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Abstract

Flexible strain sensors with high sensitivity and stability at high temperatures are significantly desirable for their
accurate and long-term signal detection in wearable devices, environment monitoring, and aerospace electronics.
Despite the considerable efforts in materials development and structural design, it remains a challenge to develop
highly sensitive, flexible strain sensors operating at high temperatures due to the trade-off between sensitivity and
stability for the representative sensing materials. Herein, we develop a high-temperature flexible sensor using
Mo,W1,S, alloy films. A pulsed laser is introduced to directly synthesize Mo,W;,S, patterns with controllable
compositions and physical parameters, enabling the realization of flexible sensors without photolithography or
transfer procedures. The resultant flexible sensors exhibit a high gauge factor of 97.4, a low strain detection of 4.9 ye,
and strong tolerance to a temperature of 500 °C. Owing to its superior performance, we develop a wireless acoustic
recognition system to distinguish tiny strain signals of tuning forks with a vibration frequency up to 128 Hz under
extreme temperature conditions. The laser method for the direct fabrication of Mo, W,.,S, alloy-based flexible sensors
holds great potential in the precise detection of strain signals from complex structures at high temperatures.

Introduction

Thin-film flexible sensors operating at high tempera-
tures have garnered considerable attention in both
industry and fundamental research fields due to the highly
conformal to complex surfaces for high-accuracy detec-
tion of temperature, strain, and pressure signalsl. Addi-
tionally, the miniaturization and light weight of these
sensors benefit the significant reduction in size and
volume®?, demonstrating impressive potential in soft
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robotics, chemical industry, and aerospace. Therefore,
extensive work has been conducted to explore novel
sensing materials and construct unique structures to
enhance the thermal tolerance of flexible sensors for the
precise discrimination of subtle variations in temperature
and strains in harsh environments. In this regard, noble
metals including Pt*”, Au, and AgPd®” are widely used for
high-temperature sensing applications due to their
superior electrical conductivity and high stability over a
temperature of 800 °C. However, these sensors typically
have limited resistance changes to temperature and strain,
resulting in a relatively low sensitivity. Metal oxides, such
as indium tin oxides and indium oxides exhibit improved
sensitivity over a broad temperature regime®°. Still, their
large resistance drift and slow response hindered further
applications. Several novel nanomaterials, such as low-

dimensional carbons'®~'2, metal-organic frameworks >4,
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and thermoelectric fabrics'® have also been adopted as
sensing materials for flexible sensors with the achieve-
ments of enhanced conformability, stretchability, and
even dual-mode sensing. However, their environmental
stability and processability are required for further study.
Despite the considerable efforts, it remains a challenge to
develop flexible strain sensors with high sensitivity, sta-
bility, fast response, and easy processability for high-
temperature applications.

Recently, transition metal dichalcogenides (TMDCs)
and their alloys have proved to be one of the promising
materials in high-performance flexible sensing elec-
tronics'®'®,  Their layered structure with sub-
nanoscale thickness allows superior flexibility and sta-
bility under mechanical bendinglg. Additionally, ultra-
fast response and high sensitivity to optoelectronic**~>>
and thermal stimuli?® are achieved in MoS, and other
TMDs-based flexible electronics®*. However, up to
now, most works focused on the synthesis and growth
of TMD and their alloys with limited investigations on
the ultrathin films with optimal structural design for
potentials in flexible mechanical sensors. Although
prior works on MoS, flexible sensors have indicated
high gauge factor (GF) of about 50*>*° and temperature
coefficient of resistance®®?’, their sensing performance
and potential in high-temperature applications remain
unexplored.

Here, we use continuous Mo, W1_,S, (0 <x <1, steps of 0.1)
films with a nanoscale thickness as sensitive materials for
flexible strain sensors. Through a highly programmable direct
laser writing approach, we achieve custom Mo,W_,S, pat-
terns with controllable compositions, thickness, and physical
dimensions. In situ decomposition of precursors under high
laser energy enables the conversion of precursors to MoS,,
WS,, and their alloys (Mo,W1.,S,), allowing the direct fab-
rication of flexible sensors without complicated photo-
lithography procedures and transferring processes. The
flexible sensors can distinguish subtle strains with a mini-
mum microstrain of 4.9, an ultrahigh sensitivity of 97.4, and
high stability at a temperature of 500 °C. The superior sensing
characteristic of the developed Mo, W.,S, sensors can be
utilized to identify tidy strain signals at high temperatures for
acoustic recognition and diagnosis applications.

