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SUMMARY

ITH the rapid development of science and technology, the Internet of Things and

big data have become important forces driving the progress of modern technology.
The evolution of these technologies has spurred the widespread application of smart de-
vices and services, bringing revolutionary changes to various industries. In this context,
flexible sensors have become a key bridge between the physical and digital worlds be-
cause of their unique bendability and high adaptability. They not only provide real-time
data collection and transmission, but also serve a crucial role in health monitoring and
environmental detection due to their lightweight and flexible characteristics.

As fabrication technologies continue to innovate, flexible sensors are evolving to-
wards miniaturization, integration, and customization. Although flexible sensors based
on a variety of micro- and nanostructures and innovative materials have made signifi-
cant progress in recent years, challenges still exist in terms of sensor performance, in-
tegration capability, and fabrication efficiency. To address these challenges, we utilized
ultraviolet (UV) laser direct writing technology to efficiently achieve the microstructure
fabrication and material modification required for the sensing capabilities of flexible
sensors by precisely controlling the time, space, and energy of the laser. Correspond-
ingly, we developed innovative fabrication technologies based on UV laser direct writ-
ing for different types of flexible sensors, including pressure sensors, strain sensors, gas
sensors, and temperature sensors. The application of these technologies not only im-
proves the fabrication efficiency but also enhances the sensor performance to meet the
demands for customization and miniaturization. This thesis primarily focuses on the
following contents:

Chapter 1 introduced the importance of flexible sensors in the field of flexible elec-
tronics. It explored the classification, mechanism, and development trends of flexible
sensors. Subsequently, the application and classification of laser direct writing (LDW)
technology in the development of flexible sensors were thoroughly discussed. Finally,
the research motivation and outline of this thesis were summarized.

Chapter 2 developed a laser pyrolysis direct writing (LPDW) technology for the fab-
rication of high-performance flexible pressure sensors with a PDMS micro-pyramid ar-
ray structure. This chapter investigated the mechanism of continuous laser pyrolysis
of Polydimethylsiloxane (PDMS) surfaces under precise UV-LDW through experiments
and simulations. The effects of laser parameters on the performance of the sensor and
its working mechanism were explained in detail. The fabricated sensors exhibited re-
markable sensitivities of 3132.0 kPa™!, 322.5 kPa™!, and 27.8 kPa™! in the pressure ranges
of 0-0.5 kPa, 0.5-3.5 kPa, and 3.5-10 kPa, respectively. The sensors demonstrated fast
response times (loading 22 ms and unloading 18 ms) and excellent repeatability and
durability over 3000 cycles. Additionally, the sensors demonstrated the ability to detect
micro and low pressures, such as mobile phone vibrations, airflow impacts, and finger
touches. Moreover, these sensors exhibited excellent array integration capabilities for
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spatial pressure distribution detection.

Chapter 3 introduced a laser transmission pyrolysis (LTP) technology for fabricating
flexible strain sensors based on metal (Au) cracks with microchannel arrays. This chapter
explored the mechanism of efficient fabrication of PDMS surface microchannels by TLP
technology through experiments and simulations. It revealed the stress redistribution of
the PDMS surface with the microchannel array under stretching. The fabricated sensors
exhibited high sensitivity (GF = 1718.5), excellent strain resolution (0.1%), wide detec-
tion range (59%), fast response and recovery times (69 ms and 141 ms, respectively), and
robust durability (over 3000 cycles). Additionally, the sensors proved capable of accu-
rately monitoring not only subtle physiological signals such as pulse and swallowing but
also large-scale motion signals such as knee flexion and finger bending.

Chapter 4 developed a selective reduction laser sintering (SRLS) technology for
fabricating flexible nitrogen dioxide (NO2) gas sensors based on indium oxide (InyO3)
nanoparticles (NPs). This chapter investigated the mechanism of oxygen vacancy de-
fect formation under UV laser sintering of In,O3 NPs through experiments and simu-
lations. The effects of differences in laser scanning intervals on sintering temperature,
oxygen vacancies, and sensor performance were further explored. The mechanism of
oxygen vacancy defects in In,O3 for the enhanced adsorption performance of the NO,
molecule was explained by density functional theory (DFT) simulation. The fabricated
sensor demonstrated excellent response at room temperature (S = 460.9 at 10 ppm), fast
response/recovery time (Tresp/Treco = 27/570 s), and superior selectivity (response ratio
> 400). Additionally, these sensors exhibited good light and humidity resistance, with
faster recovery under light-assisted conditions.

Chapter 5 introduced a UV laser direct writing technique (UV-LDW) for fabricating
flexible temperature sensors based on nickel oxide and laser-induced graphene (NiO-
LIG) nanocomposites (NPs). This chapter investigated the mechanisms underlying the
fabrication of NiO-LIG via UV laser direct writing on NiO-PI films, focusing on the par-
tial reduction of NiO to metallic Ni and the formation of oxygen vacancy defects. The
mechanism of performance enhancement of NiO-LIG temperature sensors after NiO NP
compositing was further revealed. The fabricated sensor exhibited excellent sensitivity
(=0.075% °C~!) and outstanding linear response (R? = 0.999) over the temperature range
of 30 to 100 °C. By incorporating PDMS packaging technology, these sensors not only
exhibited exceptional humidity resistance and waterproof capabilities but also rapidly
responded to sudden temperature changes and continuously monitored long-term tem-
perature variations.

Chapter 6 summarized the research findings, highlighted advancements achieved
through the development of innovative laser direct writing technology in the fabrication
of flexible sensors, and discussed potential directions for future research utilizing this
technology.



SAMENVATTING

ET de snelle ontwikkeling van wetenschap en technologie zijn het Internet der

Dingen en big data belangrijke krachten geworden die de vooruitgang van de mo-
derne technologie stimuleren. De evolutie van deze technologieén heeft geleid tot de
wijdverspreide toepassing van slimme apparaten en diensten, wat revolutionaire veran-
deringen teweegbrengt in verschillende industrieén. In deze context zijn flexibele sen-
soren een cruciale brug geworden tussen de fysieke en digitale werelden vanwege hun
unieke buigzaamheid en hoge aanpasbaarheid. Ze bieden niet alleen realtime gegevens-
verzameling en -overdracht, maar spelen ook een cruciale rol in gezondheidsmonitoring
en milieudetectie vanwege hun lichtgewicht en flexibele eigenschappen.

Naarmate de fabricagetechnologieén blijven innoveren, evolueren flexibele sensoren
naar miniaturisatie, integratie en maatwerk. Hoewel flexibele sensoren op basis van een
verscheidenheid aan micro- en nanostructuren en innovatieve materialen de afgelopen
jaren aanzienlijke vooruitgang hebben geboekt, bestaan er nog steeds uitdagingen op
het gebied van sensorprestaties, integratievermogen en fabricage-efficiéntie. Om deze
uitdagingen aan te pakken, hebben we gebruik gemaakt van ultraviolet (UV) laser direct
schrijftechnologie om efficiént de microstructuurfabricage en materiaalmodificatie te
bereiken die nodig zijn voor de sensoreigenschappen van flexibele sensoren door de tijd,
ruimte en energie van de laser nauwkeurig te regelen. Overeenkomstig hebben we inno-
vatieve fabricagetechnologieén ontwikkeld op basis van UV-laser direct schrijven voor
verschillende soorten flexibele sensoren, waaronder druksensoren, rekstrooksensoren,
gassensoren en temperatuursensoren. De toepassing van deze technologieén verbetert
niet alleen de fabricage-efficiéntie maar verhoogt ook de sensorprestaties om te voldoen
aan de eisen voor maatwerk en miniaturisatie. Deze scriptie richt zich primair op de
volgende inhouden:

Hoofdstuk 1 introduceerde het belang van flexibele sensoren in het veld van flexi-
bele elektronica. Het verkende de classificatie, mechanismen en ontwikkelingstrends
van flexibele sensoren. Vervolgens werd de toepassing en classificatie van laser direct
writing (LDW) technologie in de ontwikkeling van flexibele sensoren uitvoerig bespro-
ken. Tot slot werd de onderzoeksmotivatie en de opzet van deze scriptie samengevat.

Hoofdstuk 2 ontwikkelde een laserpyrolyse direct writing (LPDW) technologie voor
de fabricage van hoogwaardige flexibele druksensoren met een Polydimethylsiloxaan
(PDMS) micro-piramide-arraystructuur. Dit hoofdstuk onderzocht het mechanisme van
continue laserpyrolyse van PDMS-oppervlakken onder nauwkeurige UV-LDW door mid-
del van experimenten en simulaties. De effecten van lasereigenschappen op de presta-
ties van de sensor en het werkingsmechanisme werden in detail uitgelegd. De vervaar-
digde sensoren toonden opmerkelijke gevoeligheden van 3132,0 kPa~!, 322,5 kPa~! en
27,8 kPa~! in de drukbereiken van 0-0,5 kPa, 0,5-3,5 kPa en 3,5-10 kPa respectievelijk.
De sensoren toonden snelle reactietijden (laden 22 ms en lossen 18 ms) en uitstekende
herhaalbaarheid en duurzaamheid over 3000 cycli. Bovendien toonden de sensoren het
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vermogen om micro en lage drukken te detecteren, zoals mobiele telefoontrillingen,
luchtstroomimpacts en vingeraanrakingen. Bovendien vertoonden deze sensoren uit-
stekende arrayintegratiecapaciteiten voor ruimtelijke drukverdelingsdetectie.

Hoofdstuk 3 introduceerde een laser transmissive pyrolyse (LTP) technologie voor
het fabriceren van flexibele rekstrooksensoren op basis van metaal (Au) scheuren met
microkanaalarrays. Dit hoofdstuk verkende het mechanisme van efficiénte fabricage
van PDMS-oppervlak microkanalen door TLP-technologie door middel van experimen-
ten en simulaties. Het onthulde de stressherverdeling van het PDMS-oppervlak met de
microkanaalarray onder rekking. De vervaardigde sensoren vertoonden hoge gevoelig-
heid (GF = 1718,5), uitstekende rekresolutie (0,1%), breed detectiebereik (59%), snelle
respons- en hersteltijden (69 ms en 141 ms respectievelijk), en robuuste duurzaamheid
(meer dan 3000 cycli). Bovendien bewezen de sensoren in staat te zijn om niet alleen
subtiele fysiologische signalen zoals pols en slikken nauwkeurig te monitoren, maar ook
grootschalige bewegingssignalen zoals knieflexie en vingerbuiging.

Hoofdstuk 4 ontwikkelde een selectieve reductie laser sintering (SRLS) technologie
voor het fabriceren van flexibele stikstofdioxide (NO) gasensors op basis van indium-
oxide (InpO3) nanopartikels (NPs). Dit hoofdstuk onderzocht het mechanisme van zuur-
stofvacaturedefectvorming onder UV-laser sintering van InpO3 NPs door middel van ex-
perimenten en simulaties. De effecten van verschillen in laserscanintervallen op sin-
tertemperatuur, zuurstofvacatures en sensorprestaties werden verder verkend. Het me-
chanisme van zuurstofvacaturedefecten in In,O3 voor de verbeterde adsorptieprestatie
van het NO;-molecuul werd uitgelegd door density functional theory (DFT) simulatie.
De vervaardigde sensor toonde uitstekende respons bij kamertemperatuur (S = 460,9 bij
10 ppm), snelle respons-/hersteltijd (Tresp/Treco = 27/570 s), en superieure selectiviteit
(responsverhouding > 400). Bovendien vertoonden deze sensoren goede licht- en vocht-
bestendigheid, met snellere herstel onder lichtondersteunde omstandigheden.

Hoofdstuk 5 ontwikkelde een UV-laser direct writing techniek (UV-LDW) voor
het fabriceren van flexibele temperatuursensoren op basis van nikkeloxide en laser-
geinduceerd grafiet (NiO-LIG) nanocomposieten (NPs). Dit hoofdstuk onderzocht de
mechanismen die ten grondslag liggen aan de fabricage van NiO-LIG via UV-laser di-
rect writing op NiO-PI films, met focus op de gedeeltelijke reductie van NiO tot metal-
lisch Ni en de vorming van zuurstofvacaturedefecten. Het mechanisme van prestatie-
verbetering van NiO-LIG temperatuursensoren na NiO NP-samenstelling werd verder
onthuld. De vervaardigde sensor vertoonde uitstekende gevoeligheid (—0,075% °C™')
en een uitstekende lineaire respons (R% = 0,999) over het temperatuurbereik van 30 tot
100 °C. Door het opnemen van PDMS-verpakkingstechnologie, vertoonden deze sen-
soren niet alleen uitzonderlijke vochtbestendigheid en waterdichte capaciteiten maar
reageerden ook snel op plotselinge temperatuurveranderingen en monitorden continu
lange-termijn temperatuurvariaties.

Hoofdstuk 6 vat de onderzoeksbevindingen samen, benadrukt de vooruitgang die
is geboekt door de ontwikkeling van innovatieve laser direct writing technologie bij de
fabricage van flexibele sensoren, en bespreekt potentiéle richtingen voor toekomstig on-
derzoek met deze technologie.



INTRODUCTION

Laser direct writing (LDW) technology, particularly ultraviolet (UV) laser-based direct
writing technology, plays an important role in the field of flexible sensor fabrication. This
technology can achieve precise material modification and microstructure fabrication at
the microscale. In particular, LDW technology achieves physical and chemical effects such
as melting, sintering, pyrolysis, and surface modification through the precise control of
the laser in time, space, and energy for precise device fabrication. UV lasers, characterized
by their short wavelengths and high energy density, are especially suitable for applications
that require high-precision surface treatments. These features enable LDW technology to
offer high efficiency, cost-effectiveness, strong controllability, and flexible customization
capabilities in the fabrication of flexible electronic devices. During the fabrication of flexi-
ble sensors, UV laser direct writing technology can effectively perform fine processing on a
diverse range of materials, including polymers, metals, oxides, and their composites. This
not only enhances the efficiency and precision of sensor fabrication but also improves sen-
sor performance through laser-induced material modifications, such as enhanced sensi-
tivity, expanded sensing range, and improved reliability. Therefore, LDW technology pro-
vides an innovative design and fabrication pathway for multi-scale fabrication, multi-
dimensional design, and multi-material integration of flexible sensors.



2 1. INTRODUCTION

1.1. BACKGROUND

ITH the rapid advancement of science and technology, flexible electronics have

become an essential component of both modern technology and everyday life [1].
These devices not only retain the core functions of traditional electronics but also ex-
hibit unique application value and broad application prospects in various fields due
to their excellent flexibility and adaptability, as illustrated in Figure 1.1. Particularly in
wearable devices, medical monitoring, energy harvesting and storage, display technol-
ogy, and sensor technology, flexible electronics are driving scientific and technological
advancements and enhancing human life with their superior performance [2-4].

Super. Caps
DSpSCs g
PVs

Materials

Development
Integration

e
fe
Gestural ac

QN

H"’"an InteractV
<o

Figure 1.1: Materials, fabrication, and applications of flexible electronics [1].

Flexible sensors, core components of flexible electronics, have successfully over-
come the limitations of traditional rigid sensors, demonstrating excellent application
prospects in health monitoring and environmental detection [5]. These sensors enable
real-time, continuous, and accurate monitoring of human physiological indicators and
environmental quality parameters such as pressure, strain, humidity, temperature, and
gas concentration, providing crucial hardware support for health management [6] and
environmental monitoring [7].

With the rapid advancement of manufacturing technology and increasing demands
from various applications, sensors are evolving towards miniaturization, customization,
integration, and intelligence, as shown in Figure 1.2. To adapt to these trends, stricter
performance standards have been established for flexible sensors, which include ex-
panding the sensing range, increasing sensitivity, and enhancing reliability [8]. These
trends place more significant requirements on material selection, technological innova-
tion, cost-effectiveness, and performance optimization in the manufacturing of flexible
sensors [9].
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Figure 1.2: Evolution of sensor technology. Sensors 1.0: Basic detection; Sensors 2.0: Incorporation of electri-
cal feedback; Sensors 3.0: Integrated miniaturization in devices; Sensors 4.0: Improve perception capabilities
based on networks and algorithms [2].

In this context, laser direct writing (LDW) technology, renowned for its exceptional
precision, flexibility, and adaptability, has paved the way for the innovative design and
fabrication processes of flexible sensors [10]. LDW technology, in combination with
additive, subtractive, and hybrid fabrication methods, effectively addresses the com-
plex fabrication requirements for multi-scale fabrication, multi-dimensional design,
and multi-material integration in various types of flexible sensors [11]. This technol-
ogy provides diverse design options and high-precision fabrication processes for the de-
velopment of flexible sensors, simultaneously improving the fabrication efficiency and
precision of sensors at various scales and with different materials.

Specifically, LDW technology enables material modification and structural fabrica-
tion of flexible sensors from micro to macro scales. It precisely controls the time, space,
and energy of the laser to induce physical and chemical effects on the target material, in-
cluding melt sintering, pyrolytic ablation, and surface modification [12]. LDW technol-
ogy offers numerous advantages, such as high efficiency, low cost, robust controllability,
customization capabilities, and environmental sustainability [13-17]. These character-
istics make LDW technology exceptionally suitable for the fabrication of multifunctional
flexible sensors and open up new opportunities for sensor fabrication.

1.2. OVERVIEW OF FLEXIBLE SENSORS

1.2.1. DEVELOPMENT AND TREND OF FLEXIBLE SENSORS

Over the past few decades, flexible sensors have emerged as a transformative technol-
ogy driving traditional electronics towards greater adaptability and flexibility [18]. Com-
pared with traditional rigid sensors, flexible sensors mainly composed of flexible sub-
strates can not only fit closely to human skin and biological tissues but also easily adapt
to extreme or complex environments. This capability makes flexible sensors valuable
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for the continuous and accurate monitoring of signals from both the human body and
external environments [19, 20]. Therefore, in applications ranging from health monitor-
ing to environmental detection and even human-computer interaction, flexible sensors
have demonstrated their significant value, becoming an essential research direction in
the field of flexible electronics [21].
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Figure 1.3: A brief chronology of the development of flexible sensors.

Since the beginning of the 21st century, the field of flexible sensors has experi-
enced significant developments driven by rapid technological advances. These advances
have been propelled by innovations in materials, structures, and fabrication processes,
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alongside a growing demand for multifunctionality, biocompatibility, and wireless, self-
powered capabilities in sensors designed for emerging markets [5, 22].

The major milestones in the development of flexible sensors from 2000 to 2024 are
illustrated in Figure 1.3, providing a brief chronology by timeline. In 2000, Jiang et al. [23]
introduced flexible skin technology compatible with integrated circuit (IC) processes
and successfully applied it to shear stress sensor arrays. By 2002, Nilsson et al. [24] pro-
posed a humidity sensor utilizing Nafion film as a proton conductor combined with the
concept of the organic electrochemical transducer. In 2004, Someya et al. [25] developed
a large-area flexible pressure sensor matrix incorporating organic field-effect transistors
(OFETs) for artificial skin applications. In 2006, Yoon et al. [26] developed a modular
and scalable capacitive tactile sensor using elastic PDMS for large-area applications. In
2008, Lee et al. [27] designed and fabricated a flexible temperature and humidity sensor
on a perylene substrate using a micro-electro-mechanical-systems (MEMS) process. In
2010, Mannsfeld et al. [28] employed micro-structuring technology and PDMS material
to fabricate a highly sensitive flexible capacitive pressure sensor.

As time progresses, advancements in the field of flexible sensors are increasingly
driven by material innovation. By 2011, Yamada et al. [29] developed a wearable flex-
ible strain sensor based on single-walled carbon nanotube (SWCNT) films to detect hu-
man body movements. In 2012, Pang et al. [30] introduced a flexible sensor using re-
versible interlocking of nanofibers capable of detecting various mechanical loads, in-
cluding pressure, shear, and torsion. In 2013, Schwartz et al. [31] developed a flex-
ible pressure sensor based on organic thin-film transistors (OTFTs), utilizing micro-
structured PDMS as the dielectric material. In 2014, Gong et al. [32] presented a sim-
ple and efficient strategy to fabricate a wearable, highly sensitive pressure sensor using
ultrathin gold nanowires. By 2015, Joo et al. [33] engineered a flexible pressure sensor us-
ing the principle of spontaneous wrinkle formation in pre-stretched PDMS treated with
UV/ozone combined with silver nanowire embedding technology. In 2016, Yamamoto
et al. [34] developed a multifunctional flexible sensor based on carbon nanotube (CNT)
thin-film transistors for healthcare monitoring fabricated using a novel printing technol-
ogy. In 2017, Matsuhisa et al. [35] used printing technology to prepare elastic conductors
using in-situ generated silver nanoparticles (AgNPs), enabling the fabrication of flexible
sensors with both pressure and temperature detection capabilities.

Recent developments in flexible sensors are increasingly focusing on functional di-
versity. In 2018, An et al. [36] reported a transparent and flexible fingerprint sensor us-
ing a hybrid structure of ultralong metal nanofibers and fine nanowires, which realized
multifunctional detection of fingerprint identification, tactile pressure, and skin temper-
ature. In 2019, Boutry et al. [37] developed a biodegradable pressure sensor using fringe
field capacitance technology, achieving wireless operation through inductive coupling.
By 2020, Song et al. [38] proposed a fully self-powered wearable system with a triboelec-
tric nanogenerator, a low-power wireless sensor circuit, and a microfluidic sweat sensor
patch for dynamic biomarker monitoring. In 2021, Zhu et al. [39] introduced a flexible
photosensor array for neuromorphic vision systems, combining carbon nanotubes and
perovskite quantum dots as functional materials. In 2022, Yu et al. [40] utilized custom-
developed nanomaterial inks for the scalable inkjet printing of flexible physicochemical
sensor arrays, enabling the detection of various hazardous substances and pathogens.
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In 2023, Yang et al. [41] reported a multifunctional flexible sensor using vanadium oxide
(VOx)-doped laser-induced graphene (LIG) to detect nitrogen oxides (NOx) and tem-
perature in soil. By 2024, Yu et al. [42] introduced a flexible temperature-pressure dual
sensor based on a 3D spiral thermoelectric Biy Tes film.

1.2.2. CLASSIFICATION AND MECHANISM OF FLEXIBLE SENSORS

With the rapid development of the Internet of Things (IoT), sensors, as a critical technical
component, serve as a vital bridge between the real world and the digital world. A sensor
is defined as a device that detects a specific measured value and converts this signal into
a usable output based on predefined rules [43]. Technological advancements in materi-
als science and electronic engineering are gradually transforming traditional rigid sen-
sors into flexible sensors [44]. This transformation significantly enhances sensor adapt-
ability in various applications, improving their comfort and convenience. Particularly in
the fields of health monitoring and environmental detection, the use of flexible sensors
has become increasingly widespread, as shown in Figure 1.4.

Environmental Detection
Light Temperature| Humidity Gas

[}
L

Pressure i Temperature| Biological
Health Monitoring

Figure 1.4: Classification of flexible sensors in the fields of health monitoring and environmental detection.

In the field of health monitoring, flexible sensors can be classified into several types
based on pressure [45, 46], strain [47, 48], temperature [48, 49], biological [50, 51], and
chemical signals [52, 53], according to the difference in the signal being detected. These
sensors provide accurate data support for medical and healthcare applications through
real-time monitoring of vital physiological parameters such as heart rate, blood pressure,
and body temperature, greatly enhancing the development of intelligent medical and
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remote diagnostic technologies [54, 55].

In the field of environmental detection, flexible sensors primarily detect and record
different types of environmental parameters, including light [56, 57], temperature [58,
59], humidity [60, 61], gas [62, 63], and pH [64, 65] indicators.

These sensors not only monitor critical parameters and track environmental changes
but also play a crucial role in fields such as water management, agricultural production,
and urban planning, providing a scientific basis for effective environmental manage-
ment [66-68].

These flexible sensors can be further classified according to their working mecha-
nisms, each offering distinct advantages and applications, as illustrated in Figure 1.5.
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Figure 1.5: Schematic diagram of the sensing mechanism of different types of flexible sensors

Resistive flexible sensors operate by detecting changes in resistance caused by ex-
ternal stimuli such as pressure, stretching, or bending [69, 70]. These sensors are exten-
sively used in wearable devices, robotics, and health monitoring systems, attributed to
their simple construction, low cost, and ease of integration.
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Capacitive flexible sensors utilize capacitive responses to detect various physical
stimuli, including pressure, distance, and humidity [71, 72]. Owing to their high sen-
sitivity, good stability, and low energy consumption, these sensors are widely used in
wearable devices, touchscreen technology, and environmental monitoring.

Optical flexible sensors utilize the propagation, absorption, reflection, or emission
properties of light to detect and quantify environmental changes or changes in the phys-
ical state [73, 74]. With their high sensitivity and non-contact measurement capabilities,
these sensors show potential for a wide range of applications in fields such as medical
diagnostics, environmental monitoring, and robotics.

Magnetic flexible sensors employ the response of the material to a magnetic field to
detect the strength, direction, or change in the magnetic field [75, 76]. Owing to their
flexibility and high sensitivity to magnetic fields, these sensors are critically important
in applications such as wearable devices, location tracking, traffic monitoring, and in-
dustrial automation.

Electrochemical flexible sensors, a class of devices, utilize electrochemical princi-
ples to detect the presence, concentration, or activity of chemical components [77, 78].
These sensors are extensively used in fields including medical and health monitoring,
environmental monitoring, and industrial process control, owing to their high sensitiv-
ity, low cost, and capability to analyze complex biological or environmental samples di-
rectly.

Piezoelectric and triboelectric flexible sensors utilize the conversion of mechanical
energy into electrical energy, serving a wide range of applications in energy harvesting
and sensing [79, 80]. These sensors are particularly suited for wearable devices, smart
interfaces, and environmental monitoring due to their ability to convert mechanical
pressure, vibration, or motion directly into electrical signals. These capabilities posi-
tion these sensors as key components in the development of self-powered devices and
systems, which operate independently of external power sources and contribute to sus-
tainability.

Thermoelectric and thermosensory flexible sensors utilize the response of materi-
als to temperature changes to convert and detect thermal energy [81, 82]. These sensors
are used in diverse applications, including energy recovery, environmental monitoring,
and medical monitoring, as they can directly convert thermal energy into electrical en-
ergy or generate electrical signals by sensing temperature. Thermoelectric sensors are
crucial for precision temperature control systems, capturing slight temperature changes
in the environment and converting them into voltage. Meanwhile, thermosensory sen-
sors are well suited for temperature monitoring and dynamic thermal event tracking due
to their rapid response and high sensitivity.

1.2.3. MATERIAL AND TECHNOLOGY INNOVATION OF FLEXIBLE SENSORS
Compared to traditional rigid sensors, flexible sensors exhibit similar performance in-
dicators such as sensitivity [83, 84], linearity [85, 86], detection range [87, 88], response
time [89, 90], hysteresis [91, 92], and durability [93, 94]. These performance indicators
not only determine the potential application of the sensor but also directly influence the
selection of materials and technologies in the sensor fabrication process.

Benefiting from advances in materials science, the range of applications for flexible
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sensors has dramatically expanded. Consequently, the selection of materials for flex-
ible sensors is pivotal, significantly influencing their functionality, flexibility, stability,
compatibility, and cost-effectiveness [95]. Typically, materials used in flexible sensors
are classified into three main types: substrate materials, functional materials, and func-
tional substrate materials. Each of these three types of materials has unique properties,
and their selection and combination further extend the diversity of flexible sensors, as
shown in Figure 1.6.
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Figure 1.6: Substrate materials, functional materials, and functional substrate materials for the fabrication of
flexible sensors.

Substrate materials serve as the support structure for the flexible sensor, providing
necessary mechanical strength and flexibility properties. These materials are able to
withstand the environmental stresses of the application while remaining flexible enough
to adapt to various shapes and surfaces.

Polymeric materials, including polydimethylsiloxane (PDMS), polyester (PET), and
polyimide (PI), play a crucial role in flexible sensor development due to their superior
flexibility, lightweight characteristics, and ease of processing [96, 97]. PDMS, a silicon-
based organic polymer, is renowned for its excellent elasticity and biocompatibility,
making it widely used in biomedical sensor applications [98]. PET, valued for its me-
chanical properties and cost-effectiveness, is commonly employed in mechanical sen-
sor applications [99]. PI, distinguished by its outstanding thermal stability and electrical
insulation, is ideal for temperature sensor applications [100].

Textile-based materials such as cotton, polyester, and nylon are essential as sub-
strate materials for flexible sensors due to their softness and excellent adaptability to
skin [101, 102]. These fibers not only ensure a comfortable wearing experience but also
enable the integration of advanced functionalities through textile technologies. Cotton,
in particular, is suitable for wearable sensor applications involving direct skin contact
due to its inherent comfort and superior breathability [103]. Polyester and nylon, with
their durability, heat resistance, and chemical stability, are particularly suitable for me-
chanical sensing applications [104, 105].

Paper-based materials, including Whatman paper, filter paper, and parchment, play
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a pivotal role in the field of flexible sensors, offering distinct advantages such as low cost,
ease of processing, and biodegradability [106, 107]. Whatman paper, characterized by its
uniform pore size and chemical stability, is extensively employed in laboratory analyses
and biochemical sensing, particularly in microfluidics and biodiagnostic sensor applica-
tions [108]. Filter paper, known for its excellent liquid absorption and capillary action, is
commonly utilized in the fabrication of low-cost biomedical sensors for analyzing blood
and other biofluids [109]. Parchment, noted for its high temperature and oil resistance,
is particularly suitable for use in chemical sensors that detect specific chemicals or sol-
vents [110].

