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To realize a wearable health monitoring system, a piezoresistive
material capable of detecting very small mechanical strains is needed.
In this study, an amorphous Cr,Ge,Teg thin film was deposited on a
polyimide film by sputtering, and the piezoresistive properties were
investigated. In experiments, the Cr,Ge,Teg/polyimide double-layer
foil exhibited an outstanding piezoresistive performance as evidenced
by the appearance of self-healing cracks during tensile tests and
a remarkably large gauge factor of 60000 in resistance change
measurements. Owing to the self-healing character of cracks, the
resistance change is repeatable within a specific strain range. Note-
worthily, the double-layer foil is simple to prepare and does not require
heat treatment. Furthermore, this double-layer foil was used to fabri-
cate a pressure sensor comprising an extremely simple electrical
circuit, and it was deployed on the wrist to monitor the artery pulse
signal. As a result, the pressure sensor accurately detected artery pulse
waves containing large amounts of information.

1. Introduction

Wearable healthcare devices such as smartwatches, electronic
textiles, and electric skins have been receiving significant
attention as a way to alleviate the burden on overloaded
healthcare systems, especially in the wake of COVID-19."* Such
devices can monitor bio-signals from the human body to
visualize the current state of health and provide early warnings
of impending danger.>”” However, detecting very small motions
such as eye movement, the heartbeat, and artery pressure
requires sensors with extremely high sensitivity to low
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An amorphous Cr,Ge,Teg/polyimide double-layer
foil with an extraordinarily outstanding strain
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New concepts

We proposed a new concept of crack-based strain sensing materials with
semiconductor and flexible substrate structure. Due to the cut-through
cracks in the chalcogenide semiconductor film, this double layer foil
exhibits extraordinarily outstanding piezoresistive effect in a small strain
region. Most of the previous research focused on inducing the resistance
change by introducing cracks in metal films through precise structural
design. The ductility of metal films requires higher applied strain to
generate cracks or pre-processing to generate cracks in advance. In this
work, we firstly proposed a low resistance Cr,Ge,Te, semiconductor
amorphous film with extremely low fracture toughness, inducing cracks
even in very small strain regions. By observing the morphological change
of the fracture surface, we found that cracks generated in the Cr,Ge,Te,
layer were in a zigzag shape on the out-of-plane direction. This fracture
mode capacitates a conductive path between electrodes even where cracks
occurred. Furthermore, the resistance change was reversible and reusable
within the elastic deformation range of the substrate. Ultimately, this
surprising resistance change was utilized to detect artery pulse waves,
demonstrating potential in health monitoring systems. Moreover, this
approach of the combination of brittle-semiconductor amorphous film
and flexible substrate provides new insight into the design of crack-based
strain sensors.

mechanical strain (<1%) so that these bio-signals can be
converted into tangible electric signals.® "' Piezoresistive sen-
sors are considered indispensable for the implementation of
wearable healthcare devices owing to their high stability, high
durability, and low cost. In recent years, semiconductor materials
have been developed with a piezoresistivity tens of times greater
than that of pure metals.'>™** Moreover, they are remarkably
compatible with microelectromechanical systems (MEMS) tech-
nology, which enables the development of miniaturized and
delicate circuits. However, they have a complex production
process that includes high-temperature oxidation and doping,
which makes it difficult to fabricate a semiconductor-based
piezoresistive layer on flexible substrates that usually have
melting points below 300 °C.">'® Additionally, relatively low
sensitivity in both semiconductor materials and pure metals
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under tiny mechanical field necessitates external amplifier
circuits and bridge circuits for extracting and stabilizing
signals.

For improved sensitivity, strain sensors based on the change
in resistance from structural deformation have been proposed,
such as multi-unit devices, composite sensors, and artificial
crack-based sensors."”">*> Multi-unit devices are the most direct
means of improved sensitivity through electrical circuit design.>
However, implementing multiple units of complex circuits and
functional materials is a technological and economic challenge.
Composite sensors combine materials with different morpho-
logies to create a three-dimensional anisotropic structure.
Applying a force to the composite sensor changes the internal
structure, which controls the contact between conductive ele-
ments and affects the resistance.”*”” Wang et al. proposed a
ultratough layered nanocomposite sensor inspired by flexible
layered bio-tissue layers, capable of detecting most physiological
activities from the human body through reversible slippage of
interfacial molecular chains within the materials.?® Moreover,
fiber-based composites are widely used as wearable strain sen-
sors owing to their good flexibility, durability and adaptability.>®
However, the application of composite materials in microelec-
tronic devices may be limited by their complex fabrication
processes and the non-uniformity of their structures at the
microscopic level.