Materials and methods
Synthesis of Mo,W,.,S, alloy films

A certain mass of (NH,),MoS, and (NH,),WS, was
dissolved in a solvent mixture containing 5 mL of DMF,
4 mL of ethanolamine, and 4 mL of n-butylamine. The
precursor solution was magnetically stirred at 1500 rpm
for 120 min, followed by ultrasonic treatment for 60 min.
The mica substrate was cleaned using UV/ozone plasma
for 5 min. Then, the precursor solution was spin-coated
on the mica substrate using a gradient program of
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500 rpm for 10 s and 1500 rpm for 5s. The mica substrate
was then placed on a hot plate to bake at 60 °C for 5 min
and then at 130 °C for 3 min.

The Mo, WS, alloy films were synthesized using a
commercial laser direct writing system (Xi’an Langrui
Laser Technology Co., Ltd.) with a fiber laser wave-
length of 1.06 um and a spot size of about 22 um. A
piece of mica substrate with precursor solution was
placed face-up on a 285nm SiO,/Si substrate, and
another piece of mica with precursor solution was
placed face-down on the previous mica substrate. A
programmable pattern is struck with EZCAD laser
marking software under a 70 mm square field mirror.
The detailed parameters of the laser writing are as fol-
lows: laser power, 3 W (15%), scanning speed, 1000 mm/
s, scanning frequency, 200kHz, and energy density,
3.9]/cm?. After the laser writing, the Mo, W ,S, alloy
films can be obtained on the upper and lower mica
surfaces, but the material on the upper mica surface has
higher quality. After laser writing, the mica substrate is
washed in a mixture of DMF and ethanolamine at 50 °C
for 180s to remove residual precursors. Finally, the
substrate was dried at 210°C for 5min, and the
Mo, W _,S, pattern was left on the mica substrate.

Materials characterization

The morphology and microstructures of the Mo, W;_,S,
film were characterized using optical microscopy (Nex-
cope NM910), Raman (WITEC Alpha 300R), AFM
(Asylum Research Cypher S), XPS (Thermo SCIENTIFIC
ESCALAB 250Xi), SEM (Gemini SEM 300), and TEM
(FEI Talos F200X TEM). The Raman characterization was
conducted using a 532 nm laser calibrated with a Raman
peak of Si at 520 cm™'. The binding energy of the XPS
results was corrected by assigning a value of 284.8 eV to
the adventitious C 1s line.

Fabrication of Mo,W,_.,S, sensors

A Mo, W_,S, alloy film (typical area of 8 mm x 10 mm) was
synthesized on a mica substrate. A 300 nm-thick Pt electrode
was deposited on the mica substrate using a magnetron
sputtering system (DM400-III, Hefei Poly Vacuum Science
and Technology Ltd., China). The mask plate and the mica
substrate were sequentially placed into the designed inte-
grated recess before sputtering, and the recess was placed into
the magnetron sputtering system. The electrode pattern
corresponding to the mask plate pattern is left on the mica
substrate surface by the mask plate masking effect during
plating. The DC target was adopted and the coating power
and time were set to 40 W and 1800s.

Electromechanical behavior characterization
A homemade high-temperature sensing test system was
designed to evaluate the strain performance of the sensor
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at high temperatures. A stepper motor was used to con-
trol the strain applied to the sensor. A LabVIEW program
was developed for data acquisition based on a source
meter (Keithley 2450, Tektronix).

Calculation of strain for Mo,W,_,S, strain sensor

The bending process of the strain sensor can be sim-
plified as a cantilever model (Fig. S1, Supporting Infor-
mation). The moment of inertia (/) and the corresponding
strain (¢) can be expressed using the following equations:

1

I =—wt 1
T (1)
o Mc 6Fd

= ETEH T Ewe @)
where w, ¢, and E are the width, thickness, and Young’s
modulus of the device, M is the bending moment, c is the
distance between the neutral axis and the surface, F is the
applied force, and d is the distance of the material to the
free end of the cantilever.