Functional materials are the critical components of flexible sensors, which are di-
rectly involved in the sensing process by converting external stimuli into measurable
electrical signals. The selection and application of these materials directly determine
the type and performance of the sensor.

Carbon-based materials, including graphene, carbon nanotubes (CNTs), and re-
duced graphene oxide (rGO), are particularly suitable for constructing flexible sensors
due to their superior electrical conductivity and mechanical strength [111]. Graphene is
favored for its outstanding electrical properties, mechanical strength, and surface char-
acteristics and is widely considered ideal for fabricating flexible biochemical and me-
chanical sensors [112]. CNTs, characterized by their unique one-dimensional structure
and inherent elasticity, provide exceptional strength and flexibility, making them ide-
ally suited for high-sensitivity mechanical sensing applications [113]. rGO is utilized in
biological and chemical sensing applications due to its high specific surface area and
excellent dispersibility [114].

Metal materials, such as gold thin films, silver nanowires, and gallium-based liq-
uid metals, are key components in the design of flexible sensors, valued for their excel-
lent electrical conductivity and unique physical properties [115]. Gold thin films, owing
to their exceptional chemical stability and biocompatibility, are widely used in medical
monitoring sensors that require long-term contact with the human body [116]. Silver
nanowires, known for their excellent electrical and optical properties, are extensively
used in the fabrication of wearable flexible electronics and optoelectronic sensors [117].
Eutectic gallium-indium (EGaln), a representative liquid metal that remains liquid at
room temperature, offers significant advantages in developing flexible mechanical sen-
sors due to its ductility and self-healing properties [118].

Semiconductor materials, including zinc oxide (ZnO), titanium dioxide (TiO»), and
molybdenum disulfide (MoS;), are essential in the field of flexible sensors due to their
distinct electronic and photoelectric properties [119]. ZnO, owing to its excellent opto-
electronic and semiconductor properties, is commonly used in flexible photodetectors
and gas sensors [120]. TiO; is noted for its outstanding chemical stability and efficient
photocatalytic properties, making it particularly well-suited for applications including
flexible gas monitoring and light detection [121]. MoS,, a two-dimensional semicon-
ductor material, exhibits excellent electrical, optoelectronic, and mechanical properties,
making it suitable for both flexible optoelectronic and mechanical sensor applications
[122].

Functional substrate materials are pivotal in the advancement of modern flexible
sensors. These materials provide not only physical support but also directly endow the
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sensors with the required electrical, chemical, or biological functionality.

Conductive polymer materials, such as polyaniline (PANI), polypyrrole (PPy), and
polythiophene (PEDOT), have shown exceptional performance in the field of flexible
sensors, primarily due to their conductivity, flexibility, and ease of processing [123].
PANI is extensively utilized in high-performance mechanical sensing because of its ex-
cellent environmental stability and tunable conductivity [124]. PPy is commonly used in
biomedical sensors, particularly in neuroscience and tissue engineering, due to its good
biocompatibility and electrochemical stability [125]. PEDOT, known for its outstanding
electrical conductivity and biocompatibility, is extensively utilized in the detection of
gases and specific chemicals, making it the preferred choice for biological and chemical
sensor applications [126].

Hydrogel materials, including sodium polyacrylate (PAA), polyvinyl alcohol (PVA),
and polyacrylamide (PAM), exhibit significant potential in flexible sensor technology
due to their high-water content, excellent biocompatibility, and mechanical elasticity.
PAA hydrogels are ideal for designing and fabricating mechanical sensors due to their
reversible swelling and responsiveness [127]. PVA hydrogels are commonly used in wear-
able sensors and flexible chemical sensors for wound therapy monitoring owing to their
film-forming and biodegradable properties [128]. PAM hydrogels are extensively utilized
in flexible bioassay and environmental monitoring sensors due to their excellent me-
chanical stability and controllable pore structure [129].

Biological materials, such as chitin, collagen, and chitosan, exhibit significant po-
tential in flexible sensors due to their biodegradability and excellent biocompatibil-
ity. Chitin, a natural polysaccharide derived from crustaceans, is particularly suitable
for biomedical applications in flexible sensors due to its outstanding biocompatibility
and biodegradability [130]. Collagen and chitosan are both natural materials that have
proven valuable in medical devices, demonstrating their effectiveness as functionalized
substrate materials for flexible sensors. These materials are particularly valuable in med-
ical monitoring devices requiring long-term interaction with the human body [131, 132].

The selection of appropriate fabrication technologies is crucial for the efficient fab-
rication of high-performance flexible sensors. The right fabrication technology not only
ensures the functionality and stability of the sensors in specific environments but also
directly impacts their scalability and cost-effectiveness for commercialization. As shown
in Figure 1.7, the fabrication techniques for flexible sensors are classified into two main
types: micro-nano structures fabrication technologies and functional material fabrica-
tion technologies.

Micro-nanostructure fabrication technologies focus on designing and constructing
high-precision micro- and nanostructures essential for flexible sensors. These technolo-
gies include photolithography, electron beam lithography, nanoimprint lithography, 3D
printing, inkjet printing, and laser ablation.

Photolithography (PL) is a fundamental technology in microelectronic manufactur-
ing, and its applications have extended to the development of flexible sensors. This tech-
nology primarily involves coating a photosensitive material (photoresist), selectively ex-
posing the photoresist through a mask, and then developing the exposed photoresist
to remove excess material and form the desired pattern [133]. Meanwhile, lithography
has evolved into soft lithography, which utilizes stencils to transfer patterns, and rolling




12 1. INTRODUCTION

lithography, designed for large-area flexible electronic devices [134].

Electron beam lithography (EBL) is a high-precision micro- and nanofabrication
technique utilized in the preparation of semiconductors, microelectronics, and flexible
sensors. This technology employs a high-energy electron beam to directly write onto a
substrate coated with an electron-sensitive resist (EBL photoresist), precisely controlling
the path of the beam to create the desired micro- and nanostructures [135]. EBL can fab-
ricate fine electrodes and sensing structures and is also used for patterning nanomateri-
als in flexible biochemical sensors, highlighting its potential for nanoscale applications
[136].

Nanoimprint lithography (NIL) is a technology used to replicate nanoscale struc-
tures, and it is widely applied in semiconductors, optical components, and flexible
sensor fabrication. This technique transfers micro- and nanostructures from a tem-
plate (mold) onto a substrate through mechanical deformation [137]. This technol-
ogy can produce substrates with specific nanoscale patterns for flexible biosensors
based on Surface-Enhanced Raman Scattering (SERS) [138]. Additionally, NIL can create
nanoscale structures on flexible transparent conductive films to enable optical sensing
functions [139].

3D printing provides a unique method for directly constructing complex three-
dimensional structures in the fabrication of flexible sensors. This technology integrates
multiple materials and functionalities into a single manufacturing step, significantly
expanding design and functional possibilities [140]. This technology enables the inte-
grated printing of both structural and functional sensor components, allowing for seam-
less integration of substrate structures and functional materials. Meanwhile, it can cus-
tomize and print various complex geometries on flexible surfaces to meet specific appli-
cation requirements[141].

Inkjet printing, a precise material deposition method, is widely used in the fabrica-
tion of flexible sensors. This technology allows for the direct printing of functional ma-
terials onto various flexible substrates, streamlining the production of flexible electronic
devices with complex patterns [142]. It further enhances the flexibility in the design and
fabrication of multifunctional flexible sensors by directly printing electrodes, along with
photosensitive, thermosensitive, and chemically sensitive materials, onto flexible sub-
strates [143].

Laser ablation is a precise material removal technology that selectively removes sub-
strates or functional materials to form desired microstructures or patterns. This method
is particularly well-suited for preparing fine electrodes, microchannels, and other func-
tional structures [144]. It enables the precise fabrication of microelectrodes or conduc-
tive paths on flexible substrates like polymer films, making it ideal for producing flex-
ible electrochemical and resistive sensors [145]. Additionally, laser ablation can create
minute fluidic channels, crucial for the development of flexible biosensors that analyze
biological samples [146].

Functional material fabrication technologies focus on developing and processing
materials applied in flexible sensors that respond specifically to external stimuli. These
technologies include vapor deposition, electrodeposition, solution treatment, material
composite, self-assembly, and laser modification.

Vapor deposition, including chemical vapor deposition (CVD) and physical vapor



1.2. OVERVIEW OF FLEXIBLE SENSORS 13

Breathabilty

Vapor Deposition [147]

J.
4 "% et Gt " s G i

Material Composite [152] Self-Assembly [154] Laser Modification [156]

Figure 1.7: Substrate materials, functional materials, and functional substrate materials for the fabrication of
flexible sensors.

deposition (PVD), is a commonly used method for depositing materials in the fabrica-
tion of flexible sensors. These technologies prepare thin film layers on flexible substrates
through a gas-to-solid phase transition [147]. This process not only imparts specific
chemical and physical properties to the surface, allowing the sensor to respond to cer-
tain chemicals or biomolecules, but it also deposits a protective layer that enhances the
stability and reliability of the sensor in harsh environments.

Electrodeposition is a method that forms thin films or coatings on substrates
through electrochemical reactions and is widely used in the fabrication of conductive
films, metallic structures, and other functional coatings [148]. This technology enables
the direct formation of conductive paths and electrodes on flexible substrates, specifi-
cally for electrochemical sensors. By adjusting electrochemical parameters, electrode-
position can also prepare nanoscale functional structures, thereby enhancing the sensi-
tivity and selectivity of the sensors [149].

Solution treatment is a common and effective method in the fabricating of flexi-
ble sensors, primarily involving the use of chemical solvents and solutes to synthesize,
modify, or deposit functional materials. This technology is widely used to fabricate con-
ductive pathways and electrodes on flexible substrates for resistive, capacitive, and elec-
trochemical sensors [150]. Meanwhile, it allows for the fabrication of specific chemical
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or biological recognition layers on the sensor surface, thus enabling the detection of spe-
cific chemicals or biomolecules [151].

Material composite involves the physical or chemical combination of two or more
different materials to create composites with novel properties and enhanced perfor-
mance. This technology enables the integration of conductive nanomaterials, such as
silver nanoparticles, carbon nanotubes, and metal-organic frameworks, with polymer
substrates to produce flexible and highly conductive mechanical sensors [152]. Addi-
tionally, it facilitates the formation of specific composite detection materials on sensor
surfaces, enabling biomolecular detection or chemical composition analysis [153].

Self-assembly is driven by the strategic design of molecules with specific affinities or
functionalities, which spontaneously organize through non-covalent interactions such
as hydrogen bonding, van der Waals forces, and electrostatic interactions [154]. This
technology facilitates highly ordered nanostructures that allow for precise molecular-
level control, thereby enhancing the electrical performance and sensitivity of sensors.
Meanwhile, it enables the formation of functional self-assembled monolayers (SAMs)
on the sensor surfaces, providing specific biorecognition or chemical selectivity [155].

Laser modification utilizes the high energy density of lasers to locally alter the struc-
ture and properties of materials, thereby imparting specific functionalities. This tech-
nology is used to create micro- and nano-scale surface textures, enhancing the specific
surface area and improving the sensitivity or hydrophobicity of sensors [156]. Addition-
ally, laser modification can introduce specific chemical groups onto the sensor surface
to enhance the adsorption and recognition capabilities of biomolecules [157].

1.3. OVERVIEW OF LDW IN THE DEVELOPMENT OF FLEXIBLE

SENSORS

1.3.1. APPLICATION AND CLASSIFICATION OF LASER TECHNOLOGY

A laser is a highly concentrated coherent beam of light that is passed through an excita-
tion medium and amplified with the aid of special optical components such as mirrors
and lenses to produce a single wavelength of light [158]. The extreme directionality of
this beam and the high concentration of energy make the laser a very precise and effi-
cient light source. In industrial production, lasers are widely used in a variety of appli-
cations, such as cutting, welding, and material processing, and are capable of achiev-
ing high-precision processing results [159]. In the field of scientific research, lasers are
used for precise measurements and experimental operations, for example, in physics ex-
periments by laser cooling technology to achieve near absolute zero temperature [160].
In the medical field, laser technology is widely used in minimally invasive procedures,
such as eye surgery and tumor removal, providing non-invasive and precisely controlled
treatments [161].

The foundation of laser applications across various fields is based on the interac-
tion between lasers and materials, primarily determined by the laser wavelength and
power, as well as the absorption characteristics and chemical composition of the mate-
rials. Among these parameters, wavelength is a key factor in determining the efficiency
of the laser interaction with the material, the precision of the process, the depth of pen-
etration, and the type of material to which it is applied. Shorter wavelength lasers (e.g.,
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ultraviolet) generally have a stronger effect on the surface of the material and are suit-
able for applications that require high-precision surface treatment. In contrast, longer
wavelength lasers (e.g., infrared) are able to penetrate deeper into the material and are
suitable for applications requiring deeper processing. The classification of lasers corre-
sponding to different wavelengths is shown in Table 1.1 [162, 163].

Table 1.1: Classification and summary of laser types, wavelengths, emission modes and gain media.

Number  Wavelength Types Emission Mode Typical Gain Media

1 193 nm ArF Pulsed Gas

2 248 nm KrF Pulsed Gas

3 266 nm Nd: YAG (FH) Pulsed Solid State

4 343 nm Yb: YAG (TH) Pulsed Solid State

5 355 nm Nd: YAG (TH) Pulsed Solid State

6 405 nm InGaN CW & Pulsed Semiconductor
7 488 nm Argon CW & Pulsed Gas

8 532 nm Nd: YAG (SH) Pulsed Solid State

9 632.8 nm HeNe Pulsed Gas

10 635 nm AlGalnP CW & Pulsed Semiconductor
11 694 nm Ruby Pulsed Solid State
12 755 nm Alexandrite CW & Pulsed Solid State
13 785 nm GaAlAs CW & Pulsed Semiconductor
14 700 - 1000 nm  Ti: Sapphire Pulsed Solid State
15 980 nm InGaAs CW & Pulsed Semiconductor
16 1030 nm Yb: YAG Pulsed Solid State
17 1064 nm Nd: YAG Pulsed Solid State
18 1080 nm Nd: YAP CW & Pulsed Solid State
19 1550 nm InGaAsP CW & Pulsed Semiconductor
20 2080 nm Tm Fiber CW & Pulsed Solid State
21 2100 nm He Fiber CW & Pulsed Solid State
22 2940 nm Er: YAG CW & Pulsed Solid State
23 2.7-11.2 um ICL CW & Pulsed Solid State
24 2.63 - 15.0 um QCL CW & Pulsed Solid State
25 10.6 um COy CW & Pulsed Gas

Note: CW - Continuous Wave; YAG - Yttrium Aluminum Garnet; SH - Second Harmonic; TH
- Third Harmonic ; FH - Fourth Harmonic; ICL - Interband Cascade Laser; QCL - Quantum
Cascade Laser.

Deep ultraviolet lasers such as ArF and KrF (wavelengths 193 nm and 248 nm) are
primarily used in semiconductor manufacturing for photolithography to create precise
chip circuits [164]. These lasers are also extensively used in material science for fine
surface processing and modification and in chemical and physical research for analyz-
ing molecular structures [165]. Lasers in the ultraviolet to near-ultraviolet range (wave-
lengths 343 nm to 488 nm), such as Yb: YAG and Nd: YAG, are employed in material
science and biomedical research for precision machining, photochemical reaction acti-
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vation, and biological marking [166-168]. Argon-ion lasers (488 nm), in particular, play
a crucial role in spectroscopy and flow cytometry for molecular and cellular level anal-
ysis [169]. In the visible spectrum (wavelengths 488 nm to 694 nm), lasers like HeNe
and AlGaInP are used for interferometric measurements, spectral analysis, and preci-
sion alignment systems [170-172] . Ruby lasers (694 nm) are particularly suited for cut-
ting and engraving non-metallic materials [173]. Near-infrared lasers (wavelengths 700
nm to 1064 nm), such as Ti: Sapphire and InGaAs, are widely used in industrial automa-
tion, machine vision systems, and fiber optic communications [174, 175]. Nd: YAG lasers
(1064 nm) are the go-to choice for industrial laser cutting and welding, while Ti: Sapphire
lasers, known for their tunability, are frequently utilized in spectroscopy and ultrafast
optical experiments [176, 177]. Mid-infrared to far-infrared lasers (wavelengths 1080 nm
to 15.0 pm), like Er: YAG and CO», are applied in material processing, including cutting,
welding, and surface treatment of metals and non-metals [178]. Quantum cascade lasers
(QCL) are used for gas detection and environmental monitoring due to their high-power
output, especially proving advantageous in detecting specific chemicals and pollutants
[179].

1.3.2. DEVELOPMENT OF LDW TECHNOLOGY IN FLEXIBLE SENSORS
Recent advances in laser direct writing (LDW) technology have significantly advanced
micro- and nano-fabrication.

This technology enables the synthesis and preparation of materials from the micron
to the nanometer scale through laser-material interactions, effectively controlling the
morphology and properties of the materials. Specifically, the LDW process involves both
physical and chemical changes. The physical changes, represented by material ablation,
are triggered by intense laser-induced lattice vibrations [180]. The chemical changes,
represented by laser etching, result from the extensive breakage of valence bonds di-
rectly caused by the laser [181]. LDW technology has the advantages of high energy den-
sity, wide operating range, and high writing speed. Compared to conventional fabrica-
tion methods, it enables precise fabrication of complex structures and diverse prepa-
ration of functionalized materials. Additionally, LDW technology excels in micro- and
nanofabrication due to its efficiency, precision, controllability, ease of integration, and
compatibility with various materials. This technology has a wide range of applications in
fields as diverse as supercapacitors [182, 183], nanogenerators [184, 185], actuators [186,
187], bioengineering [188, 189], and microfluidic devices [190, 191], providing tailored
solutions to advanced manufacturing challenges.

In the field of fabrication of flexible sensors, LDW technology has been widely ap-
plied to a variety of sensor types, as shown in Figure 1.8. These sensors include flex-
ible physical sensors for pressure, strain, and temperature [192-194]; flexible chemi-
cal sensors for analyzing saliva, sweat, and breath gases [195-197]; flexible biosensors
for monitoring electrocardiograms (ECGs), electromyograms (EMGs), and electroen-
cephalograms (EEGs) [198-200]; and flexible multimodal sensors that combine several
sensing capabilities [201-203].

In terms of flexible physical sensors, Gopalakrishnan et al. [181] demonstrate a cost-
effective method for creating wireless humidity sensors on metalized paper via laser di-
rect writing. This approach utilizes Al,O3 nanostructures to enhance sensitivity to hu-
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Figure 1.8: Classification of flexible sensors fabricated by laser direct writing (LDW)-based micro-nano fabri-
cation technology.

midity changes, ideal for food packaging quality monitoring. For the flexible chemical
sensors, Yang et al. [41] introduce a highly sensitive sensor for selective NO, gas de-
tection using laser-induced graphene doped with vanadium oxide. This sensor, with its
dual gas and temperature measurement capabilities, shows great potential for applica-
tions in precision agriculture and environmental monitoring. In the biosensor domain,
Gandla et al. [182] create a large-area, stretchable electronic system through laser abla-
tion, which is soft, adhesive, breathable, and suitable for continuous physiological mon-
itoring, showing robust performance in robotic interactions. For the flexible multimodal
sensors, Wang et al. [183] introduce a novel method for producing freestanding graphene
papers using laser-induced techniques, allowing scalable fabrication with customizable
properties, ideal for flexible electronics and smart structures with tailored mechanical,
electrical, and superhydrophobic features for diverse applications.

1.3.3. MECHANISM CLASSIFICATION OF LDW TECHNOLOGY IN FLEXIBLE
SENSORS

In LDW processing, the adjustment of laser parameters, such as wavelength, power, fre-

quency, time, pulse width, scanning speed, etc., is crucial for achieving specific pro-

cessing effects, which are usually produced by the synergistic action of several laser pa-
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rameters. Based on their mechanism of action, LDW technologies can be classified into
three main categories: laser additive manufacturing, laser subtractive manufacturing,
and laser transformative manufacturing, as shown in Figure 1.9.
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Figure 1.9: Mechanisms for fabricating flexible sensors using LDW technology are categorized as laser additive
manufacturing, laser subtractive manufacturing, and laser transformative manufacturing.

Laser additive manufacturing (LAM) utilizes lasers as an energy source to melt or
sinter materials to build three-dimensional structures layer by layer. This technology
is compatible with a wide range of nanomaterials, including nanoparticles, nanowires,
nanotubes, and nanorods [204], and is extensively employed in the fabrication of flexi-
ble circuits [205], flexible sensors [206], and flexible heaters [207]. Particularly on flexible
and stretchable substrates, laser sintered nano precursor inks enable the rapid forma-
tion of continuous conductive structures [208-210]. During the laser sintering process,
the metal nanoparticles first absorb the laser energy and rapidly heat up to the melt-
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ing point. Then the heat spreads to the surrounding area, prompting the evaporation
of solvents and the decomposition of organic additives within the film [211]. Under the
action of a high-energy laser, the molten metal nanoparticles form sintered necks due
to the surface plasmon resonance effect and gradually agglomerate into larger particles.
Through laser scanning, these particles repeatedly melt and solidify to form uniform
conductive paths. Furthermore, the laser promotes the decomposition of organic re-
ducing agents and the reduction of metal ions in metal oxide nano-inks to prepare func-
tionalized materials. The high positioning accuracy and rapid thermal effect of laser
sintering prevent extensive damage to the substrate over a long period, making it ideal
for flexible polymer substrates. Simultaneously, the laser heat creates a strong interfacial
bond between the conductive metal matrix and the substrate [212]. With the continuous
optimization of the laser system, the precision and application range of this technology
continues to expand, effectively breaking through the limitations of traditional flexible
sensor manufacturing.

Laser subtractive manufacturing (LSM) technology utilizes the precisely controlled
thermal effects of lasers to facilitate the patterning, cutting, and ablation of materials
and the fine preparation of micro- and nano-structures [213]. The technology is par-
ticularly well suited to the precise fabrication of shape-specific patterns and microde-
vices, showing unique advantages, especially in the manufacture of micro-sized devices.
In laser micro- and nano-subtractive fabrication techniques, the laser-induced periodic
surface structuring (LIPSS) method is the most advanced [214]. This technology allows
the creation of composite structures at different scales, dynamically tuning the interfa-
cial properties of the material and generating complex nanostructures [215]. In addi-
tion, successive laser pyrolysis (SLP) has been applied to the development of biosen-
sor materials and the fabrication of microchannels, thus pioneering the precise three-
dimensional processing of PDMS [216]. Furthermore, laser ablation has also shown its
unique advantages in the fabrication of functional surfaces (e.g., super hydrophilic or hy-
drophobic surfaces) and the preparation of surface-enhanced Raman scattering (SERS)
sensors [217]. Overall, by fine-tuning parameters such as laser power and laser scanning
speed, laser subtractive manufacturing technology simplifies the process and improves
processing quality and efficiency. The technology has the potential to replace traditional
multi-step, time-consuming, and expensive manufacturing processes and shows great
potential for application, especially in the development of flexible sensors.

Laser transformative manufacturing (LTM) technology is widely used to modify
carbon-based precursor materials by improving and optimizing the properties of the tar-
get material through laser-induced physical or chemical reactions. The most famous ap-
plication example is laser-induced graphene (LIG), a carbon-based material with excel-
lent mechanical and electrochemical properties, which is widely used to prepare flexible
functional devices [218]. The preparation of LIG involves different types of lasers, in-
cluding ultraviolet (UV) laser [219], visible (Vis) laser [220], and infrared (IR) lasers [221].
These different wavelengths of laser light can promote the modification of carbon-based
polymers through photochemical or photothermal effects [222, 223]. For instance, un-
der UV laser irradiation, high-energy photons directly break low-energy chemical bonds
in carbon-based precursors to form dense graphene structures [219]. In contrast, under
the action of infrared laser, high temperature induces the breaking of chemical bonds,
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such as C-0, C=0, and C-N, mainly through photothermal reactions, which promotes the
carbonization and graphitization processes, thus generating graphene network struc-
tures with high porosity [221]. Typically, lasers with long pulse widths (e.g., continuous
wave, millisecond, microsecond, and nanosecond lasers) are used to process LIG and
its derivatives by gathering a large amount of energy in a short period through the pho-
tothermal effect [224]. This type of processing not only breaks the material bonding at
localized high temperatures but also inhibits the decomposition of carbon precursors
and induces the aggregation of small carbon clusters into large graphene clusters while
reducing oxidation [225]. To obtain high-precision graphene patterning, ultrafast lasers
(e.g., picosecond and femtosecond lasers) are usually employed, whose high instanta-
neous output power induces nonlinear interactions with carbon-based precursors [226].
This technology provides a flexible, customizable, and scalable solution for the prepara-
tion of flexible sensors.

1.4. MOTIVATION AND OUTLINE OF THIS THESIS

1.4.1. MOTIVATION
With the rapid development of science and technology, flexible electronic devices, es-
pecially flexible sensors, have shown great application potential and practical value in
several fields. These sensors are widely used in health monitoring and environmental
detection due to their excellent adaptability, compatibility, and flexibility. Although flex-
ible sensors based on various micro-nanostructures and innovative materials have made
significant progress in recent years, challenges remain in terms of sensor performance,
integration capability, and manufacturing efficiency. This thesis is dedicated to explor-
ing and addressing the core technological and material challenges that hinder the fur-
ther development of flexible sensors. Through an in-depth study of the mechanisms,
advantages, and potential applications of UV pulsed laser direct writing (LDW) technol-
ogy in sensor fabrication, this research overcomes the limitations of traditional fabrica-
tion technologies and systematically introduces innovations in the following areas:
High-Performance Flexible Pressure Sensors:

1. Developed Laser Pyrolysis Direct Writing (LPDW) technology for the rapid fabri-
cation of flexible pressure sensors with microstructures (micro-truncated pyramid).

2. Explained the mechanism of continuous laser pyrolysis (CLP) of PDMS via UV
lasers.

3. Investigated the impact of different UV laser parameters on the performance of
flexible pressure sensors with PDMS microstructures.
High-Performance Flexible Strain Sensors:

1. Developed Laser Transmission Pyrolysis (LTP) technology for the rapid fabrication
of strain sensors with microstructures (microchannel).

2. Explained the working mechanism of flexible strain sensors based on metal (Au)
cracking.

3. Analyzed the mechanical performance and deformation response of flexible sen-
sors with PDMS substrates under different laser scanning intervals.
High-Performance Flexible Gas Sensors:

1. Developed Selective Reduction Laser Sintering (SRLS) technology to fabricate
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highly sensitive and selective flexible nitrogen dioxide (NO;) gas sensors.

2. Developed a method to fabricate and modulate oxygen vacancy (OV) defects in
In203 nanoparticles through laser sintering, significantly enhancing the performance
of the sensor.

3. Explored the effects of laser parameters on gas sensor performance, offering a
technological route for scalable sensor production.

High-Performance Flexible Temperature Sensors:

1. Developed Ultraviolet-Laser Direct Writing (UV-LDW) technology for the fabrica-
tion of flexible temperature sensors based on NiO-LIG nanocomposites.

2. Revealed the reduction mechanism of NiO via ultraviolet laser direct writing and
its role in enhancing the performance of NiO-LIG flexible temperature sensors.

3. Explored the effects of different scanning intervals on the performance of NiO-LIG
temperature sensors, demonstrating their potential applications.

These technologies fully demonstrate the diverse applications of UV laser technol-
ogy in manufacturing high-performance flexible sensors. By optimizing each technology
for specific material and application requirements, they not only significantly enhance
the sensing performance and application potential of the sensors but also promote the
widespread use of new materials and manufacturing technologies in the fields of flexible
sensors and rapid laser manufacturing, thereby significantly upgrading the state of the
art in these fields.

1.4.2. OUTLINE

This thesis is organized into 6 chapters, introducing in detail the sensor design, fabri-
cation process, sensor mechanism, performance testing, and potential applications of
flexible sensors fabricated using laser direct writing (LDW) technology. The thesis out-
line is shown in Figure 1.10.

Chapter 1: Introduction

Material: Polymer (PDMS)
Process: Microstructure fabrication

Chapter 2: Rapid fabrication of high-performance

flexible pressure sensors using laser pyrolysis direct
writing

Chapter 3: High-performance flexible strain sensor
fabricated using laser transmission pyrolysis

Chapter 4: Selective reduction laser sintering: a
new strategy for NO2 gas detection based on In203
nanoparticles

Chapter 5: Flexible temperature sensors based on
NiO-LIG nanocomposites utilizing UV laser direct
writing

Technology: Laser pyrolysis direct writing

Laser Subtractive Manufacturing

Material: Polymer (PDMS)
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Process: Material modification
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Chapter 6: Conclusion and future perspective

Figure 1.10: The outline of the thesis.
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Chapter 1 introduces the background and importance of flexible sensors in modern
technology. It further discusses the classification, mechanisms, and development trends
of flexible sensors. Additionally, this chapter provides an in-depth discussion on the ap-
plication and classification of laser direct writing (LDW) technology in the development
of flexible sensors, along with the motivation and outline of this thesis.