Crack-based sensors were developed due to the recognition
of cracks as a crucial factor in the resistance change of a
piezoresistive material.>*~** Crack-based piezoresistive materials
have been reported with high sensitivity to large motions such as
a bending elbow or finger and running. Crack-based sensors
usually utilize a metal resistance film because of their high
conductivity and simple production process.*>® Owing to plastic
deformation of metal materials and weak interfacial interaction
bonding between metals and polydimethylsiloxane substrate,
cracks with overlapped fracture surfaces of metals were fabricated
after a pre-stretch process.>* Consequently, mechanical forces
can change the junction states of fracture surfaces and generate
resistance change. However, because of good ductility of
metals, a large strain is necessary for generating cut-through
cracks, which causes application restricted in large strain
regions or demands pre-process for designating cracks. In
addition, the resistance changes of metals due to mechanical
deformation is small because it is exclusively determined by
the change in distance between two electrodes. On the other
hand, wearable devices require good stretchability and comfort
to facilitate daily wear, so the substrate should be soft and
flexible.>® In electrical engineering, polyimide films are com-
monly used as flexible substrates because of their excellent
thermal stability, high glass transition temperature, low dielectric
constant, and good electrical insulation.*®

Wang et al.’” deposited a Ge,Sb,Te; (GST) semiconductor
film on a flexible substrate and reported a great strain sensi-
tivity (i.e., piezoresistivity) with a high gauge factor of 338 at
small strains. GST is a well-known phase-change material
that changes between a high-resistance amorphous phase
and low-resistance crystalline phase, and it has been utilized
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for non-volatile memory applications.*® The high-resistance
amorphous phase (2.2 x 10°> Q cm®’) is easily obtained by
conventional sputtering deposition, which is beneficial for
practical application in flexible sensors. In addition, chalco-
genide-based films generally have low fracture toughness.*®
The amorphous GST film showed a lower fracture toughness
than the crystalline GST film,*" which implies that amorphous
chalcogenide films would be a suitable resistance layer for
crack-based strain sensors. However, the inherently high resis-
tance of the amorphous GST film may limit its use in crack-
based sensors because the resistance will be further increased
by cracks, which will make it difficult to measure the resistance
using conventional measurement systems. The sensitivity of
the strain sensor may also be degraded because it is repre-
sented by the gauge factor (GF), which is expressed by AR/R, =
K¢ where AR is the change in resistance after deformation,
R, is the initial resistance, K; is the gauge factor, and ¢ is the
strain. The high resistance of the amorphous GST film
increases R,, which decreases K;. As an alternative phase-
change material, Hatayama et al.*> proposed Cr,Ge,Teg (CrGT),
which has high thermal stability and low operating energy.
CrGT is unique in that the amorphous phase has a lower
resistance than the crystalline phase. In fact, the amorphous
phase has a resistivity of 2.2 x 10~" Q cm, which is four orders
of magnitude lower than that of an amorphous GST film.*?
Such a low resistance implies that an amorphous CrGT film
may be a suitable resistance layer for realizing a high-sensitivity
crack-based strain sensor.

In this work, a flexible strain sensor with extremely high
sensitivity was developed by depositing an amorphous CrGT
film on a polyimide film. The CrGT film can be deposited on
the polyimide substrate by conventional sputtering without
heat treatment, so the fabrication method is simple and com-
patible to MEMS techniques. The developed CrGT/polyimide
(CrGT/PI) double-layer foil was applied as a sensor to detect-
ing the artery pulse at the wrist to demonstrate its suitability
for wearable health monitoring devices. Furthermore, we have
investigated the strain sensing mechanism of CrGT/PI double-
layer foil in detail and discussed an approach to realize a large
electrical response to strain by utilizing the low fracture tough-
ness value of the CrGT film.

2. Results and discussion
2.1 Electro-mechanical analysis

Piezoresistive effect is the electrical response when external
mechanical strain is applied. Therefore, the key points for
evaluating piezoresistivity is to uniformly load mechanical
forces and record electrical properties simultaneously. Tensile
test was performed to evaluate the piezoresistivity of the CrGT/
PI double-layer foil in the in-plane direction. Fig. 1(a) shows the
setup for the tensile test. Indium (In) films were used as both
electrodes and an anti-slip layer for the foil. Once the sample
was set, two conductive wires were connected to a semiconduc-
tor parameter analyzer to measure the electrical performance.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Electro-mechanical evaluation of amorphous CrGT/PI double-layer foil. (a) Setup for the tensile test: (i) in films and conductive wires are fixed to
the insulated jigs of the tensile test machine; (i) the foil is placed on the In films; (iii) sandpaper is placed on top; (iv) the jigs are fastened with screws.
(b) Electro-mechanical evaluation system composed of semiconductor parameter analyzer, laser microscope, tensile machine, and computer.
(c) Meshed model of CrGT/PI double-layer foil for FEA (d) contour maps of strain in tensile direction (top) and von Mises stress (bottom) for the foil

under 0.1 mm displacement obtained by FEA.