The displacement of the cantilever at the position x
under force (AL(x)) is denoted as:

AL(x) = % (3142 — %) (3)

where L is the length of the substrate. Then, we can obtain
the relationship between strain and the displacement of
the cantilever under bending by solving Egs. (1)—(3).
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Results
Fabrication process of Mo,W,,,S, strain sensors

The fabrication process of the Mo, W _,S,-based flexible
sensors is illustrated in Fig. la. Mo,W1.,S, films were
synthesized by a facile direct laser writing method at room
temperature and ambient pressure. In brief, the precursor
solutions containing a certain proportion of (NH,),MoS,
and (NHy), WS, (details in the Experimental Section, and
Fig. S2, Supporting Information) were spin-coated on the
ozone-treated mica substrate and then baked to allow the
evaporation of organic solvents. The laser writing process
endows the direct realization of sensors with arbitrary
shapes without complicated photolithography procedures
or transfer processes. We then adopted a 1.06 um fiber
laser to two face-to-face mica substrates with the pre-
cursor films for direct laser writing (Fig. S3, Supporting
Information). Patterned Mo,W;_,S, films were obtained
on the mica substrate through the thermal decomposition
and pyrolysis of the precursors (Fig. S4, Supporting
Information). Note that a rising process was required to
remove the residual precursors in the nontreated area.
After removing the residual precursors, we can visualize
the patterned Mo, WS, films under an optical micro-
scope (OM) and in scanning electron microscope (SEM)
image. Figure 1b, c show that the bright and dark field
OM images for a typical film, revealing clear edges with
continuous and homogeneous structures over a large area,
which is also obverse for the Mo, W;_,S, films with dif-
ferent Mo compositions (x=0-1) (Fig. S5, Supporting
Information). The microstructure is also confirmed by the

Precursor

Laser writing
A=1.06 pm

Mica substrate

Rinsing

1]

Mo W, .S, Flexible sensor

d

Fig. 1 Fabrication of Mo,W,_,S,-based flexible sensors. a Schematic illustration of the procedures for the fabrication, including precursor
deposition on mica, direct laser writing, rinsing, and electrode sputtering. Inset shows an optical image of the alloy film and electrode. b, ¢ bright field
and dark field OM images, d, @ SEM images of Mog,W;gS, film
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SEM image (Fig. 1d), whereas a continuous film with clear
edge and patterned structure is observed. It should be
noted that the edges of the Mo, W_,S, films are not sharp
and straight, with some irregular arcs, which can be
ascribed to the circular spot of the laser beam. Addi-
tionally, the obtained films have some wrinkles and
overlapped folds, as shown in Fig. le. The size of these
geometric polygons is about 10 um, while the width of the
wrinkles is about 700 nm. The distribution of the wrinkles
is roughly consistent with the mica, which may be caused
by the lattice orientation of the mica substrate.

We then deposit a 300 nm-thick Pt electrode on the
Mo, WS, patterns using a magnetron sputtering system
to complete the fabrication of the Mo, W S,-based
flexible sensors. The dimensions of the Mo, W_,S, pat-
terns and the electrodes are 10mmx5mm and
12mm x 8 mm, respectively. Note that the proposed
strategy is highly scalable, as confirmed by the production
of ten devices in a single batch (Fig. S6a, Supporting
Information). Additionally, with the optimized laser
parameters, we can achieve relatively high reproducibility
of these sensors, whereas the electrical resistances of these
sensors are from 22.7 to 29.6 MQ with a standard devia-
tion of 2.7 MQ. Owing to the ultra-thin thickness of the
Mo, WS, films and the microscale mica substrate, the
resultant sensors are highly flexible (Fig. S6b, Supporting
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Information), which can be bent with a bending radius of
about 10 mm without any noticeable delamination or
failure (Fig. S7, Supporting Information). It is also noted
that the composition of the Mo, W1_,S, (i.e., MoS,, WS,,
and their alloys) can be facilely controlled by tailoring the
proportion of the precursors. Additionally, Mo, WS,
patterns or continuous films are highly programmable,
enabling the customized design for electronic devices or
circuits.

Characterizations of Mo,W,.,S, films

An atomic force microscope (AFM) has been adopted to
evaluate the thickness of the as-prepared film. As shown
in Fig. 2a, the Mo,W1_,S, film exhibits a typical thickness
of about 12 nm and an average roughness of about 2.8 nm,
confirming the ultrathin nanofilms with smooth surface
and uniform and homogeneous thickness. Apart from the
flat Mo, W1.4S, films, some grain boundaries with a height
of about 14nm can be observed (Fig. S8, Supporting
Information), which is consistent with the OM and SEM
images in Fig. 1c and e.