Chapter 2 describes in detail the conditions, mechanisms, thermal effects, and
processes for fabricating flexible pressure sensors using laser pyrolysis direct writing
(LPDW) technology. The chapter also explores the performance and potential applica-
tions of these sensors.

Chapter 3 discusses the methods and techniques used to design and fabricate flexible
strain sensors with laser transport pyrolysis (LTP) technology. Additionally, it details the
design and fabrication processes, performance testing, mechanism analysis, and practi-
cal applications of the sensors.

Chapter 4 presents the development process of a NO, gas sensor using In,O3
nanoparticles and the selective reduction laser sintering (SRLS) technique. This includes
investigations of the SRLS process, defect characterization, sensor performance testing,
and analysis of the sensing mechanism.

Chapter 5 details the fabrication of flexible temperature sensors using NiO-LIG
nanocomposites with the ultraviolet (UV) laser direct writing technique. The chapter
discusses the preparation process, surface and material properties, performance char-
acterization of the sensors, and their application demonstrations.

Chapter 6 summarizes the entire research work, highlights key findings, and suggests
directions for future research.
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RAPID FABRICATION OF
HIGH-PERFORMANCE FLEXIBLE
PRESSURE SENSORS USING LASER
PYROLYSIS DIRECT WRITING

The fabrication of flexible pressure sensors with low cost, high scalability, and easy fabri-
cation is an essential driving force in developing flexible electronics, especially for high-
performance sensors that require precise surface microstructures. However, optimizing
complex fabrication processes and expensive microfabrication methods remains a signif-
icant challenge. In this chapter, we introduce a laser pyrolysis direct writing technology
that enables rapid and efficient fabrication of high-performance flexible pressure sensors
with a micro-truncated pyramid array. The pressure sensor demonstrates exceptional sen-
sitivities, with values of 3132.0 kPa™', 322.5 kPa™!, and 27.8 kPa~! in the pressure ranges
of 0-0.5 kPa, 0.5-3.5 kPa, and 3.5-10 kPa, respectively. Furthermore, the sensor exhibits
rapid response times (loading: 22 ms, unloading: 18 ms) and exceptional reliability, en-
during over 3000 pressure loading and unloading cycles. Moreover, the pressure sensor
can be easily integrated into a sensor array for spatial pressure distribution detection. The
laser pyrolysis direct writing technology introduced in this study presents a highly efficient
and promising approach to designing and fabricating high-performance flexible pressure
sensors utilizing micro-structured polymer substrates.

Parts of this chapter have been published in ACS applied materials & interfaces, 2023 [1].
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2.1. INTRODUCTION

ITH the rapid development of the Internet of Things (IoT), more and more sensors
Ware being integrated into daily life and industrial production as an important sens-
ing medium. Flexible pressure sensors have gained considerable attention due to their
potential applications in health monitoring [2], human-machine interaction [3], elec-
tronic skin [4], soft robotic [5], etc. To satisfy the demands of these applications, flexible
pressure sensors should not only possess high sensitivity, wide detection range, fast re-
sponse time, excellent repeatability, and robust reliability but also offer the advantages
of low cost, high scalability, and easy fabrication. Flexible pressure sensors are generally
categorized into four types based on their sensing mechanism and signal transmission
mode: piezoresistive [6-8], piezoelectric [9-11], capacitive [12, 13], and triboelectric [14,
15]. In the case of piezoresistive flexible sensors, applying external forces to their sens-
ing material and device structure induces local strain in the force-bearing area. Conse-
quently, the resistance network, consisting of material resistance and contact resistance
within the sensor, changes with the localized strain, enabling the detection and identifi-
cation of pressure [16, 17].

Advanced materials, including carbon nanotubes [18], carbon nanofibers [19],
graphene [20, 21], MXene [22, 23], metal nanowires [24], and nanoparticles [25], have
been widely applied as sensing elements to create electrical percolation pathways. In
addition, flexible materials such as polydimethylsiloxane (PDMS) [26][25], polyimide
(PD[27], polyethylene terephthalate (PET) [28], polyethylene (PE) [29], and polyurethane
(PU) [30] serve not only as flexible substrates for active materials but also as flexible elec-
trodes, which can be fabricated through methods like infilling [31], coating [32], and
modification [33]. Therefore, introducing advanced sensing materials or constructing
effective microstructures has been considered in numerous reports as two comprehen-
sive strategies to obtain high-performance flexible sensors [34, 35]. Especially using
PDMS as a substrate material for creating surface microstructures is widely regarded
as a promising strategy for fabricating flexible pressure sensors due to its exceptional
flexibility, transparency, and biocompatibility [36-38].

For the fabrication of flexible sensors with various microstructures, the template
method is a widely adopted manufacturing technology. This method involves casting
or coating uncured elastic materials onto molds, such as silicon wafers [39], abrasive
paper[40], natural leaves [41], silk [42], etc., to transfer patterned microstructures. In
particular, traditional photolithography has been widely employed as a precise and ef-
ficient method for fabricating well-design silicon molds used in the production of high-
performance flexible pressure sensors. However, this method requires a strictly con-
trolled fabrication environment, precise equipment, and complex processes to maintain
fabrication accuracy. Hence, it is still a significant challenge to design and fabricate flex-
ible pressure sensors that combine high sensitivity and wide detection range with low
cost and simple process. To date, the potential applications of laser direct writing (LDW)
technology in surface modification [43, 44], nanomaterial synthesis [45, 46], and mi-
crofluidic device design [47, 48] have attracted considerable interest. Laser direct writ-
ing enables the fabrication of diverse functional devices without requiring photomasks.
Particularly in the field of microstructure fabrication, it allows for the creation of not
only two-dimensional surface microstructures [49, 50] but also three-dimensional mi-
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crostructures [51, 52]. Compared to traditional physical and chemical fabrication meth-
ods, laser direct writing technology has significant advantages in terms of efficiency, pre-
cision, controllability, and flexibility.

Herein, we develop an efficient and promising approach for designing and fabricat-
ing flexible pressure sensors with a micro-truncated pyramid array using laser pyrolysis
direct writing (LPDW) technology. To optimize the fabrication parameters, we summa-
rized the realization conditions for continuous laser pyrolysis, such as the average laser
power, pulse repetition frequency, and laser focal distance. The mechanism of contin-
uous laser pyrolysis was then explored and investigated through experimental charac-
terization and finite element simulation. On this basis, micro-truncated pyramid struc-
tures were fabricated on the surface of a PDMS film by LPDW technology. Subsequently,
a thin layer of gold was magnetron sputtered on the surface of the PDMS film with a
micro-truncated pyramid array to impart piezoresistive capability. Finally, the PDMS
conductive film (Au/PDMS) was assembled with a film consisting of indium tin oxide
and polyethylene terephthalate (ITO/PET) to produce the flexible pressure sensor. Per-
formance testing revealed that the pressure sensor exhibited high sensitivity, wide detec-
tion range, fast response time, and long-term mechanical durability. Furthermore, the
pressure sensor responded quickly to micro-pressure and small-pressure external sig-
nals involved in various applications. As a proof-of-concept, the potential application
of the sensor array in real-time detection of spatial pressure distribution was demon-
strated.

2.2. EXPERIMENTAL SECTION

2.2.1. FABRICATION OF THE PDMS FILM

The liquid mixture of PDMS precursors (Sylgard 184, Dow Corning, mixture ratio: 10:1)
was poured onto a smooth plastic template and placed inside a vacuum chamber for
degassing. The mixture was then cured at 80 °C for 2 hours to form a 2 mm thick trans-
parent PDMS film.

2.2.2. FABRICATION OF THE MICROSTRUCTURE ARRAYS

The micro-truncated pyramid arrays were fabricated using laser pyrolysis direct writing
technology on the PDMS surface. This was achieved by using an ultraviolet (UV) pulsed
laser system (Grace X 355-3A, Han’s Laser Technology Industry Group Co., Ltd., wave-
length: 355 nm, spot size: 30 pm) operating at a fixed scanning speed (V) of 10 mm/s,
a laser average power (Payg) of 1.5 W, and a pulse repetition frequency (Fp;) of 40 kHz.
SiC nanoparticles (Bide Pharmatech Co., Ltd., particle size: 0.5-0.7 um) were coated
at the initial point of the scan path to induce the continuous laser pyrolysis reaction.
After fabrication, the pyrolysis products (3C-SiC) on the PDMS surface were cleaned
with an ultrasonic cleaner using anhydrous ethanol and dried with nitrogen gas. A 150
nm thick gold conductive layer was deposited onto the PDMS film (12 x 12 mm) with
micro-truncated pyramid arrays using magnetron sputtering equipment (KT-Z1650PVD,
Zhengzhou Ketan Instrument Equipment Co., Ltd.)
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2.2.3. PACKAGING OF THE FLEXIBLE PRESSURE SENSORS

The commercial single-sided conductive tapes (3M7766-50, 3M Company) were utilized
as lead wires to connect the ITO/PET electrode (South China Xiangcheng Technology
Co., Ltd, thickness: 125 pm, resistance: <10 Q/sq) and Au/PDMS electrode, respectively.
Liquid metal (Alfa Aesar Chemical Co., Ltd., metal basis: 99.99 % Ga-In-Sn) was coated
on the conductive tapes. Subsequently, the ITO/PET electrode and Au/PDMS electrode
were aligned and assembled by heating a heat-shrinkable tube at 100 °C to complete the
final packaging of the flexible pressure sensor.

2.2.4. CHARACTERIZATION AND MEASUREMENT

The morphology of the PDMS film with micro-truncated pyramid arrays was charac-
terized using a scanning electron microscope (SEM, Gemini 300, ZEISS) and a 3D laser
scanning microscope (VK-X1000, KEYENCE). Thermal gravimetric analysis (TGA, STA
449C, NETZSCH) was employed to investigate the changes in gravimetric components
during the pyrolysis of PDMS. The samples were heated from 27 °C to 1400 °C at a
ramp rate of 20 °C/min in air. The pyrolysis products were characterized using X-ray
diffraction (XRD, Rigaku Smartlab) with a scanning rate of 10 °/min. The mechanical
performance of the flexible pressure sensor was evaluated using a universal testing ma-
chine (TSE503A, Wance Testing Machine Co., Ltd.). The corresponding electrical signals
were measured using a digital source meter (2450, Keithley), and the response time was
recorded using an oscilloscope (TBS2104B, Tektronix).

2.3. RESULTS AND DISCUSSION

2.3.1. REALIZATION CONDITIONS OF LPDW TECHNOLOGY
It is widely acknowledged that PDMS is a transparent polymer. When a laser is irradi-
ated perpendicularly to its surface, a portion of the laser power is reflected. Moreover,
due to the low absorption coefficient of PDMS for ultraviolet (UV) laser light, most of
the laser energy passes through the PDMS film without inducing any physical or chem-
ical reactions. However, when opaque 6H-SiC nanoparticles (NPs) are coated at the ini-
tial point of the UV pulsed laser scanning path, the photothermal effect of the laser on
the 6H-SiC NPs initiates a pyrolysis reaction on the PDMS surface (Figure 2.1(a)). This
initial laser pyrolysis (ILP) reaction generates 3C-SiC on the PDMS surface, triggering a
continuous laser pyrolysis (CLP) phenomenon. To maintain a continuous impact of the
pulsed laser on the PDMS surface, the pulse repetition frequency must be sufficiently
high to ensure the new laser pulse overlaps with the region where the 3C-SiC pyrolysis
products are present. In other words, the occurrence of CLP reactions is dependent on
the inherent properties of pulsed lasers and takes place iteratively with each pulsed laser
irradiation, as illustrated in Figure A.1. With a higher pulse repetition frequency at a con-
stant laser scanning speed, the density of overlap between individual circular pyrolysis
regions formed by each pulse increases, resulting in a continuous pyrolysis region that
approximates a straight line more closely.

When combined with advanced laser control software, the laser pyrolysis direct writ-
ing (LPDW) technology provides an efficient method for fabricating PDMS surface mi-
crostructures. Significantly, we found that the laser pyrolysis products of PDMS exhib-
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Figure 2.1: (a) Schematic illustration of the continuous laser pyrolysis (CLP) process. (b) Optical microscope
images of the serpentine pattern written by LPDW technology before and after cleaning treatment. (c) Com-
parison data on microchannel width and depth prepared by LPDW technology at different focal distances (Vss
=10 mm/s, Payg = 1.5W, and Fpr =40 kHz). (d) The critical realization conditions distribution heatmap for
CLP reaction (Dgef = —6 mm). (e) The critical reaction boundary fitting curve of CLP reaction under different
Fpr and Payg. (f) Comparison of microchannel aspect ratio and cross-sectional morphology under different
numbers of laser scans.

ited minimal adhesion to the PDMS surface and could be easily removed through ultra-
sonic cleaning. Figure 2.1(b) shows the serpentine pattern written using laser pyrolysis
direct writing technology before and after cleaning. Interestingly, we observed that the
initiation of CLP reaction on the PDMS surface was restricted to the regions situated sig-
nificantly above and below the laser focal plane (Figure 2.1(c)). In contrast, the regions
near the laser focal plane exhibited extremely low sensitivity to the CLP reaction. As a
result, within the focal plane range of (-6 mm, 6 mm), the laser failed to induce CLP
reactions. This phenomenon can be attributed to the pressure waves generated by the
rapid evaporation or melting of the material induced by the high heating temperature
gradient of the laser (See Supporting Information Section A.1). However, upon further
defocusing, the CLP reaction was smoothly induced by laser, following the heat flow dis-
tribution of the Gaussian heat source. Meanwhile, within the focal plane range of [-6
mm, —14 mm] and [6 mm, 14 mm], the width and depth of the PDMS microchannel in-
creased and decreased, respectively, with increasing defocus. Additionally, at positions
distant from the focal plane, the temperature and temperature gradient generated by
the laser photothermal effect were insufficient to reach the critical pyrolysis condition of
PDMS. Correspondingly, the 3D laser confocal images of the microchannel structure on
the PDMS surface at various focal distances are illustrated in Figure A.2.

Based on the above phenomenon, we investigated the critical conditions of CLP reac-
tion at different laser average powers (Payvg) and pulse repetition frequencies (Fy;) while
maintaining a fixed scanning speed (Vg = 10 mm/s). Figure 2.1(d) illustrates the re-
action conditions under which CLP reaction can occur smoothly, as shown in the area
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marked with the red dotted line. Under the condition of fixed Vg, we observed that as
Fp; increases, the P,y required to induce the CLP reaction gradually levels off. This phe-
nomenon reflects the influence of Fy; and Payg on the behavior of continuous laser py-
rolysis and can be explained through the physical mechanisms of pulsed lasers. Under
low Fp; conditions, the peak power of a single pulse is higher due to the longer pulse
interval. However, the spot spacing (Dss) between the centers of two consecutive pulse
spots increases significantly with decreasing frequency. The relationship can be calcu-
lated using the following formula:

Ve

Dy =
ss Fpr

(2.1)

This increase in Dgg may lead to discontinuities in the pyrolysis reaction, as the heat
from adjacent spots may not overlap effectively, thus weakening the driving effect of heat
accumulation on the pyrolysis reaction. Therefore, even if a single pulse has a higher
peak power, maintaining continuous pyrolysis at a low frequency remains challenging.
As Fy; increases, the D gradually decreases, and the heat accumulation effect increases,
thereby improving the continuity of pyrolysis. However, when F;,; increases to a specific
range, the average power curve of the laser begins to show a flattening characteristic, and
the occurrence of the pyrolysis reaction depends only on the magnitude of the average
laser power. Furthermore, when the defocusing distance (Dgef = —6 mm) is fixed, the
relationship between the critical Payg and Fp, that determines whether a CLP reaction is
triggered can be described using the exponential decay model:

Payg=1.334—-1.179 x exp (—3705:%) (2.2)
where 1.334 represents the asymptotic value of Payg at high Fp; conditions, —1.179 de-
notes the reduction in P,y under low Fy,; conditions caused by the longer intervals be-
tween pulses, and 37049.989 (about 37 kHz) reflects the characteristic range over which
the Fy; influences the contribution to the Payg. Correspondingly, Figure 2.1(e) shows the
relationship between the critical Payg and Fy; required to sustain CLP reactions. Detailed
experimental data are presented in Figure A.4.

Surprisingly, after determining the F,; and Dge of the laser, we found that increas-
ing the laser power did not lead to a significant enhancement in the aspect ratio of the
microchannel. However, increasing the number of laser scans proved to be an effec-
tive approach for improving the aspect ratio of the microchannel (Figure 2.1(f)). As the
number of laser scans increased from 1 to 2 and 3 (N1, N2, and N3), the aspect ratio
of the microchannel increased from 0.155 to 0.198 and 0.233, respectively. Moreover,
both the width and depth of the microchannels increased with the number of scans.
Cross-sectional optical microscope images of the PDMS revealed that after a single laser
scan, the cross-section of the PDMS microchannel exhibited a tendency towards a semi-
elliptical distribution. However, as the number of scans increased to 2 and 3, the cross-
section of the PDMS microchannel approached a two-dimensional Gaussian distribu-
tion. We attribute this phenomenon to the isotropic extension of the pyrolysis temper-
ature during the CLP reaction. The corresponding scanning electron microscopy (SEM)
images of the surface topography after the different number of laser scans are shown in
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Figure A.5. Furthermore, the roughness results for the sidewalls of the microchannel are

shown in Figure A.6 and Figure A.7, which are discussed in detail in Supporting Informa-
tion Section A.1.

2.3.2. MECHANISM ANALYSIS OF LPDW TECHNOLOGY

The CLP reaction, being the primary process in LPDW technology, can be defined as the
heat transfer and diffusion process resulting from the photothermal effect of the moving
laser source on the material surface. To gain insight into the CLP reaction mechanism,
we conducted an X-ray powder diffraction analysis on the pyrolysis products with vary-
ing average power (Figure 2.2(a)). The red spectrum exhibited three peaks at 34.9°, 35.5°,
and 38.0°, which clearly indicated the presence of 6H-SiC NPs that were coated at the ini-
tial position on the PDMS surface. In contrast, the blue spectrum displayed three peaks
at 35.2°, 59.6°, and 71.7°, which corresponded perfectly to the 3C-SiC product resulting
from the CLP reaction. As the laser power was gradually increased from 1.5 W to 2.1 W,
the peak intensity of the XRD pattern for the 3C-SiC product intensified due to the higher
reaction temperature. These results provide further confirmation that the CLP reaction

becomes more pronounced and thorough as the temperature at the center of the laser
beam spot increases.
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Figure 2.2: (a) XRD patterns of initial 6H-SiC NPs and 3C-SiC pyrolysis products with different laser average
power (1.5, 1.8, and 2.1 W). (b) TG curves and (c) DTG curves of pristine PDMS and PDMS coated with 6H-
SiC NPs. (d) Schematic illustration of initial laser pyrolysis (ILP) reaction and continuous laser pyrolysis (CLP)
reaction mechanisms. (e) TG and (f) DTG curves of pristine PDMS samples at different heating rates. (g) and
(h) SEM images of PDMS pyrolysis prod samples at heating rates of 10 °C/min and 100 °C/min.

To explore the role of 6H-SiC NPs in laser pyrolysis, we performed thermal gravimet-
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ric (TG) analysis on PDMS samples with and without 6H-SiC NPs coating (Figure 2.2(b)).
The samples, weighing 5 mg and with a mixture ratio of 10:1, were heated under an air
atmosphere from 27 °C to 1700 °C at a rate of 20 °C/min. The weight loss percentage
was recorded in the TG curves. Both pristine PDMS (without SiC NPs) and PDMS coated
with 6H-SiC NPs (PDMS with SiC NPs) exhibited rapid weight loss at 300 °C, followed by
a relatively stable weight loss curve until 600 °C. Specifically, the weight loss of PDMS
with SiC NPs decreased from 99.26% to 52.45% at around 600 °C, while the weight loss of
PDMS without SiC NPs decreased from 99.68% to 50.83%.

At 1400 °C, the difference in mass percentage between the two samples was only
2.91%, equivalent to approximately 0.146 mg. Considering the mass difference caused
by the presence of 6H-SiC NPs on the PDMS surface, the difference in mass percentage
between the two samples is negligible. The corresponding DTG curves revealed that the
prominent peaks of the weight loss rate (Derivative) curves for both samples (PDMS with
and without SiC NPs) appeared around 400 °C, 460 °C, 500 °C, and 510 °C, respectively
(Figure 2.2(c)). Although there are some subtle differences in the weight loss rate curves
between the two samples from 300 °C to 600 °C, the overall trend is similar. These results
essentially indicate that the 6H-SiC NPs do not participate in the laser pyrolysis reac-
tion of PDMS but rather serve as endothermic sources for inducing the photothermal
effect by absorbing laser energy. Figure 2.2(d) provides a detailed illustration of the ILP
and CLP processes. The ILP reaction is triggered by the absorption of laser energy at the
initial point of the 6H-SiC NPs. The resulting laser heating region acts as the pyrolysis
center, with heat diffusing downward through the PDMS surface, generating opaque ini-
tial and continuous pyrolysis products (3C-SiC) in the conduction heating region. With
a slight movement of the laser, the laser heating region overlaps with the new pyrolysis
region, causing the conduction heating region to move along with the laser, re-forming
a new pyrolysis region and continuous pyrolysis products. Finally, the CLP pyrolysis re-
action completes the iteration. Although several experiments and calculations have in-
vestigated the pyrolysis mechanism of PDMS, a comprehensive analysis of the pyrolysis
process and products is still lacking [48, 53-55]. To address this gap, we summarize the
differences between the pyrolysis mechanism of PDMS at low and high heating rates in
Figure A.8(a), discussed in Supporting Information Section A.2.

To further confirm the difference in the pyrolysis mechanism of pristine PDMS at
different heating rates, TG and DTG analyses were conducted to investigate the conver-
sion process of PDMS to 3C-SiC under various heating rates (Figure 2.2(e) and Figure
2.2(f)). By comparing the results, we observed that the remaining weights of the three
PDMS samples started to decrease at the same temperature of 270 °C, and the weights re-
mained relatively stable at around 560 °C, 720 °C, and 770 °C, respectively. At 1000 °C, the
remaining weights of the three samples were 45.64%, 53.90%, and 58.56%, respectively.
The corresponding DTG curves indicated that the three PDMS samples reached the first
peak weight loss rate at 364 °C, 439 °C, and 440 °C, respectively. As the temperature in-
creased, the second peak of weight loss rate for the three PDMS samples appeared at 484
°C, 550 °C, and 570 °C, respectively. It is evident from the DTG curve that the peak weight
loss rate of the PDMS samples increased with the heating rate, indicating a more intense
pyrolysis process. Interestingly, the TG curves revealed that the weight loss of PDMS
samples decreased with the heating rate. To explain this phenomenon, we utilized scan-
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ning electron microscopy (SEM) to characterize the pyrolysis products of PDMS under
heating rates of 10 °C/min and 100 °C/min (Figure 2.2(g) and Figure 2.2(h)). At a heating
rate of 10 °C/min, PDMS undergoes low-heating-rate pyrolysis, leading to the breaking
and reformation of Si-O bonds in the PDMS chain, ultimately forming cyclic oligomers.
This thermal degradation process results in random cracks within the PDMS, promot-
ing further pyrolysis of cyclic oligomers to 3C-SiC at high temperatures. In contrast, at
a heating rate of 100 °C/min, PDMS undergoes high-heating-rate pyrolysis, resulting in
the formation of silicon oxides on the PDMS surface through the breaking and refor-
mation of Si-CH3 bonds. These silicon oxides create an oxygen-deficient environment
within the PDMS, inhibiting further thermal degradation and direct reduction to 3C-SiC
by pyrolytic carbon at high temperatures.

In the laser pyrolysis process, the heating rate is extremely high, far exceeding the
critical conditions of the PDMS pyrolysis mechanism. Consequently, considering the
pyrolysis mechanism of PDMS, we can infer that PDMS undergoes a direct transforma-
tion into 3C-SiC through laser pyrolysis.

2.3.3. THERMAL EFFECT OF LPDW TECHNOLOGY

Considering the extreme temperatures involved in the laser pyrolysis process, it becomes
challenging to experimentally monitor the heating rate and temperature. To tackle this
issue, we employed the finite element method (FEM) to investigate the initial and con-
tinuous laser pyrolysis processes based on the previous mechanisms. The physical mod-
els and parameter settings are discussed in Supporting Information Section A.3.

To validate the heating rate during the CLP process, we constructed a model that
aligns with the experimental conditions (10 x 10 x 2 mm). The 3D isothermal surface dis-
tribution revealed the temperature distribution and heat transfer of the PDMS substrate
and SiC pyrolysis product during the CLP process (Figure 2.3(a)). The high temperature
was primarily concentrated at the laser spot and moved along with it as the laser scanned
the surface. Accordingly, the heat was predominantly concentrated in the SiC pyrolysis
product and slightly extended into the PDMS through the interface between SiC and
PDMS. Additionally, the cross-sectional isothermal surface distributions illustrated that
the new pyrolysis product in the heat conduction region played a significant role in the
CLP process. Based on this observation, we extracted the maximum temperature and
maximum temperature change rate of the entire simulation model under different laser
power and scanning time (Figure 2.3(b) and Figure 2.3(c)). It was observed that the max-
imum temperature curves of PDMS and SiC exhibited three stages over time. Initially,
from 0.0 s to 0.1 s, the temperature increased rapidly due to laser irradiation. During
this stage, heat generation dominates over heat dissipation (heat conduction, heat radi-
ation, and heat convection), leading to the rapid accumulation of heat in the SiC pyrol-
ysis products. In the subsequent stage, from 0.1 s to 0.9 s, the maximum temperature
curves remained stable. This phenomenon can be attributed to the dynamic balance
between heat generation and heat dissipation during the CLP process. In the final stage,
from 0.9 s to 1.0 s, the maximum temperature curve showed a sudden increase. This can
be attributed to heat losing its primary heat conduction path as the laser moved to the
edge of the model.

Furthermore, as the laser power increased from 1.5 W to 1.8 W and 2.1 W, the max-
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Figure 2.3: (a) 3D and cross-sectional isothermal surface distributions of PDMS and SiC during CLP reaction
(Pavg =1.5W, Vs = 10 mm/s, and Time = 0.5 s). (b) and (c) maximum temperature and maximum temperature
change rate curves of PDMS and SiC with time under different laser average powers (1.5, 1.8, and 2.1 W). (d)
3D and cross-sectional temperature distributions of PDMS and SiC during ILP reaction (Time = 0.050 s). (e)
3D and cross-sectional temperature evolution distributions of the PDMS and SiC during CLP reaction (Time =
0.025, 0.050, and 0.075 s).

imum temperature of PDMS and SiC rose from 1513 K to 1744 K and 1967 K, and from
1620 K to 1875 K and 2125 K at 0.5s, respectively. It is important to note that during laser
pyrolysis, the SiC pyrolysis products conduct most of the heat due to their excellent ther-
mal conductivity. The curve of the highest temperature change rate further supports the
temperature trend during the CLP reaction. At a Puyg of 1.5 W, the average maximum
temperature change rates (Rayg) for PDMS and SiC were 12984 K/s and 13982 K/s from
0 to 0.1 s, respectively. With the increase in Py, the average maximum temperature
change rates of PDMS and SiC increased to 15451 K/s and 16560 K/s at 1.8 W, and 17843
K/s and 19171 K/s at 2.1 W, respectively. Such a high-temperature change rate exceeds
the critical heating rate in the high-heating-rate pyrolysis route of PDMS, further con-
firming that PDMS is directly converted into 3C-SiC pyrolysis products during the CLP
reaction.

To investigate the temperature and temperature change rate during the laser pyrol-
ysis in detail, we further optimized the simulation model to improve the simulation ac-
curacy (1000 x 1000 x 200 um). Moreover, considering the distinctions between the ILP
and CLP processes, we initially examined the 3D and cross-sectional temperature dis-
tributions at the intermediate stage of the ILP process (Figure 2.3(d)). It was evident
that the 6H-SiC layer absorbed the laser energy and reached the maximum tempera-
ture of 6409.10 K, leading to heat spreading in all directions. In the section parallel to
the scanning direction (Y = 0 um), the temperature distribution within the PDMS sub-
strate closely resembled the shape of a wing section. In the section perpendicular to the
scanning direction (X =500 pm), the temperature distribution exhibited a semi-elliptical
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pattern consistent with the morphology of the PDMS microchannel. Although there are
slight discrepancies compared to the experimental results (124 um and 38 pum in Fig-
ure 2.1(c)), this temperature can largely serve as a reference for the critical temperature
required for PDMS conversion into 3C-SiC. The 3D isothermal surface distributions of
the initial pyrolysis process, along with the corresponding top view and cross-sectional
views, are illustrated in Figure A.11.