Moreover, during stretching and holding process, there is a
possibility that sample may slip at grips and strain relaxation in
the foil may happen, so an accurate measurement technique
for strain generated in the CrGT layer is needed. To realize it, in
this study, electro-mechanical evaluation system was built to
simultaneously record electrical behavior and surface change of
CrGT/PI foils, as Fig. 1(b). In situ observation of the surface
during tensile loading was conducted to precisely measure the
strain generated in the foil. Before tensile loading, two lines
spaced about 300 um apart were marked perpendicular to the
loading direction in the middle of the foil. Both marks could be
observed at the same time under a microscope and were used
to measure the actual displacement. With this system, it is
possible to simultaneously detect both strain and electrical
response, realizing accurate evaluation of the GF in the CrGT/
PI double-layer foil.

Furthermore, finite element analysis (FEA) (Ansys
Mechanical Enterprise Package) was conducted to clarify
the behavior of the foil under tensile loading. The Young’s
modulus of CrGT for FEA was determined by nanoindenta-
tion test, which was measured to be 79.3 GPa. The Young’s
modulus of the polyimide film for FEA was set to be 2.5 GPa.
Since the amorphous CrGT film has a disordered structure,
the mechanical properties were considered to be isotropic.
Using the material properties of the CrGT and polyimide, the
FEA calculation was performed using the same model and
boundary conditions as in the experiments. Fig. 1(c) was
meshed model for the FEA, where external displacement was
applied to both edges in y direction. Fig. 1(d) demonstrates
the distribution of strain in tensile direction and von Mises

This journal is © The Royal Society of Chemistry 2024

stress when the displacement of 0.1 mm was applied. Max-
imum values of strain and stress were located at four corners
and were to be 1.36% and 1.11 GPa, respectively. The strain
was distributed relatively evenly in the center of the CrGT
layer and was to be about 1.04%. These simulation results
indicate that the strain distribution was slightly uneven in
the foil.

2.2 Electrical behaviors of amorphous CrGT/PI double-layer
foil under tensile load

Fig. 2 revealed the electrical behaviors of amorphous CrGT/PI
double-layer foil, including consecutive and static resistance
changes during tensile tests. Fig. 2(a) shows the applied contin-
uous tensile load and the resistance of the foil as functions of the
displacement. The tensile load increased linearly throughout the
displacement range, which implies that no significant slipping
occurred at the grips. The resistance changed slightly at small
displacements (i.e., <0.08 mm) but increased drastically as the
displacement increased further to tenfold the initial resistance.
Fig. 2(b) shows the current-voltage (I-V) sweep measurements as
the foil was stretched to various lengths to evaluate whether the
contact between the CrGT film and electrodes would deteriorate
and generate non-Ohmic behavior under a tensile load. All of the
IV sweep lines are entirely straight, which indicates Ohmic
contact between the CrGT film and electrode and no significant
change in the grip conditions. At small displacements, the I-V
sweep curve had a small slope, but the slope became very small
with increasing displacement, which indicates a drastic increase
in resistance.

Mater. Horiz., 2024, 11, 5631-5640 | 5633
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Fig. 2 Electrical behaviors of amorphous CrGT/PI double-layer foil under tensile load. (a) Resistance and load as functions of the tensile displacement.
(b) I-V sweep curves at various displacements. (c) Resistance change as a function of displacement based on the /-V sweep curves. (d) Resistance change
as a function of the strain calculated by digital image correlation method. (e) Hysteretic behavior during tensile loading and unloading cycles. (f) Magnified
image of the hysteretic behavior at small strains of up to 0.7%, 0.9%, and 1.1%.