We further use transmission electron microscopy
(TEM) to analyze the crystalline structure and quality of
the Mo, W1_,S, film. The TEM image confirms the large-
area, continuous, and microcrack-free film (Fig. 2b). The
energy dispersive X-ray spectroscopy (EDXS) is also
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Fig. 2 Controllable synthesis and characterizations of Mo,W,_,S, films. a AFM, and b TEM image of Moy ,WqgS, film. ¢ EDXS mappings of
Moo 2WogS, film. d SAED pattern of Mog ;W gS; film. @ Raman spectra of Mog,WgS; film and mica. f The composition-dependent Raman shift of the
Mo, W14S, films and the corresponding vibration modes. g Composition-dependent high-resolution XPS spectra of W 4f spectra of the Mo,W; .S
films. h The extracted stoichiometric ratios of the Mo and W from the XPS results
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conducted to investigate the element distribution. The
EDXS mappings reveal that the Mo, W, and S elements
are well-distributed in the film (Fig. 2c), indicating the
uniformity of the Mo,W;_,S, films. The selected area
electron diffraction (SAED) result indicated the poly-
crystalline structure of the Mo,W1.,S, films (Fig. 2d),
consistent with the synthesized TMDCs using the laser-
assistance method®®. The typical Raman spectrum of the
Mo, W1.,S, film is shown in Figs. 2e and S9, Supporting
Information. As noticed, the mica shows typical Raman
peaks located in 195, 275, and 314 cm L. Apart from the
peaks of the mica, the Aj; and Eég modes of the
Mo, W1.,S, films with Raman peaks at around
340-430cm™ ' are observed. All these results confirmed
the synthesis of Mo,W;_,S, nanofilms with large area and
high quality.

As mentioned, Mo,W_,S, with controllable composi-
tion can be easily obtained using our laser-assistant pyr-
olysis method. The x content in the Mo, W;.,S, was
determined by the molar ratio of (NH4)>,MoS,; and
(NH4),WS,. The Raman spectra of the Mo, W_,S, films
with various Mo concentrations were measured to
examine the composition-dependent lattice vibration
modes. As shown in Figs. 2f and S10a in Supporting
Information, with the composition of x increased from 0
to 1, the Mo,W1.,S, films evolved from WS, to MoS,,
verified by the Raman shift. In specific, for x = 1, there are
two typical Raman peaks around 382 and 407 cm ',
corresponding to the Eég and A;, vibrational modes of
MoS,***. When «x is 0, two typical Raman peaks are
located at 356 and 420 cm ™', assigned to the E%g and A;,
vibrational modes of WS,>°. With the composition of x
decreased from 1 to 0, the Eég(MoSQ) peak is blue-shifted
from 382cm ! to 380 cm ™}, and the Eég(\)(/Sz) peak is
red-shifted from 352cm ™' to 357 cm !, which can be
attributed to the effect of the heavy W atoms on the high-
frequency vibration®"?, Besides, when the composition of
x decreased from 1 to O, there was a redshift in the Aj,
peak from 407 cm™ to 420 cm ', and it was split into two
peaks of MoS, and WS,, revealing the transformation
from MoS, to WS,.

The X-ray photoelectron spectroscopy (XPS) spectra
have been carried out to analyze the chemical composi-
tion of the Mo, W_,S, films. The high-resolution spectra
of W 4f peaks are shown in Fig. 2g, whereas the doublets
of W 4f5,, and 4f;/, are present in the W 4f spectrum at
37.6eV and 35.5eV, indicating the sulfur atom banded
with the W atoms (W-S). Additionally, the peak intensity
becomes stronger with the increase in the W content in
the alloy film (Fig. 2g). The doublets of Mo 3d3,, and 3ds/,
in the Mo 3d spectrum are at 232.0 and 228.8 eV, indi-
cating the sulfur atom banded with the Mo atoms (Mo-S)
(Fig. S10b, Supporting Information). The peaks at around
163.6 and 162.4 eV represent the S 2p;,, and S 2p;3),
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respectively (Fig. S10c, Supporting Information). As
noticed, while W concentrations decreased from 1 to 0,
the two peaks of W 4f softened and disappeared, indi-
cating that the W concentrations decreased (Mo con-
centrations increased) with the decreased composition of
x from 1 (WS;) to 0 (MoS,). Similar phenomenon can be
found in the Mo 3d spectra. The composition of the
Mo, WS, films was further estimated based on the XPS
results. As shown in Fig. 2h, the calculated compositions
are WSy, Mog2oWo.78S2, M0g37Wo.63S2, M0g 56 Wo.4452,
Moy g1 Wo.19S2, and MoS, with the theoretical x equal to 0O,
0.2, 04, 0.6, 0.8, and 1, respectively. The calculated values
are roughly consistent with the theoretical values, sug-
gesting the considerably stoichiometric MoS,, WS,, and
their alloys.

