate associated with
the four highlighted resonances in Fig. 5

lres (nm) ER (dB)
DT
at 70 °C (dB)

DT
Dn−1 (dB °C−1)

1552.4 10.6 11.2 0.28
1561.8 13.6 13.2 0.33
1578.9 10.4 10.7 0.27
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through the ring and then produce resonance effects. The
output spectrum can be described as:36

Ioutput ¼ ð1� g0Þd
X3

1

IMKR�HE1n
þ ð1� dÞIdevice (2)

g0 represents fractional coupling intensity loss, d represents an
interference factor. IE-MKR−HE1n

which is expressed by the
following equation representing the resonance intensity of HE1n

mode.36 Idevice, which is the interference intensity.
Analysis of the optical characterization of runway-type

MXene-MKR. The runway-type MXene-MKR devices are placed
into the VDO. The output spectra are recorded at nine different
temperatures. As seen in Fig. 5(a) and (b), the maximum DT is
∼13.2 dB with approximately 1.1 nm lres shi if we perform an
amplitude study at a xed wavelength l of 1561.8 nm@ 30–70 °
C. As shown in the inset of Fig. 5(a), we can see that the ER @
1552.4 nm decreases linearly with increasing temperature. The
decrease in ER indicates that the saturation absorption of the
V2C (third-order nonlinear optical properties) with increasing
temperature leads to a smaller light intensity within the runway
structure of the device, which results in a smaller ER at the
output.9 The origin of the nonlinearity in V2C nanosheets is
electrons. The nonlinear medium produces a nonlinear
response in the presence of a connected ASE light source, where
the atoms and charges in the medium are displaced relative to
19370 | RSC Adv., 2023, 13, 19366–19372
each other. The saturation absorption characteristics and the
thermal conductivity mechanism correspond to the real and
imaginary parts of the third-order nonlinear coefficients, which
are of great importance in the integration of devices based on
2D materials.37

To investigate the relationship between DT and the reso-
nance property in the signal light wavelength range from 1530
nm to 1610 nm, four different resonances are analyzed in detail.
Correspondingly, Fig. 6(a) shows a linear t of DT versus
temperature for these resonances. Table 1 summarizes the
resonance properties and the associated rate of change of DT.
To verify whether the runway-type MXene-MKR structure is
stable, we repeatedly scanned the output spectra at 10 min
intervals for 60 min. Fig. 6(b) shows the measurement results.

The maximum sensing efficiency of the runway-type
MXene-MKR-based temperature sensor is ∼0.33 dB °C−1,
1597.4 8.26 10.1 0.25

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Performance of different types of all-optical device
temperature sensor structures

Structure Materials
Normalized sensing
efficiency (dB °C−1 mm−1) Ref.

MF Graphene <0.2 39
MF Thermochromic

material
<0.215 40

SPF TiO2 <0.22 41
MF Graphene <1.09 42
SPF rGO <0.67 43
Runway-type
MKR

V2C 1.65 This
work
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corresponding to the green curve with the highest slope in
Fig. 6(a). It is obtained at∼1561.8 nm, which corresponding to
a resonance with the largest ER (∼13.6 dB), as shown in the
second row of Table 1. The material deposition length is ∼0.2
mm, and the normalized temperature sensing efficiency is
dened as the sensing efficiency per unit length, and the
sensing efficiency obtained in this experiment is ∼1.65 dB °
C−1 mm−1. The second largest sensing efficiency of the
runway-type MXene-MKR-based temperature sensor is 0.28 dB
°C−1 (blue curve in Fig. 6(a)), which corresponds to a reso-
nance with a smaller ER (∼10.6 dB) at lres of 1552.4 nm, as
shown in the rst row of Table 1. Table 1 (last two rows) and
the light blue and purple ellipses in Fig. 5(b) show the two
wavelengths at which the resonance characteristics change.
The above shows that resonances with greater ER can lead to
higher sensing efficiency in the rate of change of the reso-
nance characteristics. This can be interpreted that resonances
with an ER will store a lot of light energy inside the structure,
thus enhancing the light-matter interaction. The enhanced
light-matter interaction will lead to higher sensing efficiency
in the rate of change of resonance properties relative to the
external stimulus. Strictly speaking, the ratio of the wave-
length of the resonance peak to the full wave at half maximum
(FWHM) is a measure of the Q factor only if the FWHM is
much smaller than the FSR.38 We deviate from this condition
by using this ratio to measure the Q factor, which results in
a relatively small Q factor. Fig. 6(b) shows the measurement
results, in which we do not observe signicant intensity uc-
tuations. The intensity variations of the output spectra at four
wavelengths from 0 to 60 min are analyzed separately for
a more explicit representation. From the measured data, the
corresponding intensity uctuations at all four wavelengths
are less than 0.5 dB, much smaller than the intensity varia-
tions at xed wavelengths due to temperature variations. This
shows that the structure has excellent stability.

Table 2 shows the performance of different types of all-
optical device temperature sensor structures. Regarding
sensing efficiency, the sensor device demonstrated in this paper
outperforms the other congurations. Combining the advan-
tages of an all-ber device and V2CMXene, the obtained sensing
efficiency in our all-optical sensor is higher than other Refs @
normalized temperature sensing efficiency.
© 2023 The Author(s). Published by the Royal Society of Chemistry
4. Conclusion

In summary, we have demonstrated that an all-optical device
with high sensing efficiency can be achieved by depositing
runway-type MKR with MXene V2C nanosheets. A maximum
normalized temperature sensing efficiency of 1.65 dB °C−1

mm−1 is obtained in runway-type MKR coated with V2C. The
maximum sensing efficiency (∼0.33 dB °C−1) of the runway-type
MXene-MKR is ∼2.7 times higher than bare runway-type MKR
(∼0.09 dB °C−1). Our proposed all-ber sensor device uses
a runway structure which greatly increases the interaction
length of light with the 2D material and thus increases the
sensing efficiency of the sensor.
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