The GF is generally used to describe the degree of piezo-
resistivity and is defined as

_ AR/R,
B &

GF (1)

where AR, Ry, and ¢ are the resistance change, initial resistance,
and strain, respectively. Thus, the GF can be defined as the
slope of AR/R, as a function of strain. Fig. 2(c) plots AR/R, as a
function of strain, which was obtained and averaged from ten
groups of I-V curves shown in Fig. 2(b). The obtained plots
showed good agreement with the dynamic resistance change
results shown in Fig. 2(a). The resistance change of the foil had
three regions with a boundary at 0.5% and 0.8% strains. In the
first two regions, the resistance change were small, as shown
by the enlarged image in Fig. 2(c). In the first region, the
resistance changes were very small that the GF; was around
10 similar to other pure metal materials, where the resistance
changes were mostly from size change of CrGT foil. Thereafter,
a linear fit at 0.5-0.8% displacement obtained a GF for this
region of GF, = 110, which is close to the GFs of semiconductor
materials such as P-type Si (100-170) and P-type Ge (102)
films.**™*° After the applied strain exceeded 0.8%, the resis-
tance drastically increased, and an extremely large GF of GF; =
60 000 was obtained for this region, which is much higher than
those of other piezoresistive materials. Fig. 2(d) shows the
resistance change rate as a function of strain calculated by
digital image correlation method. According to this result, the
electrical behavior of amorphous CrGT/PI double-layer foil was
confirmed that resistance change has a great promotion after
strain exceeded around 0.8% strain.

5634 | Mater. Horiz., 2024, 11, 5631-5640

For sensing repetitious actions, repeatability of resistance
change is crucially important. Thus, the reversible range of
resistance change had to be confirmed in a loading and
unloading test. Fig. 2(e) shows the resistance change behavior
in loading and unloading cycles, where the foil was first loaded
to 0.4% strain and then unloaded, loaded to 0.6% and then
unloaded, and so forth. When the applied stain was less than
1.1%, the resistance almost recovered to the initial value. Fig. 2(f)
shows a magnified image of the small strain region shown in
Fig. 2(e), which indicates the initial, and final resistances of the
foil before and after loading up to 1.1% strain. Although the
resistance change showed hysteresis upon loading and unloading,
the resistance almost recovered to the initial value upon unload-
ing even after loading up to 0.9%. When the loading exceeded
1.1%, the resistance started to increase permanently and did not
recover to the initial value. In practical application of sensors,
shift of resistance on unloading state requires extra initial resis-
tance alignment for calculating resistance changes.

2.3 Strain sensing mechanism of amorphous CrGT/PI
double-layer foil

Theoretically, the resistance can be calculated by

[
R=p7 (2)
where p, [, and A are the resistivity, distance between electrodes,
and cross-sectional area, respectively. Therefore, the resistance
of a device is determined by resistivity and morphology of
material including contact area and distance between electro-
des. In semiconductor materials, external mechanical forces
can induce distortion of the crystal structure, causing the

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Mechanism analysis of huge resistance change in amorphous CrGT/PI double foil under tensile load. (a) left: experimental details of in situ XRD
analysis, right: XRD pattern of amorphous CrGT/PI film before and under stretching and comparison groups. (b) Raman spectra of amorphous CrGT/
PI film before and under stretching. (c) Surface morphological observation by laser microscope. (d) Surface and cross-sectional SEM images of
amorphous CrGT/PI films after unloading different strains. (e) Resistance change and the number of cracks existing in a 50 mm-interval as a function of
strain. (f) Proposed mechanism on huge resistance changes generated in amorphous CrGT/PI double-layer foil by tensile loading.

change in resistivity. So, first, we conducted in situ XRD and
Raman scattering analysis to investigate local structure changes
in the amorphous CrGT during tensile test. Fig. 3(a) shows the
experimental details and results of in situ XRD measurements
in the amorphous CrGT/PI double-layer foil during tensile test.
Before and during elongating the amorphous CrGT/PI film,
XRD patterns were the same, indicating that no phase-change has
occurred in the amorphous CrGT under tensile test. Although a
phase-change did not occur during tensile loading, the changes in
atomic-bonding in the amorphous CrGT during tensile loading
may be possible to induce huge resistivity change. Fig. 3(b) shows
in situ Raman spectra of the amorphous CrGT/PI film taken under
no-strain, 0.5%-strain, 1%-strain and 1.5%-strain respectively,
where the resistance value in this figure indicates the resistance

This journal is © The Royal Society of Chemistry 2024

of sample under each strain condition. The results indicate that
there is no obvious change in Raman spectra, implying no
obvious atomic-bonding changes in the amorphous CrGT film.
The obtained results clearly indicate that local structure changes
in the amorphous CrGT film were not the cause of the huge
resistance change in the amorphous CrGT/PI double foil.