Electromechanical behavior of Mo,W,_,S> sensors

The strain sensing performance of the Mo,W;.,S,
sensor was examined by investigating the electrical
response of the fabricated sensors under compressive and
tensile strains induced by bending the sensors (insets in
Figs. 3a and S11, Supporting Information). When an
external force is applied, there is a displacement at the
free end of the devices. A simplified cantilever model was
used to evaluate the applied strains to the sensors, which
can be calculated using the following equation (see details
in “Materials and methods” section):

. 3dtAL(x) (@)
3Lx? — &3

where ¢ and L are the thickness and length of the sensor, d
is the distance of Mo, W _,S, alloys to the free end of the
cantilever, and AL(x) is the displacement of the cantilever
at position x. The Mo,W;.,S, patterns on the mica
substrate were bent by a stepping motor with various
displacements (AL(x)). The applied force induced in-plane
pressure to Mo, WS, alloys, resulting in desired
microstrains in the strain sensors.

The resistance values of the strain sensor were recorded
using a digital multimeter and transmitted to a data
acquisition system. Figure 3a shows the normalized
resistance change (AR/R,) of the sensor under various
microstrains from —392 to 392pe. AR=R-R, is the
relative resistance change, where Ry and R are the resis-
tance values of the sensor before and after being applied
external force. It can be observed that there were sharp
changes in the measured resistances when the strain was
applied to the sensor. In specific, the resistance decreased
under compressive strains. As expected, there was an
increase in resistance when the sensor was bent outward.
This is a typical piezoresistive behavior, which has been
observed in MoS, Alm243334 phase-change film>®, and
polymer composite film**°, In specific, there is a
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Fig. 3 Electromechanical behavior of flexible Mo,W,_,S, strain sensors at room temperature. a The normalized resistance of the strain sensor
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d Dynamic cyclic test of the strain sensor at a strain of 294 e for over 1000 cycles
J

decreased atomic spacing in the Mo, W_,S, alloys under
compressive strains, leading to a relatively higher electron
density and a narrower band gap, which contributes to the
increase in the electrical conductivity. In contrast, the
enlarged atomic spacing and band gap under tensile
strains results in the decreasing of electrical conductivity.
Additionally, these changes were highly reversible, as
confirmed by the consistent electrical response of the
sensor stimulated by three times at each strain. Figure 3b
compares the extracted resistance changes for the sensors
with different strains. A high linearity was observed for
both the compressive and tensile strains. The calculated
strain sensitivity under compressive strains is —50.3. The
normalized resistance change in the tensile mode is higher
than that of the compressive mode, consistent with strain
sensors in the literature.

The electrical response of the sensor to incremental
strains is also evaluated by providing a stepping strain
excitation with a step size of 49 pe and unloaded back.
The programmable change in strain was applied to

sensors in both compressive and tensile modes. As shown
in Fig. 3c, there is a step change in the normalized
resistance under both tensile and compressive states,
which is consistent with the applied strains from 49 to
392 pe, confirming the high repeatability, sensitivity, and
fast response of the Mo, WS, sensor. Durability is
important to strain sensors for long-term working. The
fatigue life of the Mo, W _,S, sensor was investigated by
conducting a cyclic test, in which a dynamic tensile strain
of 294 pe was applied to the sensor and then released at a
frequency of 0.2 Hz. As shown in Fig. 3d, there is a stable
response without noticeable degradation or attenuation
during the cyclic loading and loading for more than 1000
cycles. The recorded resistance values and the amplitude
of the electrical signals are roughly consistent throughout
the repeated test cycles, indicating a high stability,
reproducibility, and reliability of the sensor.

We also evaluate the sensing performance of the
Mo, W1.,S, sensor at high temperatures. Figure 4a, b
shows the reversibility of the sensor in a tensile state at
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.

various temperatures from 20 to 500°C. It can be
observed that there are rapid variations in the normalized
resistance when various microstrains from 4.9 pe to
392 pe are applied to the sensors. The resistances roughly
recover to the initial values after unloading the strain.