The temperature evolution distributions in 3D and cross-sections during the CLP
process were also investigated (Figure 2.3(e)). It was observed that the high-temperature
region was concentrated around the 3C-SiC pyrolysis products directly exposed to the
laser, with maximum temperatures recorded at different time points: 2054.64 K, 2137.67
K, and 2177.76 K. The disparity in heat capacity and thermal conductivity of the PDMS
substrate and 3C-SiC pyrolysis products resulted in heat accumulation within the 3C-
SiC and a limited amount of heat conduction into the PDMS during the CLP process. In
the section parallel to the scanning direction (Y = 0 pm), the temperature distribution
exhibited significant heat accumulation on the same side as the laser motion, attributed
to the conduction limitation of PDMS. Conversely, on the opposite side, the heat was
conducted through the 3C-SiC pyrolysis products. The black arrow indicated the ther-
mal conduction direction corresponding to the 3C-SiC pyrolysis product. In the section
perpendicular to the scanning direction (X = 500 um), the temperature distribution re-
vealed that the 3C-SiC pyrolysis product primarily absorbed and conducted heat, which
was then transferred to the PDMS substrate.

These results align with the roles of the laser heating region and heat conduction
region in the previously discussed laser pyrolysis mechanism, providing a clear depiction
of the laser pyrolysis process of PDMS. Furthermore, in addition to the heating rate and
temperature, the deformation and stress involved in the CLP process are illustrated in
Figure A.12 and Figure A.13, and are further discussed in Supporting Information Section
A3.

2.3.4. DESIGN AND FABRICATION OF FLEXIBLE PRESSURE SENSORS
To assess the potential application of LPDW technology in creating PDMS microarrays,
we designed and fabricated flexible pressure sensors featuring truncated pyramid mi-
croarray structures of varying pitches. After determining the optimal parameters ( Payg
=15W, Fy; =40 kHz, Vss = 10 mm/s, and Dgef = —6 mm), we conducted laser scanning
on a square area (12 x 12 mm) of the PDMS surface at equidistant intervals in both hor-
izontal and vertical directions, forming a number sign (#) pattern. Due to the inherent
limitations of the laser spot size, we adjusted the scanning pitch to control the size of
the micro-truncated pyramids. The resulting microstructure arrays with different laser
scanning pitches (#12x12, #16x16, and #20x20) were characterized using scanning elec-
tron microscopy (Figure 2.4(a)-(c)). These results demonstrate remarkable consistency
and reproducibility in the geometric shapes of micro-truncated pyramids.
Subsequently, we designed and fabricated flexible pressure sensors incorporating
micro-truncated pyramid arrays (Figure 2.4(d)). The fabrication process involved mixing
a cross-linking agent with the PDMS base, which was then poured into a meticulously
flat acrylic template. Following curing, a smooth PDMS film was obtained and patterned
using LPDW technology. The PDMS film was subsequently cleaned and subjected to
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Figure 2.4: Surface topography of PDMS micro-truncated pyramid arrays with different scanning pitches
(#12x12, #16x16, and #20x20) fabricated using continuous laser direct writing technology. (d) Schematic il-
lustration of the fabrication process for flexible pressure sensors with micro-truncated pyramid array struc-
ture. (e) Simplified circuit schematic for testing the performance of the flexible pressure sensor. (f) 3D cross-
sectional schematics and equivalent circuit diagrams of the sensor under different pressure conditions.

magnetron sputtering with a conductive metal layer (Au). Finally, the PDMS film with a
micro-truncated pyramid array was electrically connected to a PET film with an ITO (In-
dium Tin Oxide) layer using conductive tape and liquid metal, and then packaged with
heat-shrinkable tubes.

To ensure the accurate testing of the flexible pressure sensor, we employed a univer-
sal testing machine and a digital source meter to establish a test platform for measuring
the sensitivity of the sensors. Specifically, we applied a constant voltage of 1.0 V between
the ITO/PET and Au/PDMS electrodes and monitored the current change under various
pressure levels. To aid in comprehending the testing process, we provided a simplified
circuit model (Figure 2.4(e)). The equation for the corresponding mechanism of the sen-
sor can be calculated as follows:

Runtp Petf 1

Riotal = Reont + Reitm = —2 1 R =(—)—+R 2.3)
total cont film N film 24 N film
Among them, the variable Ry represents the total resistance of the sensor, which
consists of resistance Rcon: and film resistance Rfm,. Rcont represents the contact re-
sistance between the ITO/PET and Au/PDMS electrodes through the micro-truncated
pyramid structures. Rgy, represents the additional uncontacted resistance in the

ITO/PET and Au/PDMS electrodes, respectively. Accordingly, Rcon: is determined by
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the contact resistance of an individual micro-truncated pyramid (Ry,) and the num-
ber of parallel connections of micro-truncated pyramid structures (N). According to
the Holm contact resistance model, pes describes the effective resistivity of the con-
tact pair formed between the ITO/PET and Au/PDMS electrodes based on the micro-
truncated pyramid structure, while A represents the effective contact area of the contact
pair. When external pressure is applied, the performance of the flexible pressure sensor,
which is driven by resistance changes, is primarily determined by the parameters A and
N.

To enhance understanding of this mechanism, we presented 3D cross-sectional
schematics and equivalent circuit diagrams of the pressure sensor under different pres-
sure conditions (Figure 2.4(f)). At low external pressure, the resistance value of the sen-
sor is influenced by the number of contact pairs (V) between the electrodes. As exter-
nal pressure increases, the contact area (A) between the electrodes expands, resulting
in a change in contact resistance. At high external pressure, adjacent micro-truncated
pyramid structures contact each other, reducing the number of contact pairs (V) and in-
creasing the contact area (A). However, in a parallel circuit, the total resistance is lower
than the smallest individual resistances. At this stage, the contact pairs of the micro-
truncated pyramid array form a large contact block, and the minimum resistance of the
contact block determines the final resistance of the sensor.

2.3.5. SENSING PERFORMANCE OF FLEXIBLE PRESSURE SENSORS

To assess the sensing performance of the flexible pressure sensor based on micro-
truncated pyramid arrays, we conducted various characterizations on sensors with dif-
ferent laser scanning pitches (#12x12, #16x16, and #20x20). The sensor characteristics
can be categorized into three main aspects: sensing characteristics, mechanical charac-
teristics, and reliability characteristics. The sensitivity of the pressure sensor, a crucial
sensing characteristic, is determined by the slope of the current change rate curve un-
der different external pressure loads. Accordingly, the sensitivity (S) of the piezoresistive
sensor is defined as:

Al
TP

S

(2.4)

where [y represents the initial current without external pressure, Al denotes the change
in real-time current (I) under different pressures, and 6P represents the variation of the
external pressure [56]. Figure 2.5(a) and (b) illustrate the overall and local relationship
between relative current (Al/ ) and external pressure (P) for three flexible pressure sen-
sors with different scanning pitches. As the laser scanning pitch increased, the satura-
tion current of the device noticeably notably increased. This observation aligns with the
mechanism described earlier for the pressure sensor. For further studies, we selected the
most sensitive device (#20 x 20) as the exemplar. It is evident that the response curves
of current to external pressure could be divided into four distinct parts based on their
slopes in different pressure ranges. In the pressure range of 0-0.5 kPa, the sensitivity of
the sensor was 3132.0 kPa~. In the pressure ranges of 0.5-3.5 kPa and 3.5-10 kPa, the sen-
sitivity was 322.5 kPa~! and 27.8 kPa™!, respectively. In the pressure range of 10-20 kPa,
the sensitivity decreased to 0.94 kPa~! while maintaining excellent linearity. These re-
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sults demonstrate the excellent sensing performance of the pressure sensor at different
pressure levels, particularly its high sensitivity in the micro-pressure and low-pressure
ranges.
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Figure 2.5: (a) and (b) Sensitivity comparison of pressure sensors with different scanning pitches (#12 x 12, #16
x 16, and #20 x 20). (c) Current-voltage (I-V) curves of the pressure sensor (#20 x 20) under different external
pressures. (d) Current changes in the pressure sensor (#20 x 20) under steady and repeated external pressure
(10 kPa). (e) Response time of the pressure sensor (#20 x 20) with an external pressure of 1 kPa. The insets show
the response processes of loading and unloading, respectively. (f) Current changes in the pressure sensor (#20
x 20) during 3000 repeated loading/unloading cycles (frequency of about 1.0 Hz, applied pressure of 2 kPa).
The insets show the detailed current change curves from 990-1000 s and 1990-2000 s.

To comprehensively analyze the electrical properties of the flexible pressure sensor,
we investigated the current-voltage (I-V) characteristics and response time characteris-
tics of the device. Figure 2.5(c) shows the current-voltage curves of the pressure sensor
under different constant external pressure conditions. We observed that the slope of
the I-V curve gradually increased with higher external pressure as the voltage was swept
from —1.0 Vto 1.0 V. Furthermore, the device strictly obeyed Ohm’s law, and each voltage-
current curve exhibited exceptional linearity.

This result indicates that the device maintains stable electrical characteristics under
fixed pressure, which is crucial for its practical application in various scenarios.

Repeatability is also a vital aspect of sensing characteristics. It ensures that the sen-
sor provides a consistent and stable output over time, even under challenging conditions
of high pressure and repeated deformation. Figure 2.5(d) illustrates the current response
curve of the device during the repeatability test. When the device underwent 6 cycles of
repeated loading and unloading at 10 kPa, the peak current of the device remained sta-
ble at approximately 99.63 mA. The device exhibits a fast and accurate current response,
maintaining a consistent peak shape and value for the response current profile across
each cycle. This result suggests that the device exhibits promising consistency and re-
peatability, which are key factors for achieving accurate sensing in various applications.

Figure 2.5(e) illustrates the response time curve of the flexible pressure sensor dur-
ing loading and unloading. The response time for pressure loading and unloading was
defined as the time required for the maximum current to increase from 10% to 90% and
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decrease from 90% to 10%, respectively [57]. The sampling frequency was set to 100 kHz
with a 1.0 ms sampling interval. The device exhibited a remarkably rapid response speed
during pressure loading and unloading, with response times of 22 ms and 18 ms, respec-
tively. Although a slight overshoot was observed in its response, the sensor exhibited
reliable dynamic response capabilities to a certain extent.

To assess the mechanical reliability of the flexible pressure sensor, we subjected the
device to 3000 cycles of loading and unloading with an external pressure of 2 kPa and a
frequency of approximately 1.0 Hz. Figure 2.5(f) illustrates the current output curve of
the device during the cycles. While the peak value of the current output curve fluctu-
ated in some cycles, the overall current output remained consistent, indicating the high
mechanical stability of the flexible pressure sensor. Even after 1000 and 2000 cycles, the
current output of the device remained consistently stable, suggesting the reliability of
the conductive metal layer on the surface of the micro-truncated pyramid structures.

2.3.6. POTENTIAL APPLICATIONS OF FLEXIBLE PRESSURE SENSORS

To demonstrate the potential applications of the flexible pressure sensor, we conducted
a series of sensor tests that encompassed different pressure ranges. Firstly, we utilized
the flexible pressure sensor to detect micro-pressure fluctuations caused by vibrations
from a smartphone (Figure 2.6(a)). The real-time current response curve of the sensor
exhibited precise and periodic changes with the vibration of the smartphone, with the
magnitude of the response current corresponding to the intensity of the vibration. This
result demonstrates that the flexible pressure sensors can not only detect simple vibra-
tions in acoustic scenarios but also micro-pressure on the surface of various equipment.
Furthermore, we employed the flexible pressure sensor to detect real-time responses to
airflow (Figure 2.6(b)). By adjusting the compression strength of the ear bulb syringe, air-
flow of different intensities was generated to act on the surface of the sensor. The flexible
pressure sensor exhibited distinct response peaks for each airflow impact, demonstrat-
ing its high-resolution capability in detecting micro-pressure changes. This result indi-
cates the potential application of pressure sensors in high-resolution micro-pressure de-
tection. Additionally, we recorded the real-time response curve while tapping the Inter-
national Morse Code for the letters T, U, and D, where long presses and short taps corre-
sponded to the dash and dot signals, respectively (Figure 2.6(c)). These results highlight
the potential of pressure sensors for detecting human motion, particularly in enabling
precise and accurate motion signal detection.
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Figure 2.6: (a) Real-time detection of the vibration of a mobile phone during incoming calls. (b) Real-time
detection of the impact of different intensities of airflow by squeezing a rubber suction ball. (c) Real-time
detection of Morse Code by tapping the three letters of TUD with a finger.
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To validate the LPDW technology, we successfully fabricated and integrated a proof-
of-concept piezoresistive flexible pressure sensor array (5 x 5) consisting of 25 individual
sensors based on the micro-truncated pyramid array (Figure 2.7). To assess its perfor-
mance, we applied three different mass weights (10 g, 20 g, and 50 g) onto the surface of
the sensor array, generating distinct pressure distributions across its surface.
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Figure 2.7: The detection of spatial pressure distribution capabilities on a 5 x 5 sensor array using weights of
different masses (10 g, 20 g, and 50 g).

It was evident that the area beneath the weight appeared darker in color compared
to the unloaded region, indicating a significant increase in current flow. Furthermore, as
the amount of weight magnitude increased, the color corresponding to the loaded area
exhibited a darker shade overall. Moreover, owing to the inherent rigidity of the PET/ITO
material, the pressure applied at the center of the weight was extended and gradually
decreased towards the edges of the sensor array, thereby causing the corresponding area
to appear brighter. These results suggest that the integrated pressure sensor array has
the potential for application in mapping spatial pressure detection.

2.4. CONCLUSION

In summary, we have developed a laser pyrolysis direct writing (LPDW) technology
for fabricating high-performance flexible pressure sensors with a micro-pyramid array.
Through extensive experiments and simulations, we reveal the optimal condition and
mechanism for continuous laser pyrolysis (CLP). Using this technology, we designed
and fabricated resistive flexible pressure sensors with a micro-truncated pyramid array
using conductive PDMS film. The fabricated sensor exhibited remarkable sensitivities
of 3132.0 kPa~!, 322.5 kPa~!, and 27.8 kPa™! in the pressure ranges of 0-0.5 kPa, 0.5-
3.5 kPa, and 3.5-10 kPa, respectively. The sensor had a fast response time (loading 22
ms and unloading 18 ms) and demonstrated excellent repeatability and durability over
3000 cycles. Furthermore, the sensor could detect micro and low pressures such as mo-
bile phone vibrations, airflow impacts, and finger touches. It could also be easily inte-
grated into sensor arrays to map the spatial distribution of non-uniform pressure fields.
In addition to its outstanding performance, the flexible pressure sensor with a micro-
truncated pyramid array fabricated using LPDW technology exhibited the advantages of
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low cost, high scalability, and easy fabrication. Compared with traditional complex mi-
cro/nanofabrication processes, this study has provided a new route for designing and
fabricating high-performance flexible pressure sensors.
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HIGH-PERFORMANCE FLEXIBLE
STRAIN SENSOR FABRICATED
USING LASER TRANSMISSION

PYROLYSIS

In recent years, metal crack-based stretchable flexible strain sensors have attracted
tremendous attention in wearable device applications due to their extremely high sensitiv-
ity. However, the trade-off between sensitivity and detection range has been an intractable
dilemma, severely limiting their practical applications. In this chapter, we propose a laser
transmission pyrolysis technology for fabricating high-performance flexible strain sen-
sors based on (Au) metal cracks with the microchannel array on the polydimethylsilox-
ane (PDMS) surface. The fabricated flexible strain sensors exhibit high sensitivity (gauge
factor of 1718.5), wide detection range (59% for tensile strain), precise strain resolution
(0.1%), fast response and recovery times (69 ms and 141 ms), and robust durability (over
3000 cycles). In addition, experiment and simulation results reveal that introducing a mi-
crochannel array enables the stress redistribution strategy on the sensor surface, which sig-
nificantly improves the sensing sensitivity compared to conventional flat surface sensors.
Based on the outstanding performance, the sensors are applied to detect subtle physiolog-
ical signals such as pulse and swallowing, as well as to monitor large-scale motion signals
such as knee flexion and finger bending, demonstrating their potential applications in
health monitoring, human-machine interactions, and electronic skin.

Parts of this chapter have been published in IEEE MEMS (37th International Conference on Micro Electro
Mechanical Systems), 2024 [1] and IEEE Sensors Journal, 2023 [2].
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3.1. INTRODUCTION

N recent years, the rapid advancement of flexible electronics technology has provided
I revolutionary impetus to various industries such as health monitoring [3], human-
machine interaction [4], and electronic skin [5]. Flexible strain sensors, as a vital compo-
nent in the field of flexible electronics, have attracted tremendous attention due to their
excellent sensing performance of high sensitivity, wide detection range, fast response
time, and robust durability [6]. Generally, according to the signal transmission mecha-
nism, flexible strain sensors can be classified into resistive [7], capacitive [8], piezoelec-
tric [9], and triboelectric [10]. Among them, resistive flexible strain sensors are not only
superior to traditional metal conductor [11] and semiconductor [12] sensors in terms of
sensing performance but also have the advantages of easy fabrication, low cost, and high
plasticity [13, 14]. Typically, resistive strain sensors consist of sensing materials paired
with elastic substrates. Conductive materials, such as metal nanomaterials (nanoparti-
cles, nanowires, and nanoplates) [15-17] and low-dimensional materials (carbon blacks,
carbon nanotubes, and graphene) [18-20] are commonly used as sensing materials for
detecting strain changes. Elastic substrates, such as silicone-based substrates (PDMS,
Ecoflex, and Dagon-skin) [21-23], and rubber-based substrates (natural rubber, styrene-
butadiene rubber, and polyurethane rubber) [24-26] provide flexibility to sensors and
ensure the stability and reliability of the sensing materials. In terms of the fabrication of
strain sensors, the strategies can be categorized into two main types: embedding con-
ductive materials within elastic substrates or attaching conductive materials onto the
elastic substrates.

The high sensitivity of strain sensors usually stems from significant structural
changes during strain, which lead to drastic changes in conductivity. For example, crack-
based strain sensors achieve sensitive strain detection by taking advantage of the forma-
tion and expansion of cracks, coupled with their disconnection and reconnection prop-
erties. As reported, Kang et al. designed a crack-based resistive sensor composed of
platinum (Pt) and polyurethane acrylate (PUA), which exhibited an ultrahigh sensitivity
of 2000 over a sensing range of 0-2% [27]. Subsequently, Lee et al. fabricated a crack-
based flexible strain sensor consisting of a gold (Au) layer and polyethylene terephthalate
(PET), which demonstrated a sensitivity of about 1600 in a 2% strain field [28]. These pio-
neering studies proved that introducing cracks into metal film-based strain sensors is an
effective strategy to improve their performance. However, due to the trade-off between
sensitivity and detection range, high sensitivity inevitably leads to a narrow detection
range, which severely limits the practical application of flexible strain sensors. There-
fore, in addition to material innovation, many studies focused on improving the sensing
performance of devices by modifying the crack structure [29], such as crack density [30],
crack spacing [31], crack depth [32], and crack connectivity [33].

Herein, we designed and fabricated a flexible strain sensor based on (Au) metal
cracks with microchannel arrays to overcome this limitation. To achieve these mi-
crochannel arrays rapidly and efficiently, we developed a promising novel technology
for patterning the polydimethylsiloxane (PDMS) substrate: the laser transmission pyrol-
ysis (LTP) method. We also summarized the realization conditions and pyrolysis mech-
anism of the laser transmission pyrolysis. After the microchannel arrays were fabricated
on the PDMS surface, an Au film was deposited using magnetron sputtering to endow
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resistive properties. Finally, the PDMS substrate with microchannel arrays and an Au
film was sliced and packaged into individual flexible strain sensors. By introducing the
microchannel array, a stress redistribution strategy was implemented on the PDMS sur-
face, resulting in a significant resistance change in the Au film under the influence of
external stress. These flexible strain sensors were characterized by high sensitivity (max-
imum gauge factor of 2448), wide detection range (maximum detection range of 59%),
precise detection resolution (0.1%), fast response and recovery times (69 ms and 141
ms), and robust durability (over 3000 cycles). Building on this, we further demonstrated
its practical application in detecting both subtle physiological signals (e.g., pulses and
swallowing) and large-scale motions (e.g., knee flexion and finger bending).

3.2. EXPERIMENTAL SECTION

3.2.1. MATERIALS AND EQUIPMENT

During the experimental process, all chemicals were obtained from commercial sources
and used without further purification. Polydimethylsiloxane (PDMS, Sylgard 184)
was purchased from Dow Corning. The film ink type was chosen as Epson BK-
T8231. Polyvinyl pyrrolidone (PVP, (CgH9NO),, Mw = 220000) and anhydrous ethanol
(CH3CH,0H, 99.5%) were procured from Shanghai Macklin Biochemical Co., Ltd. The
liquid metal (metal basis: 99.99% Ga-In-Sn) and single-sided conductive tape (3M7766-
50) used in the packaging process were procured from Alfa Aesar Chemical Co., Ltd. and
3M Company, respectively. The PDMS with microchannel arrays was fabricated using
an ultraviolet (UV) pulsed laser system (Grace X 355-3A, Han’s Laser Technology Indus-
try Group Co., Ltd., wavelength: 355 nm). The laser scan speed was set at 10 mm/s,
and the motion in the X-Y direction was precisely controlled by software. The distance
between the field lens and the sample was adjusted using the vertical Z-direction trans-
lation stage. To achieve laser transmission pyrolysis, the laser repetition frequency and
laser power were set at 200 kHz and 1.8 W. The laser single pulse energy (Esp) was calcu-
lated using the formula Esp = Pavg/ Fpr. The PDMS substrate patterned using LTP tech-
nology required further cleaning with an ultrasonic constant temperature cleaning ma-
chine (Ningbo Scientz Biotechnology Co., Ltd, SBL-15DT). To effectively remove the py-
rolysis products, the ultrasonic power was set to 480 W, and the cleaning time was set to
20 min. The deposition of the (Au) metal film on the PDMS surface was carried out using
a magnetron sputtering coating machine (T-Z1650PVD, Zhengzhou Ketan Instrument
Equipment Co., Ltd.). The sputtering power was set at 55 W, the chamber was filled with
argon (Ar) gas, and the vacuum level was maintained at 4 Pa. In the sensor packaging
process, commercial single-sided conductive tapes were used as connecting wires. To
ensure the reliability of the sensor during its application, liquid metal was coated onto
these tapes. Subsequently, two heat-shrink tubes were heated at 130 °C for 20 seconds to
protect and secure both ends of the sensor.

3.2.2. CHARACTERIZATION AND TESTING

The morphology of the PDMS substrate with microchannel arrays was characterized
using a scanning electron microscope (SEM, Gemini 300, ZEISS) and a 3D laser scan-
ning microscope (VK-X1000, KEYENCE). The UV-Vis absorption spectra of the light-
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absorbing coatings were characterized with a microvolume UV-Vis spectrophotometer
(NanoDrop™ One, Thermo Fisher Scientific Inc.). The pyrolysis products were char-
acterized with an X-ray diffraction instrument (XRD, Rigaku Smartlab) at a scanning
rate of 10 °/min. The mechanical properties of the flexible strain sensor were assessed
using a universal testing machine (TSE503A, Wance Testing Machine Co., Ltd.). The
corresponding electrical signals were captured with a data acquisition and logging sys-
tem (DAQ6510, Keithley), and the response time was monitored with an oscilloscope
(TBS2104B, Tektronix).

Flexible tensile strain sensors are widely used to measure minute physical deforma-
tions. Their sensitivity is typically evaluated using the gauge factor (GF), which is deter-
mined by the structure and material of the sensor. In the context of this study, the GF
value of the resistance-based flexible strain sensor can be calculated using the formula:

_AR/Ry _ AR

GF =
€ Ro-€

(3.1

In this formula, € represents strain, Ry denotes the initial resistance of the sensor in
its stable state, and AR is the change in resistance of the sensor due to external strain €.

3.3. RESULTS AND DISCUSSION
3.3.1. DESIGN AND FABRICATION OF FLEXIBLE STRAIN SENSORS

Step 1 Curing Step 2 Spin-Coating Step 3 Patterning

Figure 3.1: Schematic illustration of the fabrication process for the flexible strain sensor based on Au micro-
cracks with a microchannel array.

Figure 3.1 illustrates the schematic diagram outlining the design and fabrication pro-
cess for the flexible strain sensors with microchannel arrays using PDMS as a flexible
substrate. The process involves 6 distinct steps. In Step 1, the PDMS elastomer base and
curing agent were meticulously mixed in a proportion of 10:1 and degassed. This mix-
ture was poured into a customized acrylic mold with a thickness of 1.0 mm and cured at
a temperature of 80 °C for 2 h. In Step 2, the cut rectangular PDMS film (50 mm x 42 mm
x 1 mm) was attached to a 4-inch quartz glass wafer. The film ink was dispersed within a
solution containing 10 wt% PVP and ethanol, serving as the light-absorbing material. It
was then spin-coated onto the PDMS film at 2000 rpm for 20 seconds. In Step 3, after the
ethanol had evaporated, a UV laser was used to perform the laser transmission pyrolysis
reaction on the PDMS substrate with a light-absorbing layer to create a microchannel
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pattern. In Step 4, a high-power ultrasonic cleanser was employed to remove the laser
transmission pyrolysis product and light-absorbing layer from the surface of the PDMS
substrate. In Step 5, a partially hollowed polyimide (PI) film was placed over the PDMS
film to define the effective area for the metal deposition layer. Then, magnetron sputter-
ing equipment was used to deposit an Au film on the exposed areas of the photomask. In
Step 6, the PDMS film with microchannel arrays and a gold coating was segmented and
packaged using liquid metal and shrinkable tubes.

3.3.2. LASER TRANSMISSION PYROLYSIS TECHNOLOGY

It is well known that PDMS is a transparent polymer material that is used in numerous
fields due to its excellent properties such as flexibility, elasticity, and biocompatibility. To
fabricate microstructures on the PDMS surface, a series of innovative fabrication tech-
nologies have been developed [34, 35]. Compared to the traditional template method,
which imposes strict requirements on fabrication environments, equipment, and pro-
cesses, laser direct pyrolysis technology stands out due to its effectiveness, precision,
controllability, and flexibility [36].

Unlike the continuous laser pyrolysis described in our previous work [37], laser trans-
mission pyrolysis ensures the continuity of the photothermal effect by introducing a
semi-transparent light-absorbing layer. Specifically, as shown in Figure 3.2(a), when the
laser is vertically irradiated onto the light-absorbing layer covering the PDMS surface,
most of the laser energy passes through the light-absorbing layer and PDMS substrate.
Only a small portion of the energy is absorbed, leading to the formation of a laser heating
region (LHR). Owing to the photothermal effect, the absorbed energy creates an ultra-
high temperature gradient, subsequently triggering the laser pyrolysis reaction within
the PDMS. Simultaneously, this process leads to the formation of a hemispherical py-
rolysis product in the PDMS, facilitating heat transfer and forming a heat conduction
region (HCR). Finally, the LTP reaction occurs iteratively as the laser moves, as shown
in Figure B.1. In particular, the semi-transparent film ink layer effectively regulates the
influence of high temperature on the continuity of pyrolysis during the laser pyrolysis
process, which effectively improves the preparation quality.

On this basis, we investigated the effects of different laser average powers (Payg) and
pulse repetition frequencies (Fp;) on the morphology of the microchannels after laser
transmission pyrolysis. Correspondingly, Figure 3.2(b) shows the 3D laser confocal im-
ages of the PDMS microchannels after LTP treatment in the defocused state (Dger = —1.0
mm). Apparently, the LTP reaction achieved deeper microchannel depths under Pyyg =
2.4 W and Fy; = 100 kHz (Esp = 24 pJ). Correspondingly, owing to the strong photother-
mal effect, the sidewalls of the microchannels exhibited a relatively rough morphology.
In contrast, under Puyg = 1.2 W and Fy,; = 150 kHz (Esp = 6 pJ), the intensity of the LTP
reaction was notably weak, resulting in shallower microchannel depths and inconsis-
tent morphologies. Considering the operating mechanism of the pulsed laser, the single
pulse energy (Esp) determines the threshold of a single laser spot triggering the pyrol-
ysis reaction, while the pulse repetition frequency (F,,) affects the forming quality of
continuous morphology during laser pyrolysis. On the premise that the single pulse en-
ergy reaches the pyrolysis energy threshold, increasing the pulse repetition frequency
can significantly optimize the quality of the pyrolysis morphology. This is also the main
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Figure 3.2: (a) Schematic diagram of the reaction mechanism of laser transmission pyrolysis (LTP). (b) 3D laser
confocal images of PDMS microchannel morphology under different laser average powers and laser repeti-
tion frequencies (B, M, and G represent poor, medium, and good morphological quality, respectively ). (c) The
depth, width, and quality of the microchannel under different light-absorbing layers (wt%) and defocus dis-
tances (Dget). (d) Ultraviolet-visible (UV-Vis) absorption spectra of PVP absolute ethanol solutions with film
inks of different mass percentages (0%, 5%, 10%, and 15%). (e) X-ray diffraction (XRD) pattern of products re-
sulting from the LTP process, accompanied by a schematic diagram of the reaction mechanism. (f) SEM image
of PDMS surface after LTP reaction (scale bar: 20 pm).

criterion for selecting the process conditions (Payg = 1.8 W and Fpy = 200 kHz) for the
fabrication of the flexible strain sensors.

