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Population aging has become a global demographic trend which will further intensify during the latter
half of the twenty-first century. The number of the older persons is expected to be increased to more than 2
billion all over the world in 2050. The chronic disease are more common at the older ages, especially some
non-communicable and disabling diseases including memory loss, urinary incontinence and immobility.
These older sick people require 24-hour and high-quality nursing care, which brings about severe care
burden for the caregivers. One solution to reduce such care burden is the introduction of the sensor network,
which is not only capable to monitor the activity of the older people in the nursing room continuously, but
also timely notifies the caregivers support when accidents or accident-prone activities of the old people are
detected. The construction of this kind of sensor network requires various sensors which can detect the
human motions accurately. Based on the human motion behaviors, these sensors should at least have the
capability to detect the human motions including elongation, shrinkage, bending and folding.

Strain sensors have been considered as an effective approach for monitoring human motions. However,
the traditional rigid strain sensors including metallic strain sensors and capacitive strain gauges possess
poor deformability and strain sensitivity. In comparison with these rigid sensing materials, carbon
nanotubes (CNTs) have exhibited distinct characteristics in strain sensors application, such as excellent
strain sensitivity, light weight, superior physical robustness and high transparency. However, strain
sensitivity of CNT'based sensors varies drastically depending on the structural parameters of CNTs
including diameter, number of walls and chirality. Fine control of these structural parameters has remained

a large challenge. Therefore, the fabricated CNTs-based strain sensors showed poor repeatability. In addition,
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the vertical structure of the CNTs exhibits poor compatibility with the existing device fabrication process,
which caused great difficulties in sensor fabrication.

Compared to CNTs, the two-dimensional (2D) graphene is considered as the most promising strain
sensing material due to its controllable geometric structure and good compatibility with the existing
top-down device fabrication process. With the miniaturization of electronic devices, graphene sheets have to
be cut into narrow strips with a width of several tens of nanometers for the application. The strips of
graphene are named graphene nanoribbons (GNRs). When the width of graphene is narrowed to
nanometer scale, both side edges of the ribbon structure significantly modify its electronic band structure,
resulting in the opening of the band gap of the GNRs. The previous theoretical studies have demonstrated
that electronic properties of graphene nano-ribbons (GNRs) change significantly under the application of
tensile strain. Based on this characteristic, it can be said that GNRs have the potential to be applied to
highly sensitive strain sensors. So far, some graphene-based strain sensors with different structures have
been proposed. However, due to the lack of theoretical framework, the fabricated graphene-based stain
sensors showed low strain sensitivity. In addition, although the fabricated grapahene-based strain sensors
exhibited the performance to detect three-dimensional deformational, the underlying mechanism has not
been fully clarified. Therefore, to realize the highly sensitive grapahene-based strain sensors, theoretical
optimization of the structure of graphene-based strain sensors is necessary. Especially, the effect of 3D
deformation on the electronic properties of graphene should be investigated.

In order to fabricate graphene-based strain sensors, large single-crystal monolayer is required. Thermal
chemical vapor deposition (CVD) growth of graphene on a Cu substrate is a promising method to synthesize
high-quality large-area graphene with controllable layer number. In the commonly previously CVD process,
methane is used as the precursor. However, owing to the high dissociation energy of methane, the growth
rate of graphene is very low, resulting in the high production cost. Therefore, hydrocarbon gas with high
reactivity such as acetylene should be considered as the precursor for the growth of graphene. In addition,
the previous theoretical studies have also demonstrated that the healing of divacancy defects was realized in
the presence of acetylene, implying that acetylene-based CVD process has great potential for the synthesis of
high-quality monolayer graphene. However, so far, CVD growth of high-quality monolayer graphene using
acetylene as the precursor remains a large challenge due to its extremely high reactivity. Therefore, to
develop an acetylene-based CVD process for graphene growth, it is necessary to limit the acetylene supply.

In order to fabricate graphene-based strain sensors, the development of a stable and low-cost fabrication
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process 1is necessary. Because monolayer graphene is very fragile, it is easily damaged in the conventional
device fabrication process due to the thermal stress induced in the photolithography process. In addition, the
remover used in the resist peeling process may also cause the peeling of graphene from the substrate. In
addition, transfer of graphene onto a flexible substrate without damage remains a large challenge.

The purpose of this study, therefore, is to clarify the structural factors which dominate the strain
sensitive of graphene nano-ribbon and develop an appropriate fabrication process for low-cost and
high-reliability graphene-based strain sensors.