There are no mechanical or electrical failures throughout
the test, indicating the normal operation of the sensors at
a temperature of up to 500 °C. Note that larger strains are
not applied to the sensor due to the brittle mica substrate.
It also shows that a subtle strain of about 4.9 ue was
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precisely detected at 20, 100, and 200 °C, indicating an
ultra-low detection limit. Note that the detectable strains
of the sensors at temperatures above 300 °C are higher
than those at room temperature. Specifically, microstrain
of 4.9 pe is not detectable at temperatures above 300 °C,
while the strain sensor can identify a minimal microstarin
of 98 pe at 400°C and 500 °C. Additionally, the relative
changes in resistance at higher temperatures (i.e., 400 and
500°C) are about two times smaller than that at tem-
peratures less than 300°C (Fig. S11, Supporting Infor-
mation). The degradation in sensing performance may be
attributed to the relatively less sensitivity to strains at
higher temperatures due to decreased mobility and large
electron-phonon scattering effect’. Nevertheless, the
detection limit is much lower than most high-temperature
strain sensors in the literature>*"**,

To investigate the sensitivity of the Mo,W; .S, strain
sensor, we calculate the GF. As shown in Figs. 4c and S11,
Supporting Information, the GFs maintain relatively
stable values at temperatures up to 300 °C. Specifically,
the GFs of the sensor are 97.4 and 87.8 at temperatures of
20°C and 300°C, respectively. There is performance
degradation in the GFs at temperatures higher than
400 °C, whereas the values are 28.1 and 40.1 at 400 °C and
500 °C, respectively. The slightly decreased strain sensi-
tivity is consistent with high-temperature strain sensors in
the literature>*’, Despite the slightly degraded GFs, our
sensor retains its operation at 500 °C, showing its toler-
ance to high temperatures.

It is known that developing strain gauges with high
sensitivity, low detection limit, and wide temperature
range are crucial for high-temperature applications. The
collective sensing performance of our Mo, W .S, strain
sensors is compared with other functional materials-
based high-temperature strain sensors, such as
metals®”*, semiconductors>”*>*°, and carbons**>*78,
Our Mo, W_,S, sensor exhibits state-of-the-art levels in
GF, detection limit, and operation temperatures (Fig. 4d
and Table 1).

Specifically, the noble metals- and inorganic ceramics-
based strain sensors can detect relatively low strains at
temperatures even higher than 600°C. However, their
sensitivity to external strains is typically low, resulting in
low GFs. In contrast, strain sensors made of semi-
conductors (e.g., MoS,), and carbons (e.g., carbon nano-
tubes (CNT)), typically exhibit higher GF but with lower
operation temperatures. Our Mo, W_,S,-based sensors
process superior strain sensing performance, such as high
sensitivity, low detection limit, and wide temperature
regime (20—500 °C). The strain sensitivity of our sensor is
one order of magnitude higher than metallic strain sen-
sors and carbon-based sensors. Simultaneously, the
Mo, W_,S,-based sensor has the lowest detection limit,
which can distinguish a microstrain down to 4.9 pe.
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Table 1 Comparison of strain sensors
Sensing LOD (pe) Strain-GF Temperature Ref.
materials range (°C)
Pt 299 255 30-800 >
Au 250 226 200-300 >
AgPd 100 125 600 /
Ag 175 315 500 s
BaNbysTigsO5 700 275 20 60
AIN 100 000192 154-250 o1
TiBL/SICN 200 7.2 25-800 o2
CNT 110 413 0-300 2
CNT/PANI 400 1.77 25-80 8
MXene- 120 37 10-200 o
Graphene
PANI 5000 18.28 40-110 o
MoS, 50 51.2 RT *
MoS, 30 18 20-70 7
MoS, NA NA 30-80 »
MoS, NA 472 RT 34
Mo, W+.,S> 49 97.4 20-500 This

work

LOD limit of detection, CNT carbon nanotubes, PAN/ polyaniline

Owing to the capability for subtle strain identification, our
sensor is expected to bring various potential applications,
such as pulse and respiration detecting, robotic control-
ling, and wound healing monitoring. It could be attributed
to the wrinkled microstructures of the Mo, W;_,S, films
and the high adhesion between the film and substrate. In
specific, the wrinkled structures are expected to introduce
more defects or free-standing regions in the Mo, W;_.,S,
films, making the nanoscale films more fragile than their
flattened counterparts**~>!, benefiting the high electrical
response under small strains. This is verified by the
relatively smaller GFs of strain sensor (—35.2 at 20 °C)
based on flat Mo,W;.,S, films (Fig. S12, Supporting
Information), as compared to the strain sensor with
wrinkled structures (—50.3 at 20 °C). Additionally, some
minuscule cracks are expected to be generated in the laser
writing process, enabling an enhanced sensitivity and
detectable strain range®>>>. Moreover, compared to pure
MoS,, Mo,W_,S, alloys may retain more stable electrical
properties over a wide range of temperaturesS4’55.