To investigate the effects of different light-absorbing layers (wt%) and defocus dis-
tances (Dgef) on the microchannel fabrication, we analyzed the depth, width, and quality
of the microchannels under different conditions, as shown in Figure 3.2(c). The corre-
sponding samples were labeled as S-5%, S-10%, and S-15%, respectively. We observed
that as the mass percentage (wt%) of the film ink increased, the capacity of the light-
absorbing layer to absorb UV laser increased, resulting in a corresponding increase in
both the depth and width of the microchannels. This observation confirms that manip-
ulating the light-absorbing layer can effectively control the reaction intensity of LTP. In-
terestingly, within the range of —0.5 mm and 0.5 mm around the focal plane, the quality
of microchannels formed by the LTP reaction on the PDMS surface was poor. In con-
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trast, optimal microchannel quality was realized at defocus distances farther from the
focal plane (Dgef = —1 mm and 1 mm). This observation further confirms that the LTP
reaction near the focal plane is unstable due to factors such as the accumulation and
convergence of laser energy [38].

Correspondingly, Figure 3.2(d) shows the ultraviolet-visible (UV-Vis) light absorption
spectra of PVP absolute ethanol solutions of film inks with different mass percentages
(5, 10, and 15 wt%). It was obvious that the absorption percentages of samples S-5%,
S-10%, and S-15% at a wavelength of 355 nm were 10.56%, 17.47%, and 25.21%, respec-
tively, showing clear differences. Meanwhile, we found that the uniformity of the light-
absorbing layer on the PDMS surface was crucial for the morphology of the microchan-
nels. This is also the primary reason for introducing the anhydrous ethanol solution of
PVP as the dispersant and thickener of the film inks. Moreover, this approach effectively
eliminates uncontrollable variables introduced by surface modification methods, such
as ultraviolet or plasma treatment [39].

To explain the reaction mechanism of LTP further, we employed X-ray diffraction
(XRD) to analyze the pyrolysis products, as shown in Figure 3.2(e). The purple spectrum
exhibited three main peaks at 35.6°, 60.0°, and 71.8°, unmistakably indicating the 3C-
SiC products generated during the LTP reaction. In the specific reaction process, PDMS
undergoes pyrolysis due to the laser energy absorbed by the light-absorbing layer, expe-
riencing a high heating rate. In the initial stage of the LTP reaction, the high temperature
induces the breaking and reforming of Si-CHs bonds on PDMS chains, thereby further
enhancing the cross-linking of PDMS and generating silicon oxide and pyrolytic carbon
on the PDMS surface. With increasing temperature, the silicon oxides in PDMS are di-
rectly reduced to 3C-SiC by the pyrolytic carbon in an oxygen-deficient environment
[40].

Figure 3.2(f) shows the SEM image of the PDMS surface after the LTP reaction. The
morphology of the sample distinctly delineated both the laser heating and heat conduc-
tion regions. Within the laser heating region, porous pyrolysis products (3C-SiC) were
clearly observed. Meanwhile, at the edge of the laser heating region, a clear boundary
existed between the pyrolysis products and the light-absorbing layer. This indicates that
the light-absorbing layer, besides inducing the LTP reaction, does not further exacerbate
the spread of pyrolysis. Additionally, significant delamination was observed between
the pyrolysis products and the PDMS substrate. This phenomenon is mainly attributed
to the differences in the thermal expansion coefficients of the various materials.

3.3.3. PERFORMANCE TEST OF THE STRAIN SENSOR

After thoroughly understanding the LTP mechanism, it is possible to create customized
microchannel patterns of various shapes on the PDMS surface. The fabrication param-
eters selected for the flexible strain sensor in terms of the UV laser were as follows: laser
average power (Payg) of 1.8 W, laser repetition frequency (Fp;) of 200 kHz, and laser de-
focus distance (Dgef) of 1.0 mm. Building on this foundation, we designed and fabri-
cated flexible strain sensors with the microchannel array at different LTP scanning in-
tervals. In addition, the influence of different metal film thicknesses on the surface of
the microchannel array was explored by controlling the sputtering time. The process
of magnetron sputtering of metal layers is shown in Figure B.2. As shown in Figure 3.3
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(a), the intervals for LTP scanning, from top to bottom, before sensor packaging were
individually set to 1000 pm, 600 wm, and 200 um (labeled as I-1000, I-600, and 7-200).
Concurrently, the flat surface PDMS substrate served as a control group to validate the
performance enhancement of the flexible strain sensor (labeled as I-Flat). From left to
right, the magnetron sputtering deposition times for the samples were set as 10 s, 20 s,
and 30 s (labeled as T-10, T-20, and T-30). Apparently, samples with shorter sputter-
ing times exhibit noticeable translucency. As the sputtering time increases, the trans-
parency diminishes, and the sample eventually becomes opaque. From the SEM image
of the sample (I-200&T-20), the laser scanning intervals were 200 um, which contained
a microchannel with a size of 60 pm, maintaining good structural consistency. The tiny
cracks observed on the (Au) metal film are attributed to thermal stresses caused by the
heating process of ion evaporation before the SEM imaging.

The metal-sputtered (Au) samples with microchannel arrays were sliced into specific
sizes (length of 50 mm, width of 8.4 mm, and height of 1 mm) and subsequently pack-
aged into individual flexible strain sensors (sensor effective area: length 30 mm, width 5
mm). The sensitivity and detection range of different sensors were evaluated as the vital
performance indicators for flexible strain sensors. Figure 3.3(b) shows the relative resis-
tance changes (AR/Ry) of different flexible strain sensors, with the microchannel array
and the flat surface, under various strains (¢) during the stretching process. The cor-
responding sensor performance test platform is shown in Figure B.3. Compared to the
flexible strain sensor with a flat surface, the introduction of microchannels significantly
enhances the sensitivity of the flexible strain sensor.
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Figure 3.3: (a) Optical images of different scanning intervals and Au sputtering times, and the SEM image of
local microchannel array. (b) Relative resistance changes of strain sensors based on different microchannel
arrays and flat-surface under different strains. (c) Relative resistance changes of strain sensors based on differ-
ent scanning intervals. (d) Relative resistance response curve of the sensor under large strain conditions (5%,
10%, and 20%).

Taking the I-Flat&T-10 and I-200&T-10 sensors as typical examples, on the flat-
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surface PDMS substrate, after 10 seconds of metal sputtering, the GF value of the sensor
(I-Flat&T-10) reached 103.9 after linear fitting within the 40-100% strain range. Notedly,
after introducing the microchannel array (channel width = 60 pm, scanning interval =
200 pum), the GF value of the sensor (I-200&7T'-10) increased to an ultra-high 1718.5, with
the performance increased by nearly 16 times. Correspondingly, due to the trade-off re-
lationship between sensitivity and detection range, the inherent detection range of the
strain sensor with the microchannel array decreased to 59%. Furthermore, for the flex-
ible strain sensors based on metal cracks, the thickness of the metal sputtering signifi-
cantly affects their performance [18]. Evidently, as the metal sputtering time increased
from 10 s to 20 s and then to 30 s, the GF value of sensors with a flat surface rose from
103.9 to 183.2, finally reaching 297.0. Concurrently, the GF value of sensors with the mi-
crochannel array also climbed from 1718.5 to 2205.5 and further to 2448.0, while their
detection range decreased from 59% to 45% and finally to 34%.

Additionally, the performance of flexible strain sensors with different scanning in-
tervals is shown in Figure 3.3(c). It can be clearly observed that as the laser scanning
interval increased from 200 pm to 600 pm and subsequently to 1000 um, the GF value
of the sensor dropped from 1718.5 to 760.8 and further down to 628.7. Meanwhile, the
detection range of the sensor also diminished from 59% to 50% and then down to 48%.
The detailed sensing performances of various sensor types are outlined in Table 3.1. Im-
portantly, the detection range limit for the sensors with the flat surface was set at 100%
and not the limit of its detection range.

Table 3.1: Sensing performance of flexible strain sensors

Sensor Type  Detection Range (¢) ~ Fitting Interval (¢) Gauge Factor (GF)  Linearity (R?)

I1-200&T-10 0-59% 40-59% 1718.5 0.98
I-NLT&T-10 0-100% 40-100% 103.9 0.99
I1-200&T-20 0-45% 35-45% 2205.5 0.98
I-NLT&T-20 0-100% 40-100% 183.2 0.99
1-200&T-30 0-34% 25-34% 2448.0 0.98
I-NLT&T-30 0-100% 29-100% 297.0 0.99

Among them, the device I-200&T-10 stood out with its extensive detection range
coupled with exceptional sensitivity. Therefore, it was selected to further evaluate the
performance of the flexible strain sensor. As shown in Figure 3.3(d), when subjected to
strains of 5%, 10%, and 20%, the sensor consistently showed a clear and stable response
to 5 consecutive triangle wave strains, operating at a steady frequency of 0.2 Hz. Clearly,
the sensor has a distinct response to large strains. The asymmetry of the response peak
is attributed to the hysteresis effect caused by the viscoelasticity of the PDMS material,
leading to delayed strain recovery during loading and unloading cycles.

As shown in Figure 3.4(a), when the sensor is subjected to 4 consecutive small strains
0f 0.1%, its relative resistance precisely corresponds to the externally applied strain. This
further demonstrates the consistency of the sensor response under small strain condi-
tions and achieves a strain resolution of 0.1%.

To verify the response speed of the sensor, we measured its response time (stretch
time, tg) and recovery time (release time, tg) under different stretch and release acceler-
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Figure 3.4: (a) Relative resistance response curve of the sensor under small strain conditions (0.1%, 0.2%, 0.3%,
and 0.4%,). (b) The response time and recovery time of the sensor under different stretch and release accel-
erations. (c) Relative resistance response curve of the sensor for 3000 stretch-release cycles at 10% strain. (d)
Comparison of sensing range and gauge factor with other reports.

ations (10, 100, and 1000 mm/s2). As shown in Figure 3.4(b), with the increase in stretch
and release acceleration, both the response and recovery times decreased significantly.
It is worth noting that in all stretching and releasing accelerations, the recovery time is
always slower than the response time, which is attributed to the intrinsic viscoelasticity
of the PDMS material [41]. Specifically, at the maximum acceleration, the response and
recovery times were 69 ms and 141 ms, respectively. These times are are comparable to
the requirements of flexible strain sensors for various applications [6]. The response and
recovery times were defined as the time corresponding to the relative resistance change
of the sensor from 10% to 90% [42].

To evaluate the long-term reliability of the flexible strain sensor, a Periodic strain of
10% was applied to the sensor over 3,000 cycles at a 0.2 Hz frequency. As shown in Figure
3.4(c), despite slight degradation during the stretching and releasing phases, the sensor
with the microchannel array demonstrated long-term reliability without any significant
failures.

As summarized in Figure 3.4(d), the development of crack-based flexible strain sen-
sors with high sensitivity and wide detection range is still challenging [27, 32, 43-50].
However, utilizing laser transmission pyrolysis technology to design a flexible strain sen-
sor with a microchannel array based on Au metal cracks is expected to provide a com-
prehensive solution to this challenge.

3.3.4. MECHANISM ANALYSIS OF THE STRAIN SENSOR
To investigate the sensing mechanism, we conducted a systematic analysis comparing
the distribution of Au cracks under different strain conditions between the sensor with
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the flat surface and the sensor with the microchannel array. Figure 3.5(a) shows the op-
tical microscopy (OM) images of I-Flat&T-10 and [-200&T-10 under the tensile strain
conditions of 10%, 30%, and 50%. The corresponding test platform for metal crack gen-
eration and extension is shown in Figure B.4. Under external strain, the surface Au film
of the sensor developed elongated and random cracks perpendicular to the stretching
direction. This crack propagation trend is consistent with previously reported studies
on strain sensors based on metallic cracks [27, 32]. Specifically, for the I-Flat&T-10 sen-
sor, the crack density was significantly lower under a 10% strain condition. In the flat
region (R-1) of the PDMS substrate, surface stress induced fractures in the adhering Au
film, resulting in crack formation and the release of energy from stretching [6]. As the
strain increased to 30%, the number of cracks on the Au film rose noticeably, leading to
a significant increase in micro-crack density. At a strain of 50%, the micro-crack den-
sity of the Au film reached saturation, and the micro-crack spacing further expanded.
In comparison, for the I-200&T-10 sensor, the crack propagation models of the Au film
in the channel and mesa regions (R-2 and R-3) of the PDMS substrate exhibited distinct
differences. Under 10% strain, the Au cracks in the mesa region (R-3) were basically con-
sistent with the flat region of I-Flat&T-10. However, the Au cracks in the channel region
(R-2) showed a lower crack density and a higher crack spacing. Similarly, as the strain in-
creased to 30%, the crack density in the mesa region further increased. Notably, the crack
density in the channel region remained largely stable, but the crack spacing further ex-
panded. Under a strain of 50%, the crack densities in both the mesa and channel regions
reached a steady state. However, with increasing external stretching, the crack spacing
in the channel region expanded significantly. This is also the primary reason for the sig-
nificant change in the relative resistance of the flexible strain sensor with microchannel
arrays.

To further investigate the effect of the microchannel array on the crack generation
mechanism during the stretching of flexible sensors, we employed the finite element
method (FEM) to simulate the deformation and strain distribution in the PDMS sub-
strate. Figure 3.5(b) and (c) show the deformation and stress distributions of the PDMS
substrates with the flat surface and the microchannel array under different strain condi-
tions (10%, 30%, and 50%). Based on the simulation results, the PDMS substrates with
the flat surface and the microchannel array (I-Flat&T-10 and I-200&T-10) exhibited
uniform deformation in the primary regions under different tensile strains. However,
owing to the Poisson’s ratio of the PDMS material, a contraction occurred perpendicular
to the stretch direction. This leads to an evident dumbbell-shaped morphology, partic-
ularly under large strain conditions (50%), potentially compromising the reliability of
the strain sensor. Meanwhile, for the stress distribution, PDMS substrates with the flat
surface and the microchannel array (I-Flat&T-10 and I-200&T-10) exhibited consistent
stress distribution under the small strain conditions (10%), with a negligible difference.
Nevertheless, as the strain increased to 30% and 50%, both substrates revealed stress
concentrations at their fixed boundaries. In contrast, the primary regions of the sub-
strates sustained a fairly uniform and periodic stress distribution. Notably, under a large
strain of 50%, the channel region (R-2) of the PDMS substrate with the microchannel ar-
rays exhibited significantly higher stress compared to the adjacent mesa region (R-3), as
shown in Figure 3.6(a).
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To systematically analyze the changing trends, we evaluated the maximum deforma-
tion and average stress distribution in different regions (R-1, R-2, and R-3) under differ-
ent tensile strain conditions for all types of PDMS substrates, as shown in Figure 3.6(b)
and (c). In the Y-direction, the maximum surface deformation of different PDMS sub-
strates remained relatively consistent. Conversely, in the Z-direction, PDMS substrates
with low microchannel array density (I-1000&T-10) exhibited larger surface deformation
as the strain increased. As the strain increased, the average surface stress in different re-
gions of the PDMS substrates increased linearly. In PDMS substrates with microchannel
arrays, the average surface stress in channel regions (R-2) was significantly higher than
that in mesa regions (R-3). Meanwhile, for PDMS substrates with a flat surface, the av-
erage surface stress in the flat regions remained in an intermediate position. In fact, the
above-mentioned deformation and stress distributions are in good agreement with the
Au crack morphology as well as the measured performances of the sensors. Higher stress
leads to significant changes in the relative resistance of the sensor, further proving that
the introduction of microchannels improves the sensitivity of metal crack-based strain
sensors. However, this stress redistribution strategy still cannot break the trade-off re-
lationship between sensor sensitivity and detection range. In addition, a longer metal
sputtering time will cause Au cracks on the surface of the sensor to more easily reach
the fracture limit during the stretching process, resulting in a narrowing of the detection
range. Counterintuitively, the lower the microchannel density, the higher the average
surface stress in the channel area, which makes it easier for the Au cracks on the surface
to reach the fracture limit, thus reducing the detection range of the sensor.

According to the conductive grid formed by the propagation of metal cracks, we de-
fine the sensor as a resistor network composed of m columns, each consisting of n resis-
tors in parallel. Therefore, the total resistance of the sensor with a flat surface (Rgs) can
be defined as:

m
Rps = ;Rﬂat (3.2)

where the Rgy: represents the crack gap resistance of the sensor with the flat surface.
Correspondingly, the total resistance of the flexible strain sensor with a microchannel
array (Ryp) is defined as:

m
2n
where the Rchannel and Rmesa indicate the crack gap resistance of the sensor with the mi-
crochannel array, respectively. The corresponding equivalent circuit diagrams are shown
in Figure 3.6(d). For sensors with a flat surface, under small strain, crack generation
is the dominant process, leading to increases in both m and 7 in the resistor network.
During this stage (crack generation stage), since the crack growth direction is perpen-
dicular to the tensile direction, m increases at a much faster rate than n. However, as
the strain further increases, crack expansion becomes the dominant process, and both
m and n in the resistor network reach saturation. During this stage (crack expansion
stage), the expanding crack spacing causes a significant increase in the crack gap resis-
tance (Rgqt) in the network, becoming the main factor affecting the relative resistance
change. For sensors with the microchannel array, the introduction of the microchan-

Rva = (Rchannel + Rmesa) (3.3)
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nel array effectively redistributes the stress distribution on the PDMS surface, resulting
in different crack propagation models. The stress is significantly more concentrated in
the microchannel region compared to the mesa region. Under the same strain condi-
tions, the crack density in the microchannel region saturates more quickly. As the strain
increases further, the crack gap resistance in the channel region (R¢hannel) €xceeds that
in the mesa region (Rpesa). Although the sensor with the microchannel array has lower
crack density when saturated compared to the sensor with the flat surface, the notable
change in relative resistance due to crack spacing leads to greater sensitivity.

Analysis of the above simulation results shows that the introduction of the mi-
crochannel array leads to uneven stress distribution on the sensor surface, which pro-
vides a theoretical basis for the strain redistribution strategy. This uneven distribution
potentially affects the generation and expansion of metal cracks, thereby enhancing the
sensitivity of strain sensors based on metal cracks.

3.3.5. PRACTICAL APPLICATIONS OF THE STRAIN SENSOR

Benefiting from the high sensitivity and wide detection range of the designed flexible
strain sensor, we extensively explored its capability to monitor signals for potential appli-
cations in health monitoring, human motion detection, and postoperative rehabilitation
tracking. For monitoring subtle physiological signals, pulse signals serve as effective in-
dicators of heart function and blood circulation, playing a crucial role in the prevention,
diagnosis, and management of cardiovascular conditions. As shown in Figure 3.7(a), the
flexible strain sensor was affixed to the radial artery side of the wrist, capturing the slight
strain of the skin induced by pulse beats. Under standard conditions, the sensor identi-
fied the typical wrist pulse curve, where its relative resistance change exhibited periodic
fluctuations and clear peaks synchronized with each heartbeat. The magnified relative
resistance responses distinctly revealed the percussion wave, tidal wave, and diastolic
waves (P-wave, T-wave, and D-wave) characteristic of the human pulse. Moreover, mon-
itoring the swallowing process is essential for assessing swallowing disorders and valu-
able for daily observations of abnormal behaviors. As shown in Figure 3.7(b), the flexible
sensor was attached to the throat to detect the subtle strains generated by the swallow-
ing action. The relative resistance change of the sensor exhibited swift and periodic re-
sponses consistent with the swallowing action, generating a corresponding swallowing
curve. This enlarged swallowing curve clearly illustrated the processes of larynx eleva-
tion (LE) and larynx anterior movement (LAM) during swallowing. These results further
verify the potential application of the sensor in the field of small strain detection.

For large-scale motion signals, assessing the range of motion in the knee joint af-
ter total knee arthroplasty (TKA) is critical for postoperative rehabilitation tracking and
recovery evaluation. As shown in Figure 3.7(c), the flexible strain sensor was secured
to the surface of the quadriceps muscle on a knee joint model, aiming to monitor the
flexion of the knee joint. The relative resistance change consistently fluctuated during
the continuous 45° bending motion, and notably, the sensor met a strain threshold of
50% [51]. Furthermore, evaluations of finger bending serve as valuable tools for medi-
cal professionals, enabling them to accurately determine both the range of motion and
the severity of impairment in patients with rheumatoid arthritis, osteoarthritis, or other
forms of arthritis. As shown in Figure 3.7(d), the flexible sensor was attached between the
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Figure 3.7: (a) Relative resistance responses of the flexible strain sensor for monitoring pulse beats. (b) Relative
resistance responses of the sensor for detecting pharyngeal swallowing. (c) Relative resistance responses of the
sensor for monitoring knee flexion. (d) Relative resistance responses of the sensor for detecting different finger
bending angles (30°,45°, 60°, and 90°).

proximal and middle phalanges to detect finger bending. With increasing finger bend-
ing angles (30°, 45°, 60°, and 90°), the relative resistance change of the sensor exhibited
significant proportional changes. These results further demonstrate the potential appli-
cation of the sensor in the field of large strain detection.

3.4. CONCLUSION

In summary, we successfully developed a flexible strain sensor based on gold (Au)
cracks with a microchannel array fabricated by the laser transmission pyrolysis technol-
ogy. Through extensive experiments, we revealed its operating conditions and pyrolysis
mechanism. Using this technology, we realized a surface stress redistribution strategy
for microchannel arrays on PDMS surfaces, resulting in a significant increase in the sen-
sitivity of sensors with microchannel arrays compared to conventional flat surface sen-
sors. The sensor exhibited high sensitivity (GF = 1718.5), precise strain resolution (0.1%),
wide detection range (59%), fast response and recovery times (69 ms and 141 ms, respec-
tively), and robust durability (over 3000 cycles). Notably, the sensor could not only pre-
cisely detect subtle physiological signals such as pulse and swallowing but also monitor
large-scale motion signals such as knee flexion and finger bending. This study provides a
promising technology platform for designing and fabricating high-performance flexible
strain sensors based on metal cracks and opens up vast possibilities for their application
in the field of health monitoring, human-machine interactions, and electronic skin.
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SELECTIVE REDUCTION LASER
SINTERING: A NEW STRATEGY FOR
NO, GAS DETECTION BASED ON
IN,O3 NANOPARTICLES

This chapter introduces a novel strategy for fabricating flexible nitrogen dioxide (NO,)
gas sensors based on Indium Oxide (In, O3) nanoparticles (NPs) employing selective re-
duction laser sintering (SRLS) technology. The SRSL technology utilizes ultraviolet (UV)
laser selective reduction sintering to precisely and rapidly create oxygen vacancy (OV) de-
fects in InyO3 NPs. These oxygen vacancies (OVs) enhance the active adsorption sites
and contribute additional free electrons, significantly improving sensor performance at
room temperature. The sensors exhibit excellent response (S = 460.9 at 10 ppm), rapid
responselrecovery (T yesp/Treco = 27/570 ), and superior selectivity (response ratio > 400),
in addition to robust light and humidity resistance. Moreover, under photo-assisted con-
ditions, the recovery speed of the sensors is further improved. This technology not only
provides an innovative strategy for the development of high-performance flexible NO, gas
sensors but also broadens the application potential of laser direct writing (LDW) technol-
ogy in advanced materials and sensor fabrications.

Parts of this chapter have been published in IEEE NEMS (19th International Conference on Nano/Micro Engi-
neered and Molecular Systems), 2024 [1] and Advanced Functional Materials, 2025 [2].
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4.1. INTRODUCTION

HE rapid advancement of flexible sensors has surpassed the constraints of tradi-

tional sensors, becoming increasingly vital in both industrial production and daily
life [3]. In addition to their applications in mechanical, thermoelectric, chemical, neuro-
electric, and electrochemical signal processing, flexible sensors are increasingly empha-
sized for the precise and continuous detection of gas signals [4-8]. Considering power
consumption and operational safety, the development of room temperature (RT) flexi-
ble gas sensors has emerged as a significant trend [9]. The detection of nitrogen dioxide
(NO2) has become critical, reflecting its significant role in environmental health mon-
itoring (EHM). As a major by-product of fossil fuel combustion, NO, causes acid rain,
photochemical smog, and ozone layer depletion, posing severe environmental risks [10,
11]. Additionally, exposure to NO, at levels above the 3-ppm threshold is associated
with severe health issues, including lung cancer, stroke, and asthma [12-14]. Therefore,
the development of advanced RT flexible NO, sensors with excellent response, rapid re-
sponse/recovery, and superior selectivity is an urgent priority.

To enhance the performance of NO, gas sensors, researchers have explored vari-
ous advanced materials such as metal oxide, conductive polymers, and carbon nano-
materials [15-17]. However, the synthesis of these materials typically involves energy-
intensive, costly, and complex processes such as chemical vapor deposition, chemical
polymerization, and arc discharge [18-20]. In addition, the fabrication of sensors based
on these materials typically requires precisely engineered interdigitated electrodes made
of precious metals such as platinum (Pt), gold (Au), and silver (Ag) [21-23].Indium ox-
ide (In»03) stands out in applications such as solar cells, photocatalysis, and gas sens-
ing due to its exceptional physical and chemical properties [24-26]. Notably, as an N-
type semiconductor metal oxide, InyO3 exhibits high sensitivity and selectivity for de-
tecting NO, gas [27]. To further enhance the performance of In,O3-based NO, sensors,
nanomorphology controls such as nanofibers, nanosheets, and nanoparticles have been
utilized to increase the surface activity of InpO3 [28-30]. Additionally, functional modi-
fications such as constructing heterostructures, nanocomposite, and defect engineering
have been applied to enhance the electronic structures of In,O3 [31-33]. Despite these
advancements, InpO3-based gas sensors still face challenges such as limited gas selec-
tivity, high operating temperature requirements, and performance degradation under
humid conditions, which restrict their broader application [34].

In response to these challenges, laser direct writing (LDW) technology has revolu-
tionized the fabrication of flexible gas sensors with its excellent processing accuracy and
control capability [35]. This technology utilizes a laser beam to precisely remove, add, or
modify both the surface and interior of target materials, achieving high-resolution heat
treatments at the micron or submicron level [36]. Selective laser sintering (SLS), a sub-
set of LDW technology, is widely used for the sintering and modifying of metal, ceramic,
and metal oxide nanoparticles, attributed to its low heat input and high thermal gradi-
ent [37-39]. Meanwhile, this technology allows maskless and customized rapid sintering
processes on various substrates controlled by computer software [40]. Defect engineer-
ing, an effective material modification method, plays a crucial role in optimizing the
properties of sensor materials [41]. For InpO3 nanoparticles, the introduction of oxygen
vacancy (OV) defects not only increases the number of adsorption sites but also modu-
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lates the electronic structure, which significantly improves the sensitivity and selectivity
of the sensor [42]. However, the efficient fabrication of In,O3 NPs with OV defects for
flexible NO, gas sensing using SLS technology continues to pose a significant challenge.

In this study, we report the development of the flexible NO, gas sensor using se-
lective reduction laser sintering (SRLS) technology. This technology selectively reduces
polyvinyl pyrrolidone (PVP) coated In, O3 nanoparticles (NPs) by controlling the key pa-
rameters of an ultraviolet (UV) pulse laser, thereby enabling the formation of OV defects
in In,03 NPs. Owing to the introduction of oxygen vacancies (OVs), the sensors demon-
strate excellent response (S = 460.9 at 10 ppm), rapid response/recovery ( Tresp/ Treco =
27/570 s), and superior selectivity (response ratio > 400) at RT (25 °C). Furthermore, the
sensors exhibit robust resistance to light and humidity and an even faster recovery speed
under the photo-assisted condition. Through experimental verification and material
characterization, the impact of varying laser scanning intervals on the OV defects and
sensing performance was further explored. Additionally, the adsorption mechanism of
the NO; molecule on InyO3 with OV was investigated through theoretical calculations.
This technology not only provides a new strategy for the fabrication of flexible NO, sen-
sors based on Iny O3 with OVs but also further expands the application prospects of LDW
technology in material science and device fabrication.

4.2, EXPERIMENTAL SECTION

Preparation of InyO3 NP Paste: Initially, under a constant-temperature (60 °C) ultra-
sonic environment, 0.1 g of ethylcellulose (EC), 0.1 g cetyltrimethylammonium bromide
(CTAB), and 0.9 g of polyvinylpyrrolidone (PVP) were completely dissolved in 7.41 mL
of 1-pentanol. Subsequently, 4.9 g of InoO3 Nanoparticles (NPs) (particle size < 50 nm)
were added to the mixture and mixed using a planetary gravity mixer at 1200 rpm for 60
s. The mixture was then subjected to ultrasonic dispersion at 60 °C for 30 min to ensure
complete dispersion of the nanoparticles.

Coating of In,O3 NP Paste: PET films (250 pm) were washed sequentially with
ethanol and deionized water and blown dry with nitrogen gas. Subsequently, more than
2.5 mL of In,O3 NP paste was applied to a 5 cm x 5 cm PET substrate and evenly coated
using a four-sided scraper. The coated substrate was then dried at room temperature (25
°C) for 2 h to achieve a uniform In, O3 NP layer with a thickness of 30 pm.

Sensor Fabrication: Flexible NO, gas sensors were fabricated using selective reduc-
tion laser sintering (SRLS) technology with a UV pulse laser system. The system consists
of a computer-aided design module, a 355 nm UV laser source (3 W), a galvanometer
system, and an F-theta lens (f = 103 mm). The laser scanning speed (V) was set to 10
mm/s, the average laser power (Payg) to 0.27 W, the pulse repetition frequency (Fp;) to
200 kHz, and the defocus distance (Dgef) to 0 mm. During the sensor fabrication pro-
cess, the laser scanning interval was set to 70 um, the number of laser linear scans was
2 times, and the corresponding effective adsorption area of the sensor region was about
0.4 cm?. After sintering, the sensor was cleaned in deionized water to remove unsintered
paste and dried in an oven at 60 °C for 10 minutes. Sensor electrodes were screen printed
using low-temperature silver paste and cured at 60 °C for 15 min.