Next, we observed morphological changes of the amorphous
CrGT film under tensile loading. Hu et al. proposed the
investigation method of the crack behavior of the Cu film on
a polymeric substrate.*” Compared with Cu films, amorphous
semiconductor film is very brittle, that cracks propagated
rapidly and extended across the full width of the sample, which
can be clearly observed by in situ laser microscope observation.
Fig. 3(c) demonstrates surface morphological changes of the

Mater. Horiz., 2024, 11, 5631-5640 | 5635
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amorphous CrGT/PI double foil under no-strain, 1%-strain,
0.82%-strain 1.2%-strain and 4%-strain. Cracks were found to
appear by tensile loading from around 0.8% of strain. The
morphologies of cracks were then observed after unloading the
tensile strain with SEM, as Fig. 3(d). After unloading the tensile
strain, cracks were inconspicuous and were hard to find on the
surface, with only a few nanometers of width. In addition,
unlike the in situ observation using laser microscope, cracks
only began to be observed in the unloaded sample after loading
a strain of about 1.2% and then unloading, indicating that
cracks generated in the strain range less than 1.2% were almost
completely closed after unloading. This would be very consis-
tent with the fact that the resistance value was fully recoverable
after unloading, even with the applied strain of 1.1%. The cross
sections of cracks were processed by a focused ion beam
method (FIB), where carbon layer was deposited above the
CrGT layer to avoid damage during FIB processing. In the
cross-sectional SEM images, thin layer was observed at the
interfaces of carbon/CrGT and CrGT/polyimide, which is due
to the mismatching processing speed of different materials.
Furthermore, these images present that the crack generated in
the CrGT film is zigzag shape along the direction in film
thickness, and that the width of the crack gets the maximum
near the interface between CrGT and PI, suggesting that the
crack initiation part is the bottom side of the CrGT layer. Using
the same electro-mechanical evaluation system (Fig. 1(b)), the
relationships between the resistance change and number of
cracks as a function of strain were evaluated, as shown
in Fig. 3(e). When the applied strain reached to about 0.8%,
the resistance started to increase. At the same time, cracks
appeared on the surface of the CrGT layer. Combing both
electrical and mechanical behaviors of the amorphous CrGT/
PI double foils, it is considered that the resistance change is
dominated by the generation and propagation of cracks.

Fig. 3(f) illustrates the proposed mechanism of the resis-
tance change induced in the amorphous CrGT/PI double-layer
foil. The obtained results indicate that the sputter-deposited
amorphous CrGT layer possesses a strong adhesive to polyimide
substrate. When the tensile strain applied to the foil reaches
around 0.8%, cracks start to appear in the CrGT layer almost
perpendicular to the tensile direction. Since the amorphous CrGT
is very brittle and dose not undergoes plastic deformation, cracks
propagate quickly by applying further tensile strain. As the applied
strain increases, the gap of the surface cracks opens wider, but
internal cracks dose not completely open because of the zigzag
shape along the direction in film thickness, where current still can
flow between two electrodes. Simultaneously, the contact area at
cracks becomes less, leading to a large increase in the resistance
of the CrGT layer consequently. In other words, incomplete open
fracture of brittle film induces a huge and measurable resistance
change. After the tensile load is unloaded, two cases are consi-
dered to occur depending on the unloading behavior of the
polymer substrate. The first case is when the tensile strain is
applied to the foil within the elastic deformation range of the
polyimide substrate. In this case, the tensile strain induces cracks
in the CrGT layer, causing a drastic resistance increase. But, since
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the CrGT layer and the PI substrate are strongly bonded, the
cracks in the CrGT layer is completely closed by elastic recovery of
the PI substrate upon unloading and therefore, the resistance
value fully recovers to the original one, indicating self-healing
character of the CrGT/PI double-layer foil. The second case is
when the tensile strain that exceeds the plastic deformation range
of the polyimide substrate is applied to the foil. In this case, even
after unloading, the cracks in the CrGT layer still open, and
consequently, the resistance does not go back to the initial
resistance value. It should be noted that the distribution of strain
in the foil is slightly uneven during stretching (Fig. 1(d)), and
therefore, the difference between the initial resistance and final
resistance after loading and unloading of 1.1% tensile strain
(Fig. 2(f)) was considered to be caused by irrecoverable plastic
deformation locally occurring outside the two lines drawn by a
marker for strain measurement.