First, the structural factors for the development of highly sensitive graphene-based strain sensors were
investigated systematically based on theoretical calculations. The effect of 3D deformation (bending and
folding) on the electronic structure of armchair GNRs (AGNRs) was systematically investigated using
density functional theory (DFT) calculation. In addition, a non-equilibrium Green’s function approach based
on tight-binding approximation was employed to analyze the change in the electronic conductivity of AGNRs
under uniaxial tensile load. Also, the dependence of the ribbon width on its electronic band structure was
analyzed in detail. It is found that the bending and folding deformation will induce the orbital hybridization,
resulting in the change in the band gap of AGNRs. On the other hand, the tensile strain can induce the
drastic change in the band gap of AGNRs, and the inverse evolution between the band gap and uniaxial
tensile strain was observed. DFT calculations suggest that for the application of strain sensors the width of
GNR should be smaller than 70 nm.

In order to synthesize graphene sheets which are used for strain sensors, a novel stable and low-cost
fabrication process of graphene has been developed by applying low-pressure CVD (LPCVD) method using
acetylene gas as precursor. Cu pockets were employed to limit the acetylene supply to the substrates. Then
graphene was grown on its inner surface. Before CVD growth, the Cu pockets were treated with the
pre-annealing and oxidation process in air. By applying these techniques, it is possible to precisely control
the chemical reactions in the CVD process including the absorption/decomposition of acetylene precursor on
the Cu surface, surface diffusion of carbon species, the nucleation of graphene domains and so on. The
synthesized graphene was transferred onto the 300 nm SiO2/Si substrate and characterized by Raman
spectroscopy. It i1s found that large-area and high-quality monolayer graphene was successfully synthesized
on the lightly oxidized Cu (111) surface under very low partial pressure of acetylene within 20 min. Selected
area electron diffraction (SAED) measurement further confirmed that the synthesized graphene shows high

crystallinity with a grain size up to 400 um.
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A stable and low-cost fabrication process of graphene devices on a SiO2/Si substrate was established.
The substrates was carefully cleaned before and after the thermal oxidation process. Then, the fabricated
Si02/Si substrate was treated by using oxygen plasma before the transfer of graphene. By employing this
process, hydroxide radicals were formed on the SiO2/Si surface, resulting in a hydrophilic surface. Thus, the
contact strength between the grown graphene and the SiO2/Si substrate was further improved, resulting in
a smooth interface and surface. In the photolithography process, an isolating layer formed by LORSA resist
was employed to protect graphene from being damaged by the positive resist OFPR800 (34 cp) both in the
metal evaporation process and in the reactive ion etching process. Finally, a back-gate FET structure was
successfully fabricated by using this process on the SiO#/Si substrate, and the FET showed PMOS
characteristics as was expected. The measured mobility of holes was 1130 cm2/(V - s). This result clearly
indicates that the high-quality graphene was successfully deposited on the SiO2/Si substrate suing
acetylene-based CVD process and the proposed process was easily adaptable with the conventional
fabrication processes for thin-film devices. Next, a graphene-base strain gauge was formed on a soft PDMS
substrate. Because the adhesion energy of graphene on Cu was higher than that of the SiO2/Si substrate, the
graphene strain sensor was directly fabricated using the graphene/Cu sample which was fixed onto the Si
substrate using a double sided tape. Then, the sensor shape was finely patterned using the graphene/Cu
sample. After the device was fabricated, PDMS was molded on its surface. By etching the Cu layer, the
device was transferred onto the PDMS substrate. In this study, the length of the gauge was 5 mm, and its
width was 10 um. Based on the theoretical analysis, this gauge should have shown metallic conductivity.
The resistance of the graphene-based strain gauge increased almost linearly with the applied both uniaxial
and bending tensile loads, and the measured gauge factor was about 3. This value agreed well with the
conventional metallic strain gauge. These results clearly indicate that the graphene-based strain gauge was
successfully fabricated on a soft PDMS substrate.

Therefore, it was concluded that stable and low-cost fabrication process for the development of
graphene-based transistors and strain gauges has been successfully developed by using the CVD process
with acetylene gas. In addition, the developed transparent and flexible graphene-based strain sensors
exhibited many advantages including light weight, high physical robustness, simple fabrication process and
low cost. Utilizing these features, graphene-based strain sensors also exhibit wide potential applications in
the fields of the displays, fatigue detection and electronic skin. This study also has paved the way to develop

ultrahigh-sensitive GNRs-based strain sensors in near future.
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