Sensor Testing: The target NO; gas concentration was achieved by dilutinga 100 ppm
NO, commercial calibration gas with dry air in an 8 L mixing chamber. All gas-sensing
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tests were carried out at room temperature (RT) and standard atmospheric pressure. The
sensor was tested by passing dry air, target concentration of NO; gas, and dry air sequen-
tially through the test chamber to evaluate its gas sensing response. Real-time response
data were collected using a Keithley 2450 source meter, and ambient relative humidity
(RH) was monitored with a commercial humidity sensor (SHT3x-DIS, Sensirion).

Material Characterization: Particle size and crystalline phase of In,O3 NPs were an-
alyzed using transmission electron microscopy (TEM, JEM-2100Plus, JEOL). The mor-
phology of the sensing region was evaluated using scanning electron microscopy (SEM,
ZEISS Gemini 300, and Regulus 8100) and 3D laser confocal microscopy (VK-X1000,
KEYENCE). Thermogravimetric/differential thermogravimetry (TG/DTG) analysis was
carried out in an air atmosphere using a simultaneous thermal analyzer (TGA, STA 449C,
NETZSCH), with a heating rate of 10 °C /min from 25 to 1000 °C. Differential scanning
calorimetry (DSC) analysis was conducted in both air and vacuum environments using
a differential scanning calorimeter (HDSC PT1600-Linseis), employing varying heating
rates of 10, 20, and 50 °C/min from 25 to 800 °C. Raman spectroscopy was conducted us-
ing a 532 nm laser (Raman, LabRAM HR Evolution, HORIBA), and X-ray photoelectron
spectroscopy (XPS, Thermo Scientific K-Alpha) analyzed the surface composition and
valence state. Electron paramagnetic resonance (EPR, EMX-PLUS, Bruker) was used to
characterize the defect state of the material within the sensing region at room tempera-
ture with a modulation frequency of 100 kHz and a power of 1 mW. The sensor photore-
sponse characteristics were evaluated using an adjustable monochromatic light source
(TLS130B-300X).

Computational Method: All calculations of structural relaxations and electronic
properties in this work were performed using the density functional theory (DFT) based
on the DMol® package in Materials Studio. The exchange-related energy was calculated
using the generalized approximate gradient (GGA) and Perdew-Burke-Ernzerhof (PBE)
functions. Double numerical polarization (DNP) was chosen as the basis group function
of the linear combination of atomic orbitals. The convergence tolerances for optimiza-
tion were 1 x 10~°> Ha/atom (energy), 2 x 1073 Ha/A (gradient), and 5 x 1073 A (displace-
ment). A grid of 3 x 3 x 1 Monkhorst-Pack k-point was applied throughout the calcula-
tions. To obtain correct total energy values in static electronic structure simulations, a
global orbital cutoff of 5.0 A was assigned. For the In,O3 bulk, an In,O3 with five atomic
layers and 1 x 1 unit cells was used as the model system, where three atomic layers were
kept constrained during optimizations. A vacuum layer of 30 A was added to separate
neighboring bulks to avoid possible interaction. Meanwhile, the initial adsorption dis-
tance before the optimization was set to 2 A.

To more reliably analyze the adsorption stability of NO, gas molecules on In,Os, the
adsorption energy (E,q) is calculated by the equation:

Eaq = Egas/substrate - Egas — Egubstrate (4.1)

where Egas, Esubstrates and Egas/substrate are the total energy of the gas (NOy), substrate
(In,O3 with and without OV), and gas/substrate (the system after adsorption), respec-
tively. To understand the electronic interaction and quantify the amount of charge trans-
fer between NO; and In,O3 bulk, the charge density difference is calculated the equa-
tion:
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AP = Pgas/substrate ~ Pgas — Psubstrate (4.2)

where pgas/substrater Pgas» a1d Psubstrate are the total charge density of the NO2/In, O3 sys-
tem, target gas molecule, and In, O3 bulk, respectively.

4.3. RESULTS AND DISCUSSION

4.3.1. INVESTIGATION OF THE SRLS PROCESS

Unlike traditional selective laser sintering (SLS), where the laser is directly applied to
the material surface to achieve high-temperature solid-phase transformation, selective
reduction laser sintering (SRLS) achieves nanoparticle sintering by finely adjusting the
temperature distribution at the edges of the laser scanning path [43]. As shown in Figure
4.1(a), the fabrication of the flexible gas sensors using this technology consists of four
main steps: blade coating, laser sintering, surface cleaning, and electron printing. The
detailed methodology of this fabrication process is described in the Experimental Sec-
tion. In the most critical laser sintering process, InpO3 NPs serve as both a crucial ma-
terial for flexible gas sensors and as an essential coating for triggering the photothermal
effect. It is well known that polyethylene terephthalate (PET) has a relatively low absorp-
tion coefficient for UV lasers. Therefore, when the laser is vertically irradiated onto PET
films, most of the laser energy passes through without causing any noticeable physical or
chemical reaction. However, when the PET surface is coated with In,O3 NPs, the In,O3
layer absorbs UV laser energy and rapidly converts it into thermal energy. This conver-
sion triggers a significant pyrolysis reaction on the shallow surface of PET through the
photothermal effect. Under UV irradiation, the high energy density of the laser leads to
the ablation of the In, O3 layer and the underlying PET substrate, forming a laser-ablated
region. At the same time, the high temperature generated by the laser-ablated region
causes the unirradiated In,O3 NPs to undergo rapid thermal sintering at the edge of the
laser scanning path, forming a distinct laser-sintered region. In contrast, regions that
have not been ablated and sintered can be easily removed by deionized water cleaning
(Figure 4.1(b)).

The composition of InpO3 nanoparticle (NP) paste, primarily consisting of active
and carrier materials, is crucial for the formation of OV defects during the SRLS pro-
cess. Detailed explanations of the active material and the carrier material are provided
in the Supporting Information (Section C.1). Building on this, the thermal properties of
In,03 NP paste and its carrier were analyzed using thermogravimetric/derivative ther-
mogravimetric (TG/DTG) and differential scanning calorimetry (DSC) to investigate the
formation mechanism of OV defects. After comparative analysis, the thermal weight
loss of InyO3 NP paste at a low heating rate (10 °C/min) was summarized into three
main stages (Figure C.4). The process initiates with the evaporation of organic solvents
within the temperature range of 30-170 °C. This is followed by the decomposition of
polyvinylpyrrolidone (PVP) side chains, occurring between 170-300 °C. The final stage
involves the critical breakdown of the PVP backbone, which occurs from 300-550 °C.
In the final stage, reduced macromolecules generated by the decomposition of the PVP
main chain partially reduce In, O3 to metallic indium (In) while forming OV defects [44].
This provides a certain reference for further understanding the mechanism of the SRLS
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Figure 4.1: The fabrication process of flexible NO, gas sensors based on the SRLS technology. (a) Schematic
diagram of the sensor fabrication process. (b) Schematic illustration of the structural changes on the surface
of InpO3 NPs due to laser sintering. (c) Schematic structure and temperature distribution of the sensor cross-
section during laser sintering. (d) Histogram of equivalent average sintering temperatures for laser-sintered
regions with different scanning intervals. (e) Demonstration of the sensor in different deformation states.

with high temperature gradient. Detailed analyses of the TG/DTG and DSC are pre-
sented in the Supporting Information (Section C.2).

To explore the effects of various laser parameters on the SRLS process, a series of
experimental optimizations were performed using a UV laser system (Figure C.7). The
experiments focused on finely tuning key parameters such as laser scanning speed (Vs;),
average laser power (Payg), pulse repetition frequency (F,), and defocus distance (Dgef),
all of which are closely related to the sensor performance and fabrication efficiency.
Given the importance of both magnitude and stability in the initial resistance of the sens-
ing region, the optimal laser parameters were set to 10 mm/s for Vs, 0.27 W for Payg, 200
kHz for Fpr, and 0 mm for Dger (Figure C.10). Detailed parameter optimization and im-
plementation of the SRLS process are provided in the Supporting Information (Section
C.3).

To achieve OV defect control, the critical sintering temperature in the SRLS process
is precisely controlled by the laser scanning interval. However, the high energy density
and rapid scanning speed of UV lasers present significant challenges in monitoring the
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real-time temperature during the SRLS process. To further calibrate the influence of the
laser scanning interval on the sintering temperature, finite element analysis (FEA) was
used to simulate the temperature distribution and evolution within the In,O3 layer and
PET substrate during the single laser scanning process. The cross-sectional temperature
distribution at the midpoint of the linear laser scanning reveals that the photothermal
effect of the laser generates a high-temperature region exceeding 800°C at the top center
of the model, with a sharp decrease in temperature along the y- and z-axes, as shown
in Figure 4.1(c). This temperature distribution radiates outward from the center of the
heat source, forming a high-temperature region and temperature diffusion regions on
either side of it, corresponding to the laser ablation and laser-sintered regions (70 pm
scanning interval). The equivalent average temperatures of the laser-sintered region on
one side of the laser scanning are 523.3 °C, 426.5 °C, 383.3 °C, 355.7 °C, and 335.0 °C at
various scanning intervals, with corresponding effective sintering close intervals of 15-15
pm, 15-35 pm, 15-55 pm, 15-75 um, and 15-95 um (Figure 4.1(d)). Detailed simulation
model construction and discussion of the temperature distribution and evolution during
linear laser scanning are provided in the Supporting Information (Section C.4).

Benefiting from the high energy density and rapid scanning speed of the laser, the
SRLS technology offers more flexible customization while significantly reducing the tem-
perature requirements of the substrate material. This technology enables the rapid fab-
rication of flexible gas sensors on 0 um thick PET films, ensuring excellent sensing per-
formance while maintaining stable mechanical properties (Figure 4.1(e)).

4.3.2. CHARACTERIZATION OF OV DEFECTS

To investigate the effect of different laser scanning intervals on the crystal structure and
phase transition of InyO3 NPs in the SRLS treatment, X-ray diffraction (XRD) patterns
were employed to characterize the samples with untreated, 50 um, 70 pm, and 90 pm
scanning intervals (Figure 4.2(a)). The XRD pattern of untreated In,Os NPs indicates
characteristic peaks at 30.6°, 35.5°, 51.0°, and 60.7°, corresponding to the (222), (400),
(440), and (622) crystal planes (PDF#06-0416). However, the SRLS-treated In,O3 NPs ex-
hibit both peaks for In,O3 and new peaks for metallic In at 32.9°, 36.3°, 39.2°, and 54.4°
(PDF#70-2888). The transition from Iny, O3 to metallic In is clearly evident from the com-
parison of the overall peak intensities in the XRD spectra. It is noteworthy that the inten-
sities of the metallic In peaks near the (321) and (400) crystal planes increase significantly
with decreasing laser scanning intervals in the diffraction angle range from 30° to 40°
(Figure 4.2(b)). In addition, normalization of the effective area of the laser scanning re-
gion shows that the intensity ratio of diffraction peaks of metal In to In,O3 near the (321)
crystal plane increases significantly with decreasing scanning intervals (Figure 4.2(c)).
These results indicate that the transformation of InpO3 to metallic In during the SRLS
process is further promoted by the increase in sintering temperature with the decrease
in laser scanning interval. Furthermore, local XRD patterns reveal that the diffraction
peaks near the (321) crystal plane of Iny O3 shift to a lower 20 angle as the sintering tem-
perature increases due to a decrease in the scanning interval (Figure C.17) [45-47]. This
shift indicates an expansion of the interplanar spacing in the In,Os3 crystal, leading to
a relaxation of the lattice structure [48]. Notably, this also indicates that indium ions in
In, 03 have been reduced to lower valence or even metallic states, implying the genera-
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tion of OV defects [49, 50]. Detailed discussions and localized XRD spectra of the In,O3
NP paste before and after SLRS treatment are provided in the Supporting Information
(Section C.5)
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Figure 4.2: Characterization of OV defects in InpO3 NPs. (a) Overall and (b) local XRD patterns of Inp O3 before
and after the SRLS treatment. (c) Ratio of area-normalized peak intensities in InpO3 XRD patterns at different
laser scanning intervals. (d) Overall and (e) local Raman spectra of InpO3 at different points within the laser-
sintered region. (f) SEM images of the laser-sintered region.(g) O 1s and (h) In 3d XPS spectra of InpO3 before
and after the SRLS treatment. (i) EPR spectra of Inp O3 before and after the SRLS treatment.

To analyze the structure and composition of In,O3 NPs after the SRLS treatment
(70 pm scanning interval), Raman spectroscopy was employed to characterize different
points within the sensing region on the side perpendicular to the scanning direction, as
shown in Figure 4.2(d). Raman spectra were collected at five points spaced 5 pm apart
from the center of the sensing region within the wavelength range of 50-750 cm™! (Fig-
ure C.21). For comparison, the Raman spectra of pure InpO3, PVP, and PET are presented
in the Supplementary Information (Figure C.22). Besides the ultra-low frequency peak
at 66 cm™! from PET substrates, untreated In,O3 NPs exhibit six prominent peaks at 109
cm~}, 133 em™Y, 307 em™!, 367 cm™!, 496 cm™!, and 630 cm™!, providing insights into
the vibrational modes and properties of In,O3 [51]. In the lower frequency range, the lat-
tice vibrational peaks at 109 cm™! and 133 cm™! indicate large-scale motions involving
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the In atoms or the entire lattice structure [52]. The peak at 307 cm™! correlates with the
symmetric bending vibrations of §(InOg) octahedra [53]. Similarly, the peaks at 496 cm ™!
and 630 cm™! are associated with asymmetric stretching vibrations of v(InOg) octahedra
[50].

Notably, the 367 cm™! scattering feature, identified as v(InOlIn) stretching vibrations,
indicates the presence of OV defects in the In,Oj3 lattice [47, 54]. After the SRLS treat-
ment, the Raman spectra of In,O3 show a slight red shift in characteristic peaks, indicat-
ing the formation of OV defects. These defects lead to the expansion and local relaxation
of the In, O3 lattice structure and the weakening of the In-O bond. Consequently, the re-
duced bonding strength alters the vibrational mode of the In-O-In bridge, resulting in a
shift of the Raman peak to a lower wavelength (Figure 4.2(e)) [55]. Furthermore, Raman
spectra collected at 0, 5, and 10 um offset points show a gradual decrease in overall rela-
tive peak intensity closer to the laser scanning region. Even more, the Raman spectra of
the 15 and 20 um offset points show significant anomaly. Scanning electron microscopy
(SEM) characterization reveals that the PET substrate is slightly melted in the laser scan-
ning region due to the photothermal effect (Figure 4.2(f)). The sputtering of molten PET
onto In,O3 NPs near the laser-ablated region formed a porous pyrolytic carbon layer,
which interferes with Raman spectra analysis [56]. Detailed analyses of Raman spectra,
SEM, and energy dispersive X-ray (EDX) of the laser-sintered region are provided in the
Supporting Information (Section C.5).

To further determine the chemical composition and defect state of the In,O3 NPs
before and after the SRLS process (70 um scanning interval), the sensing region was an-
alyzed by X-ray photoelectron spectroscopy (XPS). The full XPS survey reveals significant
changes in the intensity of the binding energy peaks of In, O, and C elements before and
after the SRLS treatment (Figure C.25). After the SRLS treatment, the intensities of the In
3d and O 1s peaks decreased significantly, while the intensity of the C 1s peak increased,
demonstrating the formation of pyrolytic carbon on the surface of the laser-sintered re-
gion. Furthermore, before the SRLS treatment, the Ols peaks at 529.47 eV, 531.59 eV,
and 532.95 eV correspond to different oxygen species in InpO3 NPs: lattice oxygen (Or),
oxygen vacancy (Oy), and chemisorbed oxygen (Oc), respectively (Figure 4.2(g)) [47, 57].
After the SRLS treatment, the Or, peak shifts to 529.70 eV, a positive shift of 0.23 eV. This
shift indicates electronic interactions between polyvinylpyrrolidone (PVP) and In,Os,
suggesting that the pyrolysis products of PVP contribute to the reduction and removal
of lattice oxygen from In,O3, thereby reducing the average oxidation state in the O 1s
peak [58]. Specifically, the relative peak area ratio of Oy, decreases from 56.2% to 39.6%,
reflecting a decrease of 16.6%. Conversely, the OV peak area ratio increases from 28.7%
to 46.1%, representing a significant increase of 17.4% (pie chart in Figure 4.2(g)). This
directly demonstrates a significant increase in the density of OV defects after the SRLS
treatment [50]. Furthermore, compared to the sensing region before the SRLS treatment,
the In 3ds/2 and 3ds;» XPS peaks of the In O3 exhibit positive shifts of 0.46 eV and 0.53
eV, respectively (Figure 4.2(h)). This suggests electron transfer from In,O3 to pyrolytic
carbon in the PVP pyrolysis product, thus dispersing electron density around In atoms
[55].

Additionally, the electron spin resonance (EPR) results reveal that the In,O3 NPs after
the SRLS treatment exhibit a signal at a g-value of 2.03, which suggests that the electrons
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are trapped in the OV defects generated by the reduction of In,O3 by pyrolysis products
during the SRLS process (Figure 4.2(i)). This result further confirms the presence of OV
defects in In, O3 after the SRLS treatment [59]. The methodology and process for calcu-
lating the g-value are introduced in the Supporting Information (Section C.5).

4.3.3. TESTING OF SENSOR PERFORMANCE

Variations in sintering temperature due to different laser scanning intervals (30, 50, 70,
90, and 110 pum) significantly affect the performance of N-type chemoresistive gas sen-
sors based on In,O3 NPs during the SRLS process. To evaluate this effect, the sensor was
exposed to a specific NO, gas concentration for 30 s at RT (Figure C.30). The relative
response of the gas sensor is quantified as S = AR/ Ry = (R — Ry)/ Ry, where R and Ry rep-
resent the stabilized resistance in the target gas and air environments, respectively. The
response (Tresp) and recovery (Treco) times are defined as the times required to achieve
a 90% change in resistance when exposed to NO, and air [60]. Test results show that
sensor resistance spikes sharply when exposed to 10 ppm NO; and then gradually re-
covers in the air. Interestingly, as the sintering temperature increases with decreasing
laser scanning interval, the sensor response to NO, decreases significantly with values
of 967.62, 802.16, 442.24, 19.69, and 18.27, respectively (Figure 4.3(a)). Higher sinter-
ing temperatures lead to an increase in OV defects, which theoretically should enhance
the ability of NO; to capture electrons within the sensing region, thereby promoting a
significant increase in sensor resistance change (AR) [61, 62]. However, narrower scan-
ning intervals increase the baseline resistance (Ry) of the sensor (Figure C.30 and C.31).
Consequently, the sensing gain from the increase in OV defects is counteracted by the
increase in baseline resistance, which significantly reduces the sensor response to NO5.
On the other hand, a larger scanning interval enlarges the effective adsorption area of
the sensor, offering more sites for adsorption but also extending the desorption time,
which slows down the recovery ability of the sensor [63, 64]. Additionally, the lower sin-
tering temperature associated with an increased scanning interval reduces the adhesion
between the In,O3 NP layer and the PET substrate, challenging the stability and relia-
bility of the sensor [65]. To balance performance and stability, the sensor with a 70 um
scanning interval was selected for further evaluation.

The sensor exhibits rapid response and recovery times of 27 s and 570 s for 10 ppm
NO, at RT, as shown in Figure 4.3(b). Additionally, the sensor also consistently detects
5 ppm NO; over five cycles, demonstrating high repeatability and reversibility (Figure
4.3(c)). Furthermore, as NO, concentrations increase from 2 to 10 ppm, the sensor re-
sponse gradually increases from 9.8 to 460.9, indicating excellent dynamic response ca-
pabilities (Figure 4.3(d)). Correspondingly, the linear response of the sensor for NO,
concentrations ranging from 2 to 10 ppm exhibits a slope of 56.91 ppm~! and an R? of
0.985, demonstrating stable linear response characteristics (Figure 4.3(e)). Notably, the
response of the sensor to 10 ppm NO; (response ratio > 400) is significantly stronger than
its response to 100 ppm of the interfering gases (Co,H50H, CO,, C3sHgO, NH», CHy, and
H,S), proving its superior selectivity (Figure 4.3(f)). Compared to other In,O3-based NO»
gas sensors, those fabricated using SRLS technology not only offer flexibility, efficiency,
and customization but also demonstrate superior performance (Table C.1).

Considering the practical application of the sensor, the impact of environmental fac-
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Figure 4.3: Performance testing of sensors based on SRLS technology. (a) Response curves of the sensor to 10
ppm NO3 with different scanning intervals. (b) Typical response curve of the sensor. (c) Repeatability response
curve of the sensor to 5 ppm NO3 over five consecutive cycles. (d) Dynamic response curve of the sensor to
NO> from 2 to 10 ppm. (e) Linear fit curve of the sensor response to NO2 from 2 to 10 ppm with error bars
representing three samples. (f) Radar chart of the sensor selectivity for NO» compared to other interfering
gases. (g) Dynamic response curve of the sensor to NO2 from 2 to 10 ppm under the photo-assisted condition.
(h) Repeatability response curve of the sensor to 5 ppm NO> over five consecutive cycles under the photo-
assisted condition. (i) Response curve of the sensor to relative humidity from 10% to 90%.

tors such as light and humidity on the sensor performance was further evaluated. Un-
surprisingly, flexible gas sensors based on In,O3 NPs with OV defects demonstrate excel-
lent NO, gas detection performance along with inherent optoelectronic properties [60].
Under the photo-assisted condition (xenon lamp irradiation), the resistance of the sen-
sor decreases due to light-induced electronic excitation. This excitation promotes the
transition of electrons from the valence band to the conduction band, leading to the for-
mation of additional electron-hole pairs and enhancing the electrical conductivity of the
sensor [65]. Additionally, OV defects in In,O3 serve as trapping centers for electrons or
holes, stabilizing and extending the lifetimes of photogenerated carriers. This trapping
effect reduces the electron-hole recombination rate, further reducing the resistance of
the sensor [66]. Under the photon-assisted condition, the sensor demonstrates excellent
consistency and reversibility in response to five consecutive 5 ppm NO, at RT (Figure
4.3(g)). Meanwhile, the photon-assisted response of the sensor gradually increased from
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6.6 to 62.7 as the concentration of NO; increased from 2 ppm to 10 ppm, demonstrating
its robust dynamic response and recovery under bright light (Figure 4.3 (h)). Importantly,
although photon assistance significantly reduces the response of the sensor to NO3, the
photon-assisted sensing mechanism enhanced the half-recovery speed by 91.7% in low
NO; concentration detection (Figure C.32). These properties not only demonstrate the
light resistance of the sensor but also further expand its application potential in contin-
uous NO; sensing applications.

Given the inherent sensitivity of semiconductor materials to humidity, the response
of the sensor to different relative humidity (RH) conditions was further evaluated (Fig-
ure 4.3(i)) [66, 67]. As the relative humidity increases, the relative resistance of the sensor
decreases, and the sensor response to humidity is only 0.64, even in high-humidity envi-
ronments (90% RH). Benefiting from the excellent response characteristics of the sensor,
the effect of humidity on the sensor is essentially negligible. These features are further
evidence of the potential benefits of the sensors in practical applications. Detailed de-
scriptions of the sensing test platform and test details are provided in the Supporting
Information (Section C.6).

4.3.4. ANALYSIS OF SENSING MECHANISM

The primary sensing mechanism of NO; gas sensors based on InpO3 NPs fabricated by
SRLS technology is driven by conductivity changes resulting from the adsorption and
desorption of gas molecules on the sensor surface. Specifically, the OVs on the surface
of InpO3 NPs play a crucial role in facilitating this mechanism. These defects enable
electrons to transition from the valence band to the conduction band, thereby increas-
ing the concentration of free electrons and enhancing the conductivity of the sensing
region [68]. Concurrently, these defects offer active sites in the sensing region, thereby
increasing the adsorption of oxygen species [69]. When the sensor is exposed to an air
atmosphere, the oxygen (O,) molecules adsorb onto the surface of In,O3 NPs and cap-
ture free electrons from the conduction band to form Oj, (gas) ions with higher chemical
activity, as detailed in reaction equations (4.3) and (4.4) [70].

03 (gas) — Oz (ads) (4.3)

Oz(ads) + e~ — O, (ads) (4.4)

This reaction process depletes the carrier concentration on the surface of In,0Os3,
causing the energy bands to bend upwards and forming a surface electron depletion
layer (Figure 4.4(a)). When the sensor is exposed to a NO, gas atmosphere, the NO,
molecules interact directly with the electrons in the conduction band of In,03 to form
NOj (ads) ions, driven by their high electron affinity [71]. Additionally, these NO,
molecules can also react with pre-existing O; (ads) ions to form NOj ions, as described
in the reaction equations (4.5) and (4.6)[70].

NOy(ads) + e~ — NO; (ads) (4.5)

O3 (ads) +2N0O;(ads) — 2NO; (ads) (4.6)
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This reaction process further deepens the electron depletion layer on the In, O3 sur-
face, which enhances the upward bending of the energy bands and significantly in-
creases the resistance of the InpO3 NPs. Furthermore, both of these processes deplete
the conduction band electrons in InpO3 NPs, resulting in an increased thickness of the
electron depletion layer and an elevated potential barrier energy. However, due to its
strong oxidizing properties, NO, tends to play a dominant role in the reactions at RT,
which significantly increases the resistance of the sensor and enables the detection of
NO; gas [72].
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To further investigate the adsorption mechanism of NO, molecules on In,O3 and
the role of OVs in enhancing this process, we performed a detailed computational anal-
ysis using density functional theory (DFT). Compared to InpO3 without OV, In,03 with
OV shows a stronger adsorption reaction to NO, molecules at various adsorption modes
(Figure 4.4(b)). In particular, the presence of OV at the Iny, site in the Inb adsorption
mode significantly enhances its adsorption capacity. This enhancement is thoroughly
compared and analyzed using charge density difference (CDD) and density of states
(DOS) calculations. The CDD results show that the interaction of the NO, molecule
in the In,O3 adsorption system without OV not only causes a slight electron accumu-
lation of O atoms on the In, O3 surface but also leads to a subtle charge rearrangement
inside the NO, molecule (Figure 4.4(c)). In this process, NO, acts as an electron accep-
tor, receiving 0.07 e from the In, O3 as determined by Mulliken charge analysis [73]. The
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corresponding adsorption energy of 0.028 eV indicates that the reaction in this adsorp-
tion mode (Iny) is not spontaneous (Table C.3). This positive adsorption energy further
demonstrates the limitations of intrinsic In,O3 in adsorbing NO, molecules [74]. Con-
versely, in the InpO3 adsorption system with OV, the CDD results reveal a more intense
electronic interaction induced by the adsorption of the NO, molecule on the In, O3 sur-
face. Specifically, the adsorption of the NO, molecule leads to the formation of large-
volume electron depletion regions between it and three neighboring In atoms of In,03.
Additionally, the N and O atoms of NO, exhibit distinct electron accumulation regions,
while an overall electron depletion region is demonstrated around the N-O bonds. In
this process, the NO; serves as an electron acceptor, receiving 0.551 e from the In,Os,
which indicates the formation of chemical solid adsorption between the NO, and the
In,03 with OV [75]. Moreover, the corresponding adsorption energy of —2.854 eV con-
firms that the adsorption process is exothermic, indicating its spontaneous nature and
highlighting a clear contrast with intrinsic In,O3 (Table C.4).

By comparing the DOS curves of In, O3 with and without OV, it is clear that the intro-
duction of OV shifts the DOS curve toward lower energy levels and flattens the curves
near the Fermi level (Figure 4.4(d)). This shift indicates that the introduction of the
defect state creates localized states within the band gap of In,O3, which increases the
density of electronic states and introduces intermediate energy levels [76, 77]. This en-
hancement not only reduces the energy required for electron excitation from the valence
to the conduction band but also provides additional electrons and transition pathways
[78]. Furthermore, when the NO, molecule is adsorbed on the surface of In,O3 with OV,
the DOS curve for the corresponding system shifts slightly to higher energy, and the den-
sity of electronic states near the Fermi level decreases. This change confirms that NO,
adsorption promotes electron transfer from the In,O3 surface to the NO, molecule, re-
sulting in charge redistribution and rearrangement of energy levels [79]. Overall, these
results clearly demonstrate the substantial potential of OV in improving the sensitivity of
NO, gas sensors based on InpO3 NPs fabricated by SRLS technology and provide a solid
theoretical basis for understanding the sensing mechanism. The classification of differ-
ent adsorption modes, the corresponding adsorption sites, adsorption energies, adsorp-
tion distances, and charge transfer are discussed in the Supporting Information (Section
C.7).