2.4 Fracture toughness of substrate-based CrGT film

The obtained results indicate that the huge resistance change
by tensile loading in the amorphous CrGT/PI double-layer foil is
mainly caused by the occurrence of cracks in the amorphous
CrGT layer, implying that the fracture toughness of the semi-
conductor layer is a crucial factor to produce excellent piezo-
resistive effect. Lower fracture toughness is considered to be
beneficial to generate cracks, which causes huge resistance
change. Concurrently, lower resistivity of conductive materials
makes it easier to measure resistance change and realize larger
GF according to eqn (1). The fracture toughness and resistivity
of the amorphous CrGT layer were evaluated and compared
with various types of materials. Kyokuta et al.*® confirmed that
the fracture toughness, I', of a substrate-based brittle film can
be calculated as follows:

2173
oY~ A¢
~ 2ER (3)

where gy, A, E, and & are the yield stress of the substrate, crack
interval, Young’s modulus of the film, and thickness of the
film, respectively. The crack interval was calculated from the
average distance between two cracks when the number of
cracks during the tensile test stabilized and further increasing
the tensile strain only changed the crack width. Young’s
modulus of the amorphous CrGT was measured by nano-
indentation method. Based on the experimental results, gy,
Aey E, and h were determined as 73 MPa, 1.285 um, 79.281 GPa,
and 100 nm, respectively. Consequently, I" of the amorphous
CrGT layer was calculated as 0.082 MPa m"2, Table 1 shows the
resistivity and fracture toughness of metals, crystalline semi-
conductors, amorphous semiconductors. Here, it is note that in
order to verify the validity of the present evaluation method for
the fracture toughness of film calculation method, the fracture
toughness of Si film was evaluated using the same method and
was confirmed to be 1.09 MPa m*?, where Si film with 100 nm
in thickness was deposited on polyimide substrate using a
sputtering method. This value is in good agreement with the
reference value of 0.8-1.0 MPa m"/?, indicating that the evalua-
tion method for fracture toughness in this study is reasonable

This journal is © The Royal Society of Chemistry 2024
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Table 1 Resistivity and fracture toughness of various materials

Resistivity Fracture toughness
Material (Q cm) (MPa m*?)
Platinum™’ 1.06 x 1077 25.4
Tungsten>’ 5.0 x 10°° 6.2-20.2
Germanium®' 1-500 x 10°° 0.6
Silicon® 0.002-3 0.8-1.0
Si0, glass™ 7 x 107 0.87
GeO, glass™ 9 x 107 0.67
Amorphous GST* 8.7 x 10> 0.5
Amorphous CrGT (this work) 2.587 x 107" 0.082
Silicon (with the same — 1.09

evaluation method)

way. Metals generally show extremely low resistivity and high
fracture toughness because of metal bonding. For crystalline
semiconductors, reasonable resistivity and fracture toughness
can be achieved depending on high temperature doping pro-
cess. However, in terms of amorphous materials, such as SiO,
and GeO,, the resistivity is too high to measure resistance
change. The amorphous CrGT layer shows lower resistivity
and extremely low fracture toughness compared to other mate-
rials, as shown in Table 1, enabling an extraordinarily large GF.

2.5 Durability

Fig. 4(a) shows the setup of a vibration experiment to investi-
gate the frequency detection capacity and durability of the
amorphous CrGT/polyimide double-layer foil. A 100-nm-thick
CrGT film and 200-nm-thick Pt film were deposited on a
200-um-thick polyimide substrate in sequence, where the sput-
tered area was designated by masking tape. The obtained
sensor device was then embedded between two jigs and con-
nected to conducting wires. Theoretically, the unrestricted end
should reach its maximum amplitude at the first resonant
frequency, and the amplitude should decrease at higher fre-
quencies due to the limit on maximum acceleration. Fig. 4(b)
shows the resistance change at a vibration of 50 Hz, which is

(@ (b)

10 mml 20 mm 20 mm

50 Hz

Pt CrGT
Top view Pt

o

Side view ‘ »
i 2 3 4 3

Timé (min)

Resistance (kQ)

() s
100 Hz _[FFT J‘wn/ 2] S0Hz

" Frequency (i)

Resistance (kQ)
Resistance (kQ)

23,

s
10.00 10.02 10.04 10.06 10.08 10.10 6.00 6.02 6.04 6.06 6.08 6.10
Time (s) Time (s)