In addition to the sensitivity, detection limit, and
operation temperature, the response time to rapid strain
loading and unloading was another parameter of high-
performance strain sensors. We noted a sharp and rapid
increase in the normalized resistance (0.49s) when a
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microstrain is applied to the sensor at 300°C. After
removing the strain, the resistance recovered to the initial
value within 0.41s (Fig. S13, Supporting Information).
The short response and recovery times are well main-
tained over a wide temperature regime from 20 to 200 °C.
In specific, the response times of the sensor are 0.45, 0.45,
and 046s at 20, 100, and 200°C, respectively. The
recovery times of the sensor are 0.41, 0.39, and 0.42s at
20, 100, 200 °C, respectively. At temperatures over 400 °C,
there is a relatively slower response to external strains.
The response and recovery times are 0.7 and 0.46s at
400 °C, while the times increase slightly to 0.73 and 0.5s
at 500 °C. Nevertheless, the response time of the proposed
Mo, W1.,S, sensors is still lower than most reported high-
temperature strain sensors™”®>’,

The electrical reliability of the Mo,W;,S, sensor at
high temperatures was also investigated by cyclic loading
and unloading a strain of 392 pe to the sensor. Figure 4e
shows that the sensor responses at the initial, medium,
and last cycles at 500°C are roughly consistent. The
Mo,W1.,S, sensor retains relatively stable output
throughout the 250 tensile cycles at a large strain of
392 pe and high temperature of 500 °C. Additionally, the
Mo, W1_,S, sensor can sustain the electrical and sensing
properties for 3 h (11000 s) at 500 °C, indicating the strong
tolerance to high temperature. The resistance slightly
increases by 12% from the initial status to the end (insets
in Fig. 4e), which can be attributed to several potential
reasons. From material’s perspective, fatigue or creep may
occur in both flexible substrate and alloy film due to
possible irreversible deformations under high tempera-
ture. Additionally, there may have microcracks or unno-
ticeable delamination at the interface in the cyclic bending
test at high temperature, resulting in increased contact
resistance. Moreover, the mismatch in thermal expansion
coefficient between the mica substrate and alloy film will
generate internal stress during the cyclic bending, causing
the signal inconsistence from the initial status to the end.
Nevertheless, the strain sensor can operate reliably at a
high temperature of 500 °C for more than 3 h, implying
the potential application in high-temperature environ-
ments. We also evaluate the mechanical behavior of the
mica-based flexible sensor by applying tensile strain to the
sensor. It is found that the sensor exhibits a tensile
strength of about 23 MPa at a tensile strain of 0.25% (Fig.
S14, Supporting Information), offering high stability for
the flexible sensors.

Integrated wireless acoustic recognition system

Owing to the high sensitivity over a broad temperature
range, the flexible Mo, W_,S, sensor can be utilized for
monitoring small strains in high-temperature environ-
ments. As a proof of concept, we demonstrate the appli-
cation of the Mo, W;_,S, sensor in the field of acoustic

Page 9 of 12

diagnosis, which always involves distinguishing tiny signals
under extreme temperature conditions. Figure 5a, b shows
the developed vibration identification system that enables
the real-time frequency detection of tuning fork at 300 °C
for high-temperature acoustic applications. The systems
comprise three major components, including the strain
sensing based on Mo, W_,S,, films, a self-developed blee-
der circuit, and an oscilloscope (Fig. 5a). The flexible
Mo, W .,S, sensor is attached to the surface of tuning forks
for recording vibration signals with various frequencies.
The bleeder circuit includes a voltage divider module (Fig.
S15, Supporting Information), which is used to power the
Mo, W.,S, sensor by providing a direct current voltage.
The sampled voltage data is then quantized and encoded
through the circuit. The oscilloscope connects both ends of
the sensor electrodes and the bleeder circuit to record the
voltage variation across the thin-film sensor in real-time.
The obtained voltage values are directly displayed on the
oscilloscope. To improve the data processing efficiency, we
have also developed another wireless vibration identifica-
tion system, comprising a home-made printed circuit board
for data collection and pre-processing, a WiFi module for
wireless data transfer, and a computer with an interface for
wave analysis®®, as schematically illustrated in Fig. 5a. Dif-
ferent from the bleeder circuit, the wireless system record
resistance values of the Mo,W_,S, sensor induced by the
vibration of tuning forks. These resistive signals are firstly
pre-processed by a microcontroller unit and converted into
digital signals by an analog-to-digital converter. The con-
verted digital signals are then wirelessly transferred to a
computer. An oscilloscope module is implemented in the
computer to display the converted signal through a devel-
oped interface.