4.4, CONCLUSION

In summary, we have successfully developed a selective reduction laser sintering (SRLS)
technology based on In,O3 NPs to fabricate flexible NO, sensors efficiently. This tech-
nology employs a UV laser to selectively reduce PVP-coated InpO3 NPs spin-coated on
PET substrates to prepare In,Os sensing regions with oxygen vacancy (OV) defects.
These OV defects significantly enhance the active adsorption sites, thereby increasing
the NO; capture rate and introducing additional free electrons, thereby increasing the
conductivity of the sensor. Due to the advantages of these properties, InpO3 NPs with
OV defects exhibit outstanding NO, sensor performance at room temperature. These
sensors not only demonstrate exceptional response values, fast response/recovery, and
superior selectivity, but they also exhibit robust light and humidity resistance. Addition-
ally, the recovery speed of the sensor can be further enhanced under the photo-assisted
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condition. This work proposes a new strategy for developing high-performance flexible
NO; sensors and provides key insights into the mechanism of NO, adsorption by In, O3
NPs with OVs, paving the way for the development of flexible gas sensors for environ-
mental health monitoring (EHM).
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FLEXIBLE TEMPERATURE SENSORS
BASED ON N1O-LIG
NANOCOMPOSITES UTILIZING UV
LASER DIRECT WRITING

In this chapter, a flexible temperature sensor based on nickel oxide and laser-induced
graphene (NiO-LIG) nanocomposites was fabricated by ultraviolet (UV) laser direct writ-
ing technology. This methodology involved the novel fabrication of a nickel oxide-
polyimide (NiO-PI) composite film by dispersing NiO nanoparticles in a PI precursor so-
lution. Subsequently, temperature-sensitive NiO-LIG nanocomposites were rapidly fabri-
cated using UV laser direct writing technology. The sensor demonstrates excellent sensitiv-
ity (-0.075% °C™') and outstanding linearity (R> = 0.999) over the temperature range of 30
to 100 °C, with negligible hysteresis. Additionally, the sensor maintains stable static sta-
bility and environmental reliability over time. Notably, the integration of Polydimethyl-
siloxane (PDMS) packaging technology endows the sensor with exceptional humidity re-
sistance and waterproof performance. The sensor also shows a rapid response to sudden
temperature changes and robust long-term monitoring capabilities. These results indi-
cate the potential applications of the proposed temperature sensor in the fields of medical
diagnosis, environmental monitoring, and wearable sensing devices.

Parts of this chapter have been published in IEEE SENSORS 2024 [1].
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5.1. INTRODUCTION

EMPERATURE is a fundamental physical quantity that reflects the thermal state of
T an object, representing the average kinetic energy of the particles within the object.
Temperature sensors, which monitor the temperature of objects and environments, have
become one of the most essential measurement tools in scientific research and indus-
trial manufacturing. With continual advancements in technology, high-precision tem-
perature detection techniques have become crucial for enhancing the quality of medical
diagnostics and environmental monitoring [2]. Additionally, the rapid development of
flexible electronics and the increasing demand for wearable devices have raised the per-
formance standards for flexible temperature sensors [3]. Based on their working mecha-
nisms, flexible temperature sensors can be broadly categorized into three types: resistive
[4], thermocouple [5], and thermistor [6].

Among these, resistive-type temperature sensors are valued for their simplicity of
fabrication, excellent linear response, and wide temperature measurement range [7]. As
a material for resistive temperature sensors, graphene has attracted considerable inter-
est due to its expectational electrical conductivity [8], excellent biocompatibility [9], and
outstanding chemical stability [10]. In particular, laser-induced graphene (LIG) technol-
ogy, which is derived from laser direct writing (LDW) technology, enables the prepara-
tion and modulation of graphene through precise non-contact processing at room tem-
perature [11]. The flexibility, controllability, and efficiency of this method accelerate its
further development [12]. As reported, Marengo et al. have designed a flexible temper-
ature sensor using LIG technology, which shows a nonlinear negative temperature coef-
ficient (NTC) response within the 20 to 60 °C range, with a sensitivity of 0.1% °C~' (NTC
=-0.1%°C™') [13]. Additionally, Zhang et al. developed a high-performance LIG-based
temperature sensor that exhibits a sensitivity of 0.05% °C~! and excellent linearity (R? =
0.999) over a temperature range of 30 to 100 °C [14]. These innovative studies demon-
strate that using LIG technology to fabricate flexible temperature sensors is a highly ef-
fective strategy.

In contrast, thermistor-type temperature sensors, especially those based on nega-
tive temperature coefficient (NTC) materials, are known for their high sensitivity, fast
response, and low cost. As a material of thermistor temperature sensors, nickel oxide
(NiO), as an intrinsic P-type semiconductor material, is widely used due to its good neg-
ative temperature coefficient (NTC) [15]. NiO nanoparticles (NPs) show great potential
for high precision, high sensitivity, and miniaturization applications due to their high
specific surface area and flexible tunability [16]. As reported, Wang et al. combined NiO
NPs ink with aerosol jet printing technology to manufacture a miniaturized thermistor
sensor [17]. Additionally, Shine et al. developed an integrated monolithic wearable sen-
sor laser reductive sintering technology based on NiO NPs ink [18]. These innovative
studies effectively demonstrate the potential application of NiO NPs in temperature de-
tection technology.

Herein, we developed a PI precursor dispersed with NiO NPs and further cured it into
a NiO NPs composite PI film using optimized curing parameters. Unlike conventional
methods of fabricating LIG composite by surface coating or spraying nanomaterials [19-
21], we introduced nanomaterials at the fabrication stage of the PI film. This method not
only enhances the uniformity and stability of the composite materials but also facilitates
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large-scale production.

Based on this film, flexible temperature sensors using NiO-LIG nanocomposites were
designed and fabricated with a UV laser (355 nm). The sensor exhibits excellent sensitiv-
ity (-0.075% °C~!) and outstanding linear response (R? = 0.999) over a temperature range
of 30 to 100 °C, with a 19.3% improvement in sensitivity compared to conventional LIG-
based flexible temperature sensors. The sensor also demonstrates negligible hystere-
sis, excellent stability, and high environmental stability. Notably, with the integration
of polydimethylsiloxane (PDMS) packaging technology, the sensor achieves exceptional
humidity resistance and waterproof performance. After packaging, the sensor demon-
strates a rapid response to sudden temperature changes, with a response time of 0.67 s
for a hot water drop (about 90 °C) and 1.41 s for a cold water drop (about 0 °C). Addition-
ally, the sensor shows reliability in long-term temperature monitoring (hot water cooling
over 90 min) under bending conditions. This rapid and scalable temperature sensor fab-
rication technology is suitable for large-scale production, which not only opens up a new
platform for medical diagnosis and environmental monitoring but also further expands
the application potential of laser direct writing technology in sensor manufacturing.

5.2. EXPERIMENTAL SECTION

5.2.1. FABRICATION OF NIO-LIG TEMPERATURE SENSOR

NiO-LIG, as a sensing material for temperature sensors, is mainly fabricated from NiO-PI
nanocomposite films. The materials and processes for the preparation of NiO-LIG films
are discussed in Section D.1 of the Supporting Information. The NiO-LIG temperature
sensing region was fabricated by using an ultraviolet (UV) pulsed laser system (Grace X
355-3A, Han’s Laser Technology Industry Group Co., Ltd., wavelength 355 nm). The laser
movements in the X-Y direction were precisely controlled by software. The distance
between the field lens and the NiO-PI nanocomposite film was adjusted by means of a
vertical Z-direction translation stage. To ensure high NiO-LIG fabrication quality, the
laser scanning speed (Vs;), the pulse repetition frequency (Fy;), and laser average power
(Pavg) were set to 10 mm/s, 200 kHz, and 0.9 W, respectively. The optimization processes
of the laser parameters and PDMS packaging process are detailed in Section D.2 of the
Supporting Information.

5.2.2. MATERIALS CHARACTERIZATIONS METHODS

The surface morphology and structure of the NiO-LIG temperature sensor were charac-
terized using scanning electron microscopy (SEM, Regulus 8100, HITACHI) and a 3D
laser scanning microscope (VK-X1000, KEYENCE). The elemental distribution analy-
sis of the sensing region was performed using an energy-dispersive X-ray (EDX) spec-
troscopy integrated with the same SEM equipment. The crystal structure of the material
in the sensing region was analyzed using an X-ray diffractometer (XRD, Rigaku SmarLab)
with a Cu-Ka radiation source. The chemical composition of the NiO-LIG nanocom-
posite was analyzed using Raman spectroscopy (LabRAM HR Evolution, HORIBA), em-
ploying a 532 nm laser as the excitation source. Additionally, the chemical states of the
elements in the sensing region of the sensor were analyzed using X-ray Photoelectron
Spectroscopy (XPS, Thermo Scientific K-Alpha).
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5.2.3. TEMPERATURE-SENSING MEASUREMENTS

The electrical resistance of the NiO-LIG temperature sensor was measured in the tem-
perature range from 30 to 100 °C, with the ambient relative humidity maintained at 30%.
During the measurement, a computer-controlled hotplate (NDK-1A, Asone) was used to
control the temperature of the heat source substrate precisely. Furthermore, the resis-
tance of the sensor was continuously and accurately recorded by a high-precision digital
source meter (2450, Keithley). Infrared thermal images of the sensors were captured dur-
ing the measurement process using an infrared thermal imager (UTi384H, UNI-T). The
temperature coefficient of resistance (TCR), as a key parameter to measure the sensitiv-
ity of the temperature sensors, is defined as:

Rr—R
(Rr = Ro) 1009 =

TCR = ————+
RO(T_TO) R()AT

% 100% (6.1)

where the Ry and Rt represent the resistance of the sensor at Ty (30 °C) and the tested
temperature of T, respectively.

5.3. RESULTS AND DISCUSSION
5.3.1. FABRICATION PROCESS OF THE N1O-LIG TEMPERATURE SENSOR
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Figure 5.1: Schematic of the fabrication process of NiO-LIG nanocomposite flexible temperature sensor.

Figure 5.1 illustrates the schematic of the fabrication process of the NiO-LIG
nanocomposite flexible temperature sensor. The fabrication process consisted of 8 main
steps. In step 1, NiO nanoparticles (NPs) were ultrasonically dispersed in DMF solvent,
followed by the addition of PI precursor solution. The mixture is thoroughly blended
using a planetary mixer to prepare the NiO-PI nanocomposite paste. In step 2, the pre-
pared paste was spin-coated onto a 4-inch silicon wafer pre-coated with a PSSNa sacri-
ficial layer. In step 3, the wafer was heated on a hotplate to cure the paste into a NiO-PI
nanocomposite film. In step 4, a layer of PI tape was adhered to the cured NiO-PI film
using a scraper to enhance the mechanical stability of the sensor substrate. In step 5,
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the NiO-LIG film attached to the PI tape was peeled off using an ultrasonic cleaner with
deionized water and then dried in an oven. In step 6, a UV laser system was used to
fabricate continuous linear patterns of the NiO-LIG temperature sensing region on the
NiO-PI layer. In step 7, silver electrodes were then prepared at both ends of the NiO-
LIG sensing region using a screen printing technique and subsequently cured. Finally,
in step 8, the fabricated flexible temperature sensor array was diced and packaged.

NiO-LIG nanocomposite flexible temperature sensors, fabricated using UV laser di-
rect writing technology, exhibit significant advantages over conventional fabrication
processes. This technology enables the fabrication of the sensing region of an individual
sensor in just 46 s, significantly improving fabricating efficiency compared to traditional
methods. Furthermore, the high precision of the UV laser-induced graphene fabrica-
tion process ensures that the sensor maintains consistent performance and reliability.
Moreover, the sensor design is highly customizable, allowing flexibility in adapting both
its geometry and substrate material to specific application requirements. Notably, the
sensor fabrication process is compatible with conventional thin-film techniques, greatly
enhancing commercialization potential.

5.3.2. SURFACE CHARACTERIZATION OF THE NIO-LIG TEMPERATURE SEN-

SOR

Figure 5.2 illustrates the unsliced sensor array, which includes multiple temperature sen-
sor units, each measuring 15 mm x 8 mm. Each sensor has an effective sensing region
of 5 mm x 5 mm and silver electrodes measuring 5 mm x 2 mm. As shown in Figure
5.2(b), this interval is defined as the minimum repetition spacing on the longitudinal
laser scanning path [22]. This fine control ensures uniformity and repeatability of the
NiO-LIG structure, which is essential for efficient and accurate temperature detection.
Figure 5.2(c) shows the 3D laser confocal image of the NiO-LIG sensing region. The re-
sults indicate that the linear NiO-LIG structure on the NiO-PI film surface after UV laser
direct writing exhibits distinct bumps and can be clearly distinguished from the NiO-
PI region. This phenomenon is attributed to the thermal expansion characteristics of
laser-induced graphene during the high-temperature graphitization process [23].

The scanning electron microscope (SEM) image in Figure 5.2(d) shows the surface
morphology and microstructure of NiO-LIG generated by laser treatment. This struc-
ture exhibits a porous and foamy shape, attributed to high energy absorption and rapid
transformation of the NiO-PI film during laser irradiation [24]. During this transforma-
tion, localized regions of the NiO-PI film undergo rapid heating and cooling, which leads
to irregular melting and solidification of the surface and the formation of a foam-like
porous structure [25]. Figure 5.2(e) illustrates the distinct trench formed along the laser
scanning path. The formation of the trench is due to a higher energy density in the laser
scanning path compared to the surrounding region, resulting in the partial ablation and
removal of the NiO-LIG from the scanning path [26]. Figure 5.2(f) shows a detailed mi-
crostructure in the trench. The interior of NiO-LIG demonstrates a complex 3D network
composed of dense, irregular, wavy, or curled graphene layers. These graphene layers
are interconnected and overlapped on the microscopic scale, forming a complex multi-
layer structure consistent with the characterization results in the literature [25, 27]. The
energy-dispersive X-ray (EDX) mapping analysis reveals the elemental composition and
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Figure 5.2: Surface characterization of NiO-LIG nanocomposite flexible temperature sensor (a) The illustration
of the unsliced temperature sensor array. (b) Schematic of the design size of individual sensors. (c) 3D laser
confocal image of NiO-LIG region and NiO-PI region. (d)-(f) SEM images of the porous NiO-LIG surface at
different magnifications. (g)-(i) EDS maps of C, O, and Ni distributions.

distribution on the sample surface, as shown in Figure 5.2(g)-(i). After laser treatment,
carbon (C) and nickel (Ni) elements are significantly enriched in the NiO-LIG region,
while oxygen (O) element is primarily found in the NiO-PI region. These results con-
firm that the laser-induced high-temperature effect volatilizes the non-carbon elements
(e.g., N and O) in polyimide while inducing the rearrangement of carbon atoms to form
a graphene structure. Notably, the enrichment of Ni element in the NiO-LIG region im-
plies that NiO NPs undergo a reduction process and are converted to metallic Ni. This
conversion not only suggests that the incorporation of NiO introduces a new chemical
reaction pathway but also provides an additional pathway for carrier transport within
the NiO-LIG nanocomposite.

5.3.3. MATERIAL CHARACTERIZATION OF THE NIO-LIG TEMPERATURE

SENSOR
To further investigate the phase transformations of the materials during the UV laser di-
rect writing process, the surfaces of the Pure-PI, Pure-LIG, NiO-PI, and NiO-LIG samples
were analyzed using X-ray diffraction (XRD) patterns. Figure 5.3(a) shows the overall
XRD patterns of all samples. In the low diffraction angle region, both Pure-PI and Pure-
LIG exhibit distinct broad peaks indicative of amorphous structures. Notably, the amor-
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phous structure in Pure-LIG is transformed into a more organized graphene structure by
the laser-induced photothermal effect [28, 29]. Additionally, the XRD spectra of NiO-PI
and NiO-LIG exhibit distinct peaks characteristic of NiO NPs and metallic Ni. Specifi-
cally, as illustrated in Figure 5.3(b), the XRD spectrum of NiO-PI exhibits characteristic
peaks of NiO at 37.2°, 43.4°, 62.9°, and 75.4°, corresponding to the (101), (110), (104), and
(113) crystal planes of NiO (PDF#44-1159). Interestingly, after the laser treatment, the
XRD spectrum of NiO-LIG reveals not only the characteristics peaks of NiO but also the
characteristic peaks of metallic Ni at 44.5°, 51.8°, and 76.4°, corresponding to the (111),
(200), and (220) crystal planes of Ni (PDF#04-0850). These results clearly demonstrate
that the PI in NiO-PI films is converted to LIG, and a small portion of the NiO is reduced
to metallic Ni during the laser treatment.

Furthermore, Raman spectroscopy was employed to reveal the structural and com-
positional differences between the Pure-LIG and NiO-LIG samples, as illustrated in Fig-
ure 5.3(c). The spectra of the Pure-LIG and NiO-LIG exhibit three prominent peaks (D, G,
and 2D peaks) at approximately 1350, 2580, and 2690 cm™!, respectively. Among these,
the D peak indicates a hybridized vibrational mode of the disordered sp?-hybridized
graphitic structure, activated by defects associated with double resonance processes
[30]. The G peak, indicative of a graphite-derived structure, results from the vibrations
of sp?>-bonded carbon atoms in a hexagonal lattice [31]. The 2D peak arises from the
second-order double resonance processes in graphene, evaluating the number of lay-
ers and crystallinity of the graphene [32]. Accordingly, the Ip /I ratio typically confirms
the graphitization degree and the crystalline quality of the LIG after laser treatment [33].
It is noteworthy that the quality of LIG in NiO-LIG fabricated from NiO-PI film com-
posted with NiO NPs is significantly improved, as reflected in the decrease in the Ip/Ig
ratio from 0.771 to 0.694. This suggests that the incorporation of NiO NPs promotes
an ordered reorganization of carbon atoms within LIG, thereby enhancing its degree of
graphitization [34]. Correspondingly, the effects of different average laser powers on the
graphitization degree of LIG in NiO-LIG are discussed in Section D.3 of the Supporting
Information.

To further investigate the changes in the chemical composition of the NiO-PI and
NiO-LIG before and after laser treatment, X-ray photoelectron spectroscopy (XPS) was
employed to analyze the surface chemistry of these samples. As shown in Figure 5.3(d),
before and after laser treatment, the carbon 1s (C 1s) core levels of NiO-PI and NiO-LIG
are fitted with four distinct peaks at binding energies of 284.6, 285.8, 286.5, and 288.5 eV,
which corresponded to C-C/C-H, C-N, C-0O, and C=0 bonds [35, 36]. The peak area ratios
of the C-C, C-N, C-0O, and C=0 bond peaks on the sample surface are shown in the in-
set pie charts. Compared to Pure-LIG, NiO-LIG exhibits distinct chemical compositional
changes after treatment. In Pure-LIG, the peak area ratios of C-C/C-H bonds increase af-
ter treatment, whereas those of C-N, C-O, and C=0 bonds decrease [37]. Comparatively,
in the Cl1s spectra of NiO-LIG, the peak area ratios of C-O bonds significantly increase
from 1.5% to 13.3%, while those of C-C, C-N, and C=0 bonds decrease. This suggests
that during the conversion from NiO-PI to NiO-LIG, in addition to the release of gases
consisting mainly of C, N, and H (e.g., COx, NOx, and H,0) and the reorganization of the
carbon atoms into a honeycomb lattice [38], the carbon from pyrolysis contributes to
the reduction of NiO NPs from metallic Ni. This process modifies the chemical reaction
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Figure 5.3: Characterization of NiO-LIG nanocomposite. (a) Overall and (b) detailed XRD spectra of Pure-PI,
Pure-LIG, NiO-PI, and NiO-LIG. (c) Raman spectra of Pure-LIG and NiO-LIG. (d) C 1s, (e) Ni 2d, and (f) O
1s XPS spectra for NiO-PI and NiO-LIG before and after UV laser treatment (The inset is a pie chart of the
corresponding peak area ratios).

pathway from PI laser pyrolysis to LIG to some extent.

The XPS spectra of nickel (Ni) 2p core levels in NiO-PI and NiO-LIG, before and af-
ter laser treatment, visually demonstrate the evolution of this process, as illustrated in
Figure 5.3(e). The Ni 2p XPS spectrum of NiO-P1I is fitted to six peaks, corresponding to
the Ni 2p3/» and Ni 2p;,, core levels and their respective satellite peaks [39]. Based on
the difference in oxidation states, at the Ni 2ps;, core level, the characteristic peak for
the Ni?* state corresponds to a binding energy of 855.2 eV, while that for the Ni3* state
corresponds to a binding energy of 857.2 eV [40, 41]. However, after laser treatment, the
Ni 2p XPS spectrum of NiO-LIG reveals a new peak corresponding to the core levels of
metallic Ni at 851.3 eV. Notably, the peak area ratio of the Ni>* oxidation state decreases
from 40.8% to 36.6%, as shown in the pie chart, clearly indicating the reduction of Ni?*
to metallic Ni. Additionally, the Ni 2p XPS spectrum of NiO-LIG exhibits an overall signif-
icant negative shift of 0.9 eV after calibration. This shift is primarily attributed to carbon
contamination introduced during the LIG fabrication process [41]. As shown in Figure
5.3(e), the oxygen (O) 1s core level in the XPS spectra of NiO-PI and NiO-LIG is fitted
to identify two different types of oxygen species. The binding energies of lattice oxygen
(O1) and vacancy oxygen (Oy) are 530.6 eV and 532.2 eV, respectively. After the laser
treatment, the O 1s core level in NiO-LIG samples shows the Oy peak at 530.3 eV and the
Oy peak at 531.6 eV. Notably, the peak area ratio of Oy, decreases from 84.8% to 55.3%.
Meanwhile, the peak area ratio of Oy increases from 15.3% to 44.8%. The introduced
NiO nanoparticles introduced a 12.3% increase in oxygen vacancy defects even when
compared to the 32.9% Oy peak area ratio in Pure-LIG (Figure D.7). Correspondingly,
the comparison of the overall XPS survey spectra for NiO-PI and NiO-LIG is detailed in
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Section D.4 of the Supporting Information.

5.3.4. PERFORMANCE CHARACTERIZATION OF THE NIO-LIG TEMPERA-

TURE SENSOR

To evaluate the performance of the NiO-LIG flexible temperature sensors, we tested the
proposed sensors over a temperature range of 30 to 100 °C. As illustrated in Figure 5.4(a),
the temperature responses (relative resistance change percentages) of both Pure-LIG
and NiO-LIG temperature sensors demonstrate a decreasing trend with increasing tem-
perature, indicative of a negative temperature coefficient (NTC) characteristic. Notably,
both sensors exhibit excellent linear responses over the entire temperature range, with
a fitting coefficient (R?) of 0.999. By reducing the laser scanning interval (SI) from 200
pm to 150 um and further to 100 um, the temperature coefficient of resistance (TCR)
of the NiO-LIG sensor improves from —0.069% °C~! to —0.075% °C~! and —0.079% °C~!,
respectively. This improvement is attributed to the reduced scanning interval, which
increases the thermal accumulation of laser energy on the NiO-PI film surface and en-
hances the graphitization quality in NiO-LIG [42]. Specifically, the effects of different
average laser powers on sensor sensitivity and linearity are discussed in Section D.5 of
the Supporting Information. It is noteworthy that the NiO-LIG sensor, with an SI of 100
um, has a TCR of —0.079% °C~!, which is approximately 23% higher in sensitivity com-
pared to the Pure-LIG temperature sensor (—0.064% °C™!). This significant enhance-
ment clearly demonstrates the potential of the NiO-LIG nanocomposite to improve the
sensitivity of LIG-based temperature sensors. The performance comparison of the pro-
posed sensor with other LIG-based temperature sensors is shown in Table D.1 of the
Supporting Information. Figure 5.4(b) illustrates the response of the NiO-LIG temper-
ature sensor during a single heating and cooling cycle. During the temperature cycling
test from 30 to 100 °C, the sensor maintains a stable linear response and exhibits negli-
gible hysteresis. As illustrated in Figure 5.4(c), after exposure to air for 24 h, the sensor
exhibits stable electrical characteristics at room temperature, demonstrating the envi-
ronmental reliability of its sensing material. As shown in Figure 5.4(d), stability testing
of the sensor at 10 °C intervals over a temperature range of 30 to 100 °C indicates that
the sensor consistently maintained relatively stable resistance over 300 s, demonstrating
excellent stability.

Considering the effect of humidity on temperature sensing, we further investigated
the response of the NiO-LIG sensor at different relative humidities (RH). As shown in Fig-
ure 5.5(e), the response (relative resistance change percentage) of the sensor increases
with rising RH, reaching 1.160% in an environment with 100% RH. To mitigate humid-
ity disturbances, the sensor was packaged with a waterproof PDMS film using the spin-
coating method. After packaging, the sensor effectively resists changes in RH. Further-
more, the stability tests of the sensor before and after PDMS packaging were further
compared, as shown in Figure 5.5(f). The results show that although the packaged sen-
sor maintains overall stability, it exhibits slight resistance fluctuations. These fluctua-
tions are attributed to minor fractures in the NiO-LIG foam structure, resulting from
temperature-induced interfacial stress between PDMS and NiO-LIG during the curing
process.
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Figure 5.4: Performance characterization of the proposed temperature sensor. (a) Temperature response of
NiO-LIG sensors with different scanning intervals (SI) and the Pure-LIG sensor for baseline comparison. (b)
The sensor responds during a single heating and cooling cycle at a temperature range of 30 to 100 °C. (c) Com-
parison of reliability testing of the sensor before and after exposure to air for 24 hours. (d) Comparison of
stability testing of the sensor over the temperature range of 30 to 100 °C with intervals of 10 °C. (e) Relative
humidity response of the sensor before and after PDMS packaging. (f) Comparison of stability testing of the
sensor before and after DMS packaging.

5.3.5. APPLICATION DEMONSTRATIONS OF THE NIO-LIG TEMPERATURE

SENSOR
To investigate the response time of the PDMS packaged NiO-LIG flexible temperature
sensor to sudden temperature changes, we evaluated its performance by dropping water
drops of different temperatures into the sensing region of the sensor, as shown in Figure
5.5(a). During the test, water droplets (hot at 90 °C and cold at 0 °C) were precisely dis-
pensed onto the central region of the sensor using a pipette, as shown in Figure 5.5(b)
and (c). Benefiting from the waterproof properties of the PDMS packaging, the sensor
responds rapidly to sudden temperature changes induced by the droplets, achieving a
response time of 0.67 s for hot water and 1.41 s for cold water, demonstrating rapid re-
sponse capabilities. This result demonstrates that the rapid response of the NiO-LIG
sensor significantly surpasses that of other temperature sensors based on LIG or LIG
composite nanomaterials [43, 44]. To confirm the stability and accuracy of the NiO-LIG
flexible temperature sensor for long-term monitoring, the sensor was attached to a cup
surface under bending conditions, and 90 °C hot water was introduced, as illustrated in
Figure 5.5(d). The demonstration comprises four stages. In the initial steady state, before
introducing hot water, the system comprising the sensor and cup reaches thermal equi-
librium with the ambient temperature of 26 °C. Upon the introduction of 90 °C hot water
into the cup in the temperature response stage, the sensor immediately detects the rapid
temperature increase of the cup wall, demonstrating its excellent response speed. In the
temperature drop stage, the temperature of the cup wall aligns with that of the hot wa-
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ter, and the heat is gradually transferred to the external environment at 40 °C. The sensor
accurately records the slow temperature drop. In the thermodynamic equilibrium stage,
the temperature gradually approaches the ambient temperature of 26 °C, indicating that
the heat from the hot water has nearly completely transformed, achieving thermal equi-
librium. This demonstration further verified the ability of NiO-LIG flexible temperature
sensor to monitor temperature changes, demonstrating its potential application in dy-
namic thermal environments.

5.3.6. SENSING MECHANISM OF THE NIO-LIG TEMPERATURE SENSOR
Although LIG dominates NiO-LIG composites, the introduction of NiO nanoparticles
significantly improves the sensitivity of the flexible temperature sensor. The introduc-
tion of NiO nanoparticles, on the one hand, improves the graphitization degree of LIG
and further reduces the defects in LIG, which reduces the scattering during carrier trans-
port and improves electron mobility. On the other hand, after laser direct writing, part
of the nickel oxide is reduced to metallic Ni, and oxygen vacancy defects are generated.
When the temperature increases, the conductive network formed by metallic Ni and the
defect energy levels introduced by oxygen vacancies significantly promote the carrier
hopping transport. As a result, the resistance of NiO-LIG composite decreases signifi-
cantly when the temperature increases, which further improves the sensitivity of NiO-
LIG temperature sensors.

The negative temperature coefficient (NTC) property exhibited by LIG is mainly at-
tributed to its unique carbon nanomaterial structure and charge transport mechanism
[45, 46]. However, as a branch of carbon nanomaterials, LIG is known for its complex
electronic interactions [45]. The disordered structure of LIG means that the transport of
charge carriers does not rely on the traditional band continuity [46]. These carriers (e.g.,
electrons) usually move between different regions within the material through quantum
tunneling effects or variable range hopping [47]. This transport involves crossing energy
barriers formed by localized defects, impurities, or interfaces, and the process is strongly
influenced by temperature [48]. As the temperature increases, carriers gain more ther-
mal energy and thus can more easily overcome these energy barriers, thus increasing
transport efficiency. On the contrary, at lower temperatures, the ability of carriers to
cross the barriers is weakened, which leads to lower transport efficiency. In addition,
trap states formed by defects and impurities in LIGs further enhance the sensitivity to
temperature variations, as these structural irregularities directly affect the kinetic be-
havior of carriers [49]. During thermal excitation, unhybridized n-electrons in disor-
dered graphene are scattered by thermally generated carriers and phonons, which are
temperature-dependent, with variable-range hopping and electron-phonon scattering
mechanisms [50].