Fig. 4 Vibration experiment. (a) Experimental setup. (b) Detection of
vibration waves at 50 Hz. (c) Detection of vibration waves at 100 Hz (inset:
vibration data processed by FFT).
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close to the first resonant frequency. The vibration wave of
every cycle was very distinct. In addition, the resistance change
recovered to its initial value after every vibration period. In
other words, the absence of resistance loss after hundreds of
vibrations indicates excellent durability. Fig. 4(c) shows the
resistance change at a vibration of 100 Hz. The amplitude was
very small and almost invisible to the naked eye. The results
indicate that the vibration could be detected, and the peak-to-peak
resistance was 0.4 kQ. The data were converted to a frequency-
dependent function by the fast Fourier transform (FFT) function
in MatLab (Mathworks) to obtain the vibration frequency, which
showed good agreement with the vibrating device, as shown by
the inset in Fig. 4(c). Therefore, the resistance changes were
adequate and stable, which makes the foil suitable for use as a
vibration or frequency sensor. Furthermore, after vibration test
over 15000 times, no significant changes were observed in the
electrical response or crack initiation/propagation, which means
the interfacial adhesion of the CrGT film deposited on the PI
substrate is sufficiently good for cyclic testing.

2.5 Detection of an artery pulse

To investigate the suitability of the amorphous CrGT/polyamide
double-layer foil to ultrahigh-precision biosensors, a prototype
sensor was fabricated. As shown in Fig. 5(a), the sensor can be
comfortably mounted on the wrist owing to its outstanding
flexibility. As shown in Fig. 5(b), medical tape was used to
attach the sensor to the wrist, which was then used to monitor
the artery pulse. Fig. 5(c) shows the resistance change of the
sensor before and after the subject ascended the stairs. The
most noticeable difference between the pulse waves before and
after exercise was the frequency. Fig. 5(d) shows the FFT spectra
of the pulse waves before and after exercise. The frequency
increased from 1.29 Hz before exercise to 1.74 Hz after exercise,
which is equivalent to 104 pulses per minute. In addition, the
relative intensity of the vibration peaks was greater after
exercise, which indicates that the sensor can effectively monitor
fluctuations in the artery pulse waves without an amplifier
circuit. Fig. 5(e) shows a magnified view of the pulse waves,
where small peaks can be distinguished after the primary pulse
signals. The sensor detected physiological signals including
systole, diastole, and dicrotic notches, where the systole is an
extended period during which the heart muscles relax and the
diastole is the opposite.”® The balance between the systole and
diastole determines a person’s blood pressure, along with risk
factors, and diseases such as hypertension. A sensor that can
resolve the systole and diastole will facilitate the early detection
of related diseases.®® The conventional approach of photo-
plethysmography (PPG) is easily affected by ambient light. In
addition, the PPG signals is vulnerable to motion artifacts such
as hand movements, which consequently reduces their accu-
racy when tracking an individual during daily routine activities
and light physical exercise.’”® The developed sensor demon-
strated its capability of precisely detecting artery pulse waves
including dicrotic point information. Notably, the prototype
sensor has an extremely simple structure comprising the CrGT
film and electrodes on the polyimide film. The wider
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Fig. 5 Prototype sensor for detecting an artery pulse. (a) Fabrication (b) mounting on the wrist, (c) detected artery pulse waves before and after exercise.
(d) Results after FFT processing. (e) Magnified view of a pulse wave after exercise.

application of piezoresistive materials has previously been
limited by their complicated structure, circuit design, and
production. The simple fabrication process of the developed
foil is significant for practical application because it promotes
standardization and reduces production costs.

3. Conclusions

In this work, an amorphous CrGT film/polyimide double-layer
foil was fabricated and characterized. The foil exhibited an
outstanding electrical response to extremely small external
forces. The GF reached up to 60 000, which surpasses that most
of other piezoresistive materials, as shown in Fig. 6 which
shows the relationship between gauge factor and available

Arterial pulse Skin movement Tactile Joint motion
100000
10000 4 e
—_ el
- Layered nanocomposites polymer > NR/ 4
= Crack-based A9 Craphene
g 1000 4 multiple films 1) ngsg,%’ﬁ’
o] GST(amor.) 7 ?ot\t?\ie\b‘\
QOJD GST(cry.) “1 & ore® OBC-CB ¢
< . )
5 100 &Q‘&o
©
& pDMS/CB @)
& 3
10 4 &
Carbon nanotube composite () SEBS/CB )
1 SEBS/PANI %)
T T T T
0.01 0.1 1 10 100 1000

Functional strain (%)