Figure 5¢ shows the real-time voltage change of the
flexible Mo, W, S, sensor when contacting tuning forks
with vibration frequencies of 32, 64, and 128 Hz at an
input voltage of 5 V. The sensor can detect and identify all
those vibrations. The amplitude values of the signals
obtained during the test are consistent with the original
inputs. The embedded graphs show the recorded voltage
signals within 0.1 s, indicating a high fidelity of the data,
which verifies that the flexible Mo, W;.,S, sensor can
respond accurately to high-frequency signals up to
128 Hz. Note that there is weak response when a higher
vibration frequency (>128 Hz) is applied to the strain
sensor, which can be resolved by optimizing the response
time and strain sensitivity through material and structure
design. The corresponding Fourier transform result show
that there is a sharp peak at 32 Hz in the recorded signals
from the sensor attached to the tuning fork with an
intrinsic frequency of 32 Hz (Fig. 5c¢). Similarly, a peak
locating at 64 Hz in Fig. 5d is consistent with the intrinsic
frequency of the tuning fork, while there is a sharp peak at
128 Hz in the Fourier transformed curve in Fig. 5e when
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Fig. 5 Demonstration of the flexible Mo,W;_,S; sensor in high-temperature vibration identification system under 300 °C. a Schematic
illustration showing the construction of the system, including Mo, W,_,S,-based microstrain sensing, main control printed circuit board, self-
developed voltage acquisition bleeder circuit, and an oscilloscope with a wave analysis module. b Recorded voltage response of the sensor to
various vibration frequencies of 32, 64, and 128 Hz. c—e The corresponding frequency spectrograms of the signals in (b). Insets show the photographs
of the tuning forks with various frequencies from 32 Hz to 128 Hz. f-h The corresponding time-frequency spectrograms of the signals in (b)
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the intrinsic frequency of the tuning forks is 128 Hz. We
further conduct spectrum analysis of the recorded signals.
Figure 5f—h show the time-frequency domain analysis of
the output voltages for the flexible sensors contacting
with tuning forks at frequencies of 32, 64, and 128 Hz,
respectively. The flexible Mo,W; .S, sensor can clearly
distinguish the frequency of the tuning forks through the
sampling and analysis of high-frequency signals, con-
firming that the sensor can acquire high-frequency micro-
strain signals with high accuracy and reliability in high-
temperature environments.

Conclusion

In this study, we developed a direct laser writing
approach for the custom design and direct fabrication of
Mo, W1.,S, films-based flexible strain sensors. Through
this rapid and convenient method, we can regulate and
precisely control the compositions, thicknesses, and shapes
of the Mo,W.,S, alloy films during the laser annealing
process. The sensing element can detect a low microstrain
down to 4.9 pe, and the GFs of about 90 are well retained up
to 300 °C, both of which are the best compared to the state-
of-the-art benchmarks in the literature. Moreover, the
sensors demonstrate superior mechanical and thermal
stability with no noticeable degradation in sensing perfor-
mance or structure failure upon repetitive bending and
releasing cycles at 500 °C for 3 h. The proposed strategy for
synthesizing Mo,W1_,S, alloy films and manufacturing
flexible sensors demonstrates promising applications in the
design and realization of flexible electronics operating at
high temperatures for harsh environments.

Despite the superior strain sensing performance of
Mo,W1.,S, alloy films-based sensors, several critical
challenges remain that may hinder their potential appli-
cations. First, the sensing performance degrades at ele-
vated temperatures. Second, the strain sensitivity remains
insufficient for detecting nanoscale mechanical deforma-
tions in applications such as biomedical pulse monitoring
or high-frequency vibration diagnosis. Third, the rela-
tively large response and recovery times impede real-time
detection of high-frequency dynamic strains, limiting
their application in fast-response systems.

To address these challenges, several strategic approa-
ches can be conducted. From material’s perspective,
introducing additional transition metals to form high-
entropy sulfides is expected to enhance thermal stability.
Interface between the sensing film and flexible substrate
should be enhanced by applying advanced surface treat-
ments or introducing interlayers to improve the adhesion.
Serpentine or fractal designs can be employed to reduce
stress concentration at high temperature. Through these
strategies, both strain sensitivity and high-temperature
stability of flexible strain sensors are expected to be
enhanced.
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