Fig. 6 A comparison of gauge factor and functional strain with other
materials 8:18:28.57.41,59-66
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strain range for various proposed strain sensors. This excellent
result was confirmed to result from cracks in the CrGT films,
which could be recovered from because of the huge difference
between the mechanical properties of the CrGT and polyimide
films. Outstanding electrical performance was obtained through
wisely utilizing mechanical behaviors of cracks, which provided a
new strategy for designing electromechanical coupling functions.
The foil was used to fabricate a simple sensor, which was then
applied to detect the artery pulse on the wrist. The sensor was
able to detect changes in frequency of the pulse waves, including
the dicrotic notch. The outstanding piezoresistive performance
of the CrGT/PI double-layer foil demonstrates its potential for
realizing a simple and low-cost wearable health monitoring
system. Furthermore, since the CrGT/PI double-layer foil can
be fabricated by conventional sputtering method without post-
heat treatment, it is expected to be applied to various micro-
devices using photolithography techniques. However, compared
with other composite-based wearable strain sensors (Fig. 6), the
available strain range of the CrGT/PI bilayer foil is limited to a
small strain range due to the insufficient elastic recovery range
of the PI substrate, as well as both electrical and mechanical
properties of amorphous CrGT piezoresistive layer. This could
be improved by optimizing the selection of substrate and
amorphous semiconductor piezoresistive material by following
material design guidelines; good adhesion between substrate
and amorphous piezoresistive layer, low resistivity and low
fracture toughness value of the amorphous piezoresistive layer.
In the future, we plan to further explore the diverse range
of practical applications for the developed foil as a tactile
detection sensor and investigate its unique properties and
potential functionalities.

This journal is © The Royal Society of Chemistry 2024
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4. Experimental
Preparation

Pure chromium, germanium, and tellurium targets were used
with the radiofrequency magnetron sputtering method to deposit
CrGT films on polyimide substrates. The as-deposited amorphous
phase can be transformed into a c-axis oriented crystalline phase
after annealing at 360 °C. X-ray diffraction (XRD) and energy-
dispersive X-ray spectroscopy (EDX) were used to ensure that the
CrGT films comprised a single phase with the correct quantitative
ratio of Ge:Cr:Te = 24.2 at%:17.3 at%:59.5 at%.

Tensile test

The tensile test was conducted by using an in situ material
testing system (Sanko ISL-S500) with a resolution of 1 nm.
Foil samples with dimensions of 5 mm x 20 mm were used to
evaluate the piezoresistive performance, and the electrode
distance was set to 10 mm. The tensile displacement speed
was set to 0.5 mm s ', and the sampling interval was set
to 50 ns.

Vibration experiment

The DYN-MS-100 Shaker (DynaLabs) was used to provide
dynamic force excitation in the cantilever vibration experiment.
The shaker includes a sine frequency generator, so the fre-
quency and amplitude can be controlled directly. However,
owing to the limitation of maximum acceleration, the ampli-
tude decreased with increasing frequency except when reso-
nance occurred.

Finite element analysis

FEA was performed by using the Ansys Mechanical Enterprise
package. The in-plane size of the sample was the same as in the
experiment at 10 mm x 5 mm. The polyimide and CrGT films
were 25 um and 100 nm thick, respectively. A three-dimen-
sional geometric model was built and meshed into 5600 elements,
which was defined as the finest 3D 20-node coupled-field solid
type. As boundary conditions, the displacements in three direc-
tions of the center point were restricted to zero. External displace-
ments were evenly applied to two edges in the width direction to
simulate the tensile deformation process.

Characterization

Nanoindentation. The Young’s modulus was measured by
using a nanoindentation system (Anton Paar TTX-NHT3). The
sample was deposited on a Si substrate with a thickness of
1.5 um. The maximum depth was set to 200 nm, and the

loading and unloading rates were both set to 2000 nm min ™",

Scanning electron microscopy/energy-dispersive X-ray
spectroscopy

The surface morphology after the tensile test was observed by
scanning electron microscopy (JEOL JSM-6500F), for which all
samples were carbon coated.

This journal is © The Royal Society of Chemistry 2024
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Laser microscopy

In situ surface observation of the samples during the tensile test
was conducted by using laser microscopy (Lasertec OPTELICS
HYBRID® MC2000). The tensile test machine was set just
beneath the lens, and the surface morphology, and distance
change between two lines drawn by a marker in advance were
observed.

X-ray diffraction

XRD spectra were measured at room temperature with a Cu
Ko source using conventional 20/0 Bragg-Brentano geometry
(Rigaku, ULTIMA).

Resistance measurement

The resistance change was measured by using an electrometer
(KEYSIGHT B2985B) and semiconductor parameter analyzer
(Agilent 4155C).
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