The mechanisms collectively influencing the performance of the NiO-LIG flexible
temperature sensor are well elucidated by the two-dimensional Mott Variable Range
Hopping (2D Mott VRH) model. This model describes and analyzes the effects of de-
fects or impurities generated during the fabrication process or functionalization treat-
ments on electron localization and hopping transport in carbon nanomaterials [51-53].
This model explains a theoretical model for electrons to hop between localized energy
states to achieve conductivity, which does not rely on the conduction mechanism of the
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Figure 5.5: (a) The illustration of the NiO-LIG sensor experiment detecting sudden temperature changes. (b)
and (c) Real-time sensor response to a drop of hot water and a drop of cold water. (d) Real-time monitor-
ing data on the long-term stability and accuracy of the sensor (Insets are the corresponding infrared thermo-
graphs).

continuous movement of electrons in the energy band. The conductivity o is usually
expressed as:

B
T (5.2)
where the og is the pre-exponential factor, representing the maximum conductivity
achievable in the absence of temperature constraints [54].

The B is the hopping parameter which is defined as:

3 1/3
— 53
kN(EF)LIZ) 9

o(T)=o0pexp (—

where k is the Boltzmann constant, and N(EF) is the density of states at the Fermi energy
level Ep, reflecting the number of states near the Fermi energy level available for occu-
pation by electrons. L is the electron localization length, which denotes the average
distance over which an electron is confined to a region.

The data points and linear fitting curves of Ln(o) and T~1/3 for Pure-LIG and NiO-LIG
temperature sensors are shown in Figure D.8, Section D.6 of the Supporting Informa-
tion. While the fitted curves provide a reasonable approximation over a certain temper-
ature range, the overall transport behavior remains nonlinear, as expected for hopping
conduction mechanisms. Although the difference in the slopes of the fitted curves is
not significant, the hopping parameter B value of NiO-LIG reaches 5.743 K~/3, which is
higher than the 4.610 K~/ of Pure-LIG. At lower temperatures, the larger B values indi-
cate higher energy barriers that electrons need to overcome, making it more difficult for
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electrons to hop and thus reducing conductivity. However, as the temperature rises, the
thermal activation effect provides enough energy to help electrons overcome these bar-
riers, significantly improving conductivity at higher temperatures. Therefore, NiO-LIG
demonstrates better temperature sensitivity compared to Pure-LIG [55].

5.4. CONCLUSION

In this study, flexible temperature sensors based on the NiO-LIG nanocomposite were
fabricated using a UV (355 nm) laser. Sensor performance was enhanced by optimiz-
ing the scanning interval and average laser power. Overall, the sensor exhibits excel-
lent sensitivity (—0.075% °C 1, linearity (R% =0.999), and negligible hysteresis across the
temperature range of 30 to 100 °C. Additionally, integrating PDMS packaging technology
endows the sensor with exceptional humidity resistance and waterproofing capabilities.
Moreover, the sensor rapidly responds to sudden temperature changes and continuously
monitors temperature changes over long periods. Compared to the Pure-LIG sensor, the
improved sensitivity of the NiO-LIG sensor is attributed to the NiO composite, which
provides additional hole carriers and forms an additional conductive network through
the reduction of NiO to metallic Ni, verified by the two-dimensional Mott variable-range
hopping model. These results demonstrate the potential of NiO-LIG nanocomposite
flexible temperature sensors for applications in medical diagnostics and environmen-
tal monitoring.
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CONCLUSION AND FUTURE
PERSPECTIVE

6.1. CONCLUSIONS

HIS thesis demonstrates the significant potential of laser direct writing (LDW) tech-
T nology in designing and fabricating flexible sensors. Employing innovative tech-
nologies and materials, these studies highlight the capabilities of UV laser direct writing
technology in fabricating high-performance sensors, demonstrating its extensive poten-
tial in health monitoring and environmental detection. The results not only illustrate
the versatility of laser technology in creating high-performance flexible sensors but also
promote its widespread application in the field of flexible electronics. Specifically, this
research has made significant progress in the following four key areas:

Design Freedom: LDW technology allows for precise control over sintering, pyrol-
ysis, and material modification on a microscopic scale, offering a broad degree of de-
sign freedom in the development of flexible sensors with complex geometries and cus-
tomized material properties.

Fabrication Efficiency: Compared to traditional methods, LDW technology dramati-
cally enhances efficiency, reducing both time and material waste by directly writing pat-
terns onto target materials and substantially accelerating the development cycle from
concept to product.

Material Versatility: LDW technology is compatible with different types of materials
(polymers, metals, oxide, and composites) to optimize the performance and functional-
ity of flexible sensors for specific applications.

Integration and Composite Functionality: LDW technology facilitates the integra-
tion of multiple functions into a single flexible sensor, simplifying the production pro-
cess, enhancing performance and reliability, and offering the possibility of miniaturizing
and smartening complex sensing systems.

In terms of the specific contribution to the fabrication of flexible sensors, the follow-
ing work was carried out in this thesis:
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Novel Fabrication Technologies: The development of laser pyrolysis direct writing
(LPDW) and laser transmission pyrolysis (LTP) technologies has expanded the potential
for creating flexible mechanical sensors based on polymer microstructures. The intro-
duction of selective reduction laser sintering (SRLS) and UV laser direct writing (UV-
LDW) technologies has improved the fabrication efficiency and performance of flexible
gas and temperature sensors through micro- and nanomaterial modifications.

Material and Process Innovations: The exploration of novel materials and compos-
ite manufacturing techniques in this study has expanded the functionalities and poten-
tial application fields of flexible sensors, paving the way for future technological devel-
opments and applications.

Innovative Sensor Applications: The developed sensors demonstrate potential ap-
plication value in the field of health monitoring and environmental detection and con-
firm the feasibility and effectiveness of these sensors in practical applications.

These results not only promote the development of flexible sensor technology but
also provide valuable insights and references for future research in related fields.

6.2. FUTURE PERSPECTIVE

In this thesis, we have successfully developed and enhanced flexible sensors using laser
direct writing (LDW) technology, leading to significant advancements in sensor design,
material preparation, and functional applications. Considering the future trajectory of
LDW technology, there are several key areas that need to be focused on to further en-
hance the development and application of these technologies.

Technology Improvement: Future research will prioritize further enhancing the pre-
cision and efficiency of LDW technologies to enable more intricate and smaller-scale ap-
plications. This includes refining control over laser parameters and exploring new laser
types.

Material Innovation: Ongoing exploration of new materials and composites suit-
able for use in LDW will expand the functionality and applicability of flexible sensors.
Efforts may include synthesizing materials that are both more environmentally friendly
and cost-effective.

Application Expansion: There is potential to broaden the application areas of these
sensors, particularly into emerging fields such as wearable technology and intelligent
textiles. This expansion involves integrating sensors with wireless technologies to im-
prove user interaction and data integration.

Commercialization: Advancing the commercialization of these developed technolo-
gies will be crucial. This includes scaling up production processes and ensuring that the
sensors comply with industry standards and regulations for various applications.
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CHAPTER 2

A.1. REALIZATION CONDITIONS OF LPDW TECHNOLOGY
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Figure A.1: Schematic illustration of continuous laser pyrolysis surface reaction morphology at different pulse
repletion frequencies (low and high frequency).

The laser beam, due to its high energy density, rapidly heats the powder (6H-SiC NPs)
to extremely high temperatures when interacting with the target material. This high tem-
perature can cause the surface of the powder, or portions close to the surface, to rapidly
evaporate or melt. When a portion of the surface of the powder material is rapidly heated
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by the laser to the point of evaporation, this portion of the material suddenly becomes
gaseous and expands rapidly in the form of an explosion. The gases produced by this
evaporation process spread rapidly in all directions, creating powerful pressure waves.
These pressure waves are strong enough to push the surrounding unevaporated powder
particles away [1]. This is the reason why continuum laser pyrolysis cannot be triggered
at the focal plane.
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Figure A.2: 3D laser confocal images of microchannel structures on PDMS surface at different focal distances.
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Figure A.3: Schematic illustration of the relationship between the laser average power (Pavg), laser peak power
(Ppeak)v and pulse repetition frequency (Fpr)-

In detail, increasing the average power (Payg) of the laser at the fixed repetition fre-
quency (Fp;) and scanning speed (V) did not effectively improve the aspect ratio of
the microchannels, which remained stable at around 1.55, as shown in Table A.1. On
the other hand, the width and depth of the microchannels increased simultaneously
with the laser power. It is worth noting that the final morphology of the microchannel
is jointly determined by the critical pyrolysis temperature of continuous laser pyrolysis
and the morphology of SiC pyrolysis products. The overall temperature during laser py-
rolysis significantly increases as the laser power increases. However, heat conduction in
the medium remains isotropic [2]. The temperature distribution in the system formed
by the PDMS substrate and SiC pyrolysis products still follows the Gaussian temperature
distribution. As the laser power increases, the temperature of the laser-irradiated SiC py-
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Figure A.4: The detailed heat map of critical realization conditions for continuous laser pyrolysis (CLP) reac-
tion.

rolysis product also rises. Due to the constant thermal conductivity of the SiC pyrolysis
product, its overall temperature increases and maintains isotropic conduction. How-
ever, the critical temperature for laser pyrolysis remains unchanged. Therefore, while
the laser moves, the cross-section of the PDMS microchannel expands uniformly in all
directions. Consequently, increasing the laser power leads to an increase in the depth
and width of the SiC pyrolysis product morphology, which also keeps the aspect ratio of
the microchannel unchanged. In contrast, increasing the number of laser scans gradu-
ally increases the etching depth of laser scanning due to the high temperature and stress
generated during the pyrolysis process, as shown in Figure A.5. As the etching depth
increases, the depth of the PDMS microchannels after laser pyrolysis increases, which
leads to an increase in the aspect ratio of the microchannels.

Table A.1: The average width and depth of the microchannel with different average power at fixed pulse repe-
tition frequency.

Conditions Average Depth  Average Width  Aspect Ratio
Pavg =1.50 W, Fp,; = 30 kHz 39.2 um 258.1 um 0.152
Pavg =1.35W, Fy,; =30 kHz 37.0 um 237.5 um 0.155
Payg =1.20 W, Fyy =30 kHz 33.8 um 226.1 pym 0.149
Payg =1.05W, Fyy =30 kHz 31.0 pm 205.6 ym 0.151
Payg = 0.90 W, F,; =30 kHz 28.7 um 192.5 um 0.149

In detail, Figure A.6 and Figure A.7 show the roughness results and 3D laser con-
focal images of the microchannel sidewalls with different numbers of laser scans. To
avoid measurement errors resulting from the groove-like shape of the microchannel
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Figure A.5: The corresponding scanning electron microscopy (SEM) images of the surface topography under
the different numbers of laser scans (N1, N2, and N3).

Figure A.6: Roughness results of PDMS microchannel sidewall under different laser scanning times (N1, N2,
and N3).

cross-section, line roughness analysis was conducted on the roughest position of the
microchannel sidewall for varying numbers of laser scans. The average roughness (R;)
of the microchannel sidewall increased from 0.2 um to 0.38 um and 0.60 pm with an in-
crease in the number of scanning times. Meanwhile, the average roughness depth ((R;))
also increased from 0.92 pm to 1.94 pm and 3.78 pum, respectively. These results clearly
show that the microchannel roughness increases with multiple laser scans compared
to a single laser scan. This is because as the number of laser scans increases, the 3C-
SiC pyrolysis product extends further into the PDMS, leading to an increase in thermal
expansion and interfacial stress between the PDMS substrate and the 3C-SiC pyrolysis
product. As a result, the interlayer dislocation between the 3C-SiC pyrolysis products
and PDMS results in an increase in the surface roughness of the PDMS microchannels.
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Figure A.7: Optical, DIC, and 3D topological figures of PDMS microchannels under different numbers of laser
scans (N1, N2, and N3).

A.2. MECHANISM ANALYSIS OF LPDW TECHNOLOGY
The schematic diagram of the pyrolysis mechanism under high and low heating rate con-
ditions is illustrated in Figure A.8. In fact, the conversion mechanism of PDMS to 3C-SiC
through continuous laser pyrolysis is influenced by various physical conditions. Burn et
al. reported on the conversion of siloxane polymers to silicon carbide, which provided a
general theory for the pyrolysis of polysiloxane-based materials through a two-step suc-
cessive pyrolysis [3]. Although their research mainly focuses on siloxane polymers rather
than PDMS, it is still informative. Subsequently, Camino et al. conducted further investi-
gations on the pyrolysis of PDMS through experiments and simulations, which revealed
two competing mechanisms of molecular (Low heating rate pyrolysis route) and radical
mechanisms (High heating rate pyrolysis route) in the pyrolysis behavior of PDMS at dif-
ferent heating rates [4, 5]. Based on the above, Shin et al. proposed a reaction path for
laser pyrolysis of PDMS that directly converted it into SiC at low temperature [6].
However, the comparative studies on laser pyrolysis products and processes still
need to be clarified. Therefore, we compared and summarized the low-heating-rate and
high-heating-rate pyrolysis routes. When the heating rate is lower than 50 °C/min, PDMS
is pyrolyzed into various cyclic oligomers at around 500 °C. In this phase, the molecular
mechanism dominates and causes the breaking and reforming of Si-O bonds on PDMS
chains to form cyclic oligomers. This further induces tight cross-linking of PDMS chains,
leading to an increase in thermal stability. Subsequently, under conditions of low chain
flexibility, the cyclic oligomers decompose into SiC with a further increase in temper-
ature. When the heating rate is higher than 100 °C/min, PDMS is pyrolyzed into more
stable carbide or oxycarbide of silicon in the low-temperature range of 600 °C to 700 °C.
The radical mechanism dominates and inhibits the molecular mechanism in this phase,
inducing the breaking and reforming of Si-CH3 bonds on PDMS chains to increase the
additional cross-linking of PDMS further. This mechanism also leads to the condensa-
tion of the remaining main chains, resulting in the derivation of silicon oxides. Finally,
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Figure A.8: The pyrolysis mechanisms of PDMS under low-heating-rate pyrolysis and high-heating-rate pyrol-
ysis routes.

the oxides of silicon are reduced by the pyrocarbon in the absence of oxygen to produce
silicon carbide (SiC) and carbon monoxide (CO).

A.3. THERMAL AND MECHANICAL EFFECTS OF LPDW TECH-
NOLOGY
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Figure A.9: Schematic illustration of laser pyrolysis parameters in the defocused condition.

During laser scribing, the pyrolysis reaction occurs in a time sequence. Above all, the
6H-SiC NPs at the initial point induce the pyrolysis of PDMS via the photothermal ef-
fect, resulting in the generation of 3C-SiC products. Subsequently, the 3C-SiC pyrolysis
product absorbs the laser energy and induces the continuous pyrolysis reaction of PDMS
in laser moving direction. Consequently, the pyrolysis reaction can be categorized into
two different models: the continuous laser pyrolysis process and the initial laser pyroly-
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Figure A.10: The functional relationship between the spot radius w(z) and the defocus distance (Dgef) in the
defocused state.

sis process. After making some trade-offs between calculation accuracy and calculation
time, certain assumptions were applied to FEM (Finite Element Method) calculations, as
follows:

(1) The UV laser beam was assumed to follow the Gaussian distribution and was ver-
tically incident on the surface of the SiC pyrolysis product.

(2) The surface morphology of SiC pyrolysis products was assumed to be flat.

(3) The absorption of laser energy on the surface of SiC pyrolysis products was as-
sumed to follow the Beer-Lambert law and was considered a volume heat source.

(4) The heat transfer direction between SiC pyrolysis products and PDMS was as-
sumed to be isotropic.

(5) The heat loss due to phase transition during laser pyrolysis was assumed to be
negligible.

After considering the reflection loss and absorption coefficient of the Gaussian light
source in the application of the Beer-Lambert law, the heat source density per unit vol-
ume at a position (x, y, z) transformed by the photo-thermal effect of the UV laser can be
expressed as follows in the Spatial Cartesian coordinate system:

2p 2., .2
qx,y,2) =a(l-R) azvg €ex] (_Z(x +;/ ))exp(—az) A1)
Wy w(z)

_ 4K A.2)
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where the parameters of a and R are absorption and reflectivity coefficients of material
at the incident wavelength, respectively [7, 8]. These parameters can be calculated ac-
cording to the complex refractive index in formulas (A.2) and (A.3). Furthermore, Payg
and wyer denote the average power of the incident laser and the beam radius at the de-
focused plane, respectively [9].

In the equation (A.4) and (A.5), w(z) is a function of the spot radius size along the
direction of beam incidence at different positions, while wy is the beam waist of the inci-
dent laser beam. The parameter zp represents the distance along the incident direction
of the beam from the waist to a section where the cross-sectional area is twice that of the
waist [10].

Meanwhile, the parameter Dget is defined as the vertical distance between the focal
plane and the laser pyrolysis plane in the defocused state, which is consistent with the
definition above, as shown in Figure A.9. The value of D¢t can be set to zero (when the
laser pyrolysis plane coincides with the focal plane), positive (when the laser pyrolysis
plane is above the focal plane), or negative (when the laser pyrolysis plane is below the
focal plane). When Dy is set to —6.0 mm, the corresponding function curve is shown in
Figure A.10. Finally, exp(—az) is the relative intensity given by the Beer-Lambert law at
the different positions inside the 3C-SiC pyrolysis product [11].

As the incident laser energy is absorbed and partially converted into heat, tran-
sient heat equation for the spatial distribution(x,y,z)of temperature T(x,y,z,t) at time t
as define-difference form:

oT
pCpE—V-(kVT) =q(x,¥,2) (A.6)
the corresponding initial condition is written as:
T(x,¥,2,t =0) = Texe =293.15K (A7)

the boundary conditions are formulated as:

?lﬁ = h(Text_ T)
i-G=eo(Thp—TY (A.8)
fi-g=0

where the p, Cp, and k are density, heat capacity, and thermal conductivity of the mate-
rial in the heat conduction system, respectively. Tex and Ty are the external tempera-
ture and ambient temperature, respectively, in the equation (A.7) and (A.8). Additionally,
h, €, and o are the heat transfer coefficient, emissivity, and Boltzmann constant [12, 13].
The heat transfer coefficients for the top and bottom surfaces of the material are deter-
mined using empirical formulas, resulting in values of 17.9 W/m?/K and 9.0 W/m?/K,
respectively [14]. These coefficients are used to characterize the heat exchange process
between the material and the surrounding air during natural convection process.

In addition, much attention has been paid to investigating the deformation and
stress resulting from the photothermal effect during continuous laser pyrolysis. There-
fore, we conducted a thermomechanical coupling analysis of continuous laser pyrolysis.
To simulate changes in stress and deformation using the finite element method (FEM),
certain assumptions were applied in the computational model, as follows:
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Figure A.11: (a) 3D isothermal surface distribution of the initial pyrolysis process and corresponding top view
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Figure A.12: 3D and cross-sectional distributions of the deformation evolution of PDMS and SiC during con-
tinuous laser pyrolysis (Time = 0.025, 0.050, and 0.075 s).
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Figure A.13: 3D and cross-sectional distributions of the stress evolution of PDMS and SiC during continuous
laser pyrolysis (Time = 0.025, 0.050, and 0.075 s).
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(1) The mechanical properties, stress, and strain of the material changed linearly dur-
ing a small-time increment.

(2) In the plastic zone, the material followed the hardening rule and flow rule.

(3) The material underwent plastic deformation following the law of constant vol-
ume.

(4) The yield deformation process of the material followed the Von Mises yield crite-
rion.

When implementing thermomechanical coupling using finite element simulation, it
is necessary to analyze and define the elastic-plastic deformation of materials induced
by thermodynamics. The elastic strain is determined according to isotropic Hooke’s
law with temperature-dependent Young’s modulus E and Poisson’s ratio v. The thermal
strain is obtained from the coefficient of thermal expansion a. Plastic strains are ob-
tained through elastoplastic constitutive equations, which consider the von Mises yield
criterion, isotropic hardening rules, and temperature-dependent mechanical proper-
ties. The relationship between stress and strain can be expressed as follows:

{do}=[Dl{de} - {C}dT (A.9)

where [D] is elastic-plastic stiffness matrix, {C} is vector matrix related to temperature T,
dT is temperature increment [15].

Figure A.12 shows the 3D and cross-sectional distributions of the deformation evo-
lution during continuous laser pyrolysis. It was evident that both the 3C-SiC and PDMS
underwent significant thermal expansion due to the laser photothermal effect, and their
morphology was consistent with experimental results. Due to the different coefficients
of thermal expansion, there was an apparent interlayer mismatch between the 3C-SiC
and PDMS. The maximum deformation values at different time stages were 117.0 um,
155.3 um, and 180.0 um, respectively. Interestingly, the maximum deformation occurred
behind the position of the laser spot, as indicated by the 2D deformation distribution
parallel to the laser scanning direction. This phenomenon is because the deformation of
the 3C-SiC pyrolysis product at the center of the spot is limited by the half-surrounding
PDMS in the forward direction.

Figure A.13 shows the 3D and cross-sectional distributions of the stress evolution
during continuous laser pyrolysis. Obviously, the stress distribution at the interface
of PDMS and 3C-SiC was much larger than that in other regions. Meanwhile, the 2D
stress distribution parallel to the laser scanning direction showed that the maximum
stress positions occurred in the edge region of the PDMS substrate. Correspondingly,
the maximum stress values at different time stages were 2213.4 kN/ m?, 1675.2 kN/m?,
and 2466.92 kN/m?, respectively. This also indicated that the stress distribution in the
intermediate stage was more uniform and stable than in the initial and final stages, dur-
ing the continuous laser pyrolysis process. The two-dimensional stress distribution per-
pendicular to the laser scanning direction demonstrated that the stress distribution was
most concentrated in the area directly below the SiC. This further explains why the SiC
pyrolysis products can be easily peeled off from the PDMS substrate. The principal stress
line distribution can more intuitively display the stress distribution between PDMS and
3C-SiC, as shown in Figure A.14.
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Figure A.14: The principal stress line distributions of PDMS and SiC during continuous laser pyrolysis (Time =
0.025, 0.050, and 0.075 s).
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B.1. SENSOR FABRICATION PROCESS
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Figure B.2: Metal sputtering process of PDMS with surface microstructure.

B.2. SENSOR TEST PLATFORM
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Figure B.3: Performance test platform of flexible strain sensor.
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Figure B.4: Generation and expansion of metal cracks on PDMS surface under different strain states.
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C.1. MATERIAL COMPOSITION OF IN,O3 NP PASTE

Figure C.1: High resolution transmission electron microscopy (HR-TEM) images of InpO3 NPs.

Indium oxide (InpO3) nanoparticles are renowned across various domains for their
unique physical and chemical properties. These nanoparticles are highly valued for their
exceptional electrical conductivity and transparency, which are crucial for electronics
and touchscreen applications. Additionally, InoO3 demonstrates superior catalytic per-
formance in photocatalysis and electrocatalysis thanks to the synergistic effects of its
distinctive optical properties, large specific surface area, oxygen vacancies, and doping
effects. These attributes enhance the efficacy of In O3 in sensing, catalysis, and elec-
tronic device applications. Their robust environmental stability and biocompatibility
further extend their utility into environmental and biomedical fields. The versatile and
multifaceted nature of In,O3 nanoparticles makes them a valuable material for cutting-
edge research and diverse applications in electronics, energy, environmental science,
and biomedicine. In this study, all chemicals were sourced from commercial suppli-
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Figure C.2: X-ray diffraction (XRD) pattern of InpO3 NPs.
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Figure C.3: Statistical distribution of Inp O3 NP sizes.

ers and required no further purification. To further elucidate the microstructure and
morphological characteristics of the In,O3 nanoparticles, comprehensive characteriza-
tion was conducted. The 0.29 nm spacing observed in the high-resolution transmis-
sion electron microscope (HR-TEM) image confirmed the (222) lattice plane of the cubic
In, O3 crystalline phase, as evidenced by Fast Fourier Transform (FFT) patterns showing
diffraction along the [111] axis (Figure C.1). The crystal structure was analyzed using
powder X-ray diffraction (XRD), with all peaks corresponding to the standard In,O3 PDF
card (JCPDS card number 06-0416) (Figure C.2) [1]. Additionally, a statistical distribution
analysis of the nanoparticle sizes (Figure C.3) revealed that the diameter of the In,03
nanoparticles predominantly falls within the 10-20 nm range. The smaller size of these
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particles posed notable challenges in achieving an even dispersion in the paste.

Cetyltrimethylammonium bromide (CTAB), a cationic surfactant, plays a critical
role in enhancing the dispersion and stability of solutions. It optimizes the application of
nanomaterials by reducing the aggregation of nanoparticles and effectively maintaining
their uniform dispersion [2, 3].

Ethylcellulose (EC), serving as a thickener, not only increases the viscosity of the
paste but also provides necessary structural stability. Post-sintering, EC is integral to
achieving firm adhesion to the PET surface, thereby improving the viscosity of the paste
and film-forming properties. In the selective reduction laser sintering (SRLS) process,
EC is crucial for stable fixation [4].

Polyvinylpyrrolidone (PVP), also used as a thickener, coats the surface of nanoparti-
cles to enhance inter-particle repulsion through interactions of its polar groups with the
nanoparticle surfaces. This enhances the dispersion of nanoparticles in the paste and
prevents their adhesion and agglomeration [5]. Furthermore, PVP serves as a binder in
the paste, improving both the adhesion of the paste and its adherence to the substrate
during the coating process. Most importantly, during the SRLS process, PVP undergoes
pyrolysis, producing reducing agents that facilitate the selective reduction of nanoparti-
cles [6].

1-Pentanol, utilized as a solvent, plays a pivotal role in regulating the viscosity and
flowability of pastes and in facilitating the homogeneous mixing of ingredients. Due
to its relatively low polarity compared to solvents like ethanol, 1-pentanol is particularly
effective in dispersing indium oxide nanoparticles. With a boiling point of approximately
137 °C, 1-pentanol evaporates more slowly than ethanol, which boils at 78 °C. This slower
evaporation rate helps prevent crack formation in the In,O3 layer during the drying of
the paste. Therefore, 1-pentanol is the ideal solvent choice for preparing In,O3 pastes
[71.

C.2. THERMAL ANALYSIS OF IN,O3 NP PASTE
To preliminarily explore the physical and chemical changes of In,O3 NP paste during the
SRLS process, we conducted thermogravimetric (TG) and derivative thermogravimetry
(DTG) analyses on both the paste and the carrier materials. For the carrier material,
using polyvinylpyrrolidone (PVP) as the main thickener component, the mass loss pro-
cess under increasing temperature can be categorized into three distinct stages (Figure
C.4(@). In the first stage (30-190 °C), a mass reduction (9.98%) is mainly due to the
volatilization of the solvent (1-pentanol). In the second stage (190-390 °C), the mass
reduction (29.39%) is primarily attributed to the cleavage of the pyrrolidone rings in PVP
and the decomposition of its side chains [8]. In the third stage (390-640 °C), the signifi-
cant mass reduction (58.66%) is mainly attributed to the reductive macroradicals formed
by the scission of the main chain in PVP which is subsequently further oxidized [9].
Similarly, the thermal weight loss process of InpO3 NP paste also progresses through
three stages. In the first stage (30-170 °C), the mass reduction (1.79%) is mainly due
to the volatilization of the organic solvent. In the second stage (170-300 °C), the mass
reduction (2.86%) occurs from the decomposition of PVP side chains. In the final stage
(300-550 °C), the primary mass loss (14.13%) can be attributed to the decomposition
of the PVP mainchain and the reduction of In,O3 to metallic In, which resulted in the
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Figure C.4: (a) Thermogravimetric (TG) and (b) normalized TG analysis curves for InoO3 paste and its carrier
materials. (c) Derivative thermogravimetric (DTG) and (d) normalized DTG analysis curves for InpO3 paste
and its carrier materials (Under air conditions, a heating rate of 10 °C/min).

formation of OV defects in In,O3. The corresponding DTG curves have the same trend
as the slope of the TG curves described above, except for differences in the vertical axis
due to the difference in effective content (Figure C.4(c)). Overall, the addition of In,O3
NPs reduces the thermal stability of the paste and accelerates the rate of thermal weight
loss in the carrier material system. A significant change in the trend of these curves is
clearly observed in the comparison of normalized TG and DTG curves (Figure C.4(b)
and C.4(d)).

The addition of InpO3 NPs increases the porosity among the carrier materials, which
accelerates the volatilization of organic solvents. Furthermore, the high thermal con-
ductivity of In,O3 leads to an overall shift in the peak of the DTG curve [10]. Notably,
the DTG peaks of the In,O3 NP paste at 346 °C and 456 °C suggest these are the critical
temperatures where the reduction reaction is most intense, corresponding to the third
stage of PVP decomposition in the carrier material, which occurs over the temperature
range of 300-500 °C with a mass loss of 14.13%. However, it remains challenging to deter-
mine the predominant temperature at which the reduction of In,O3 NPs occurs, as the
correspondence between the DTG peaks of the paste and its carrier material is not clear.

To further investigate the dominant temperature at which the reduction reaction of
InpO3 NPs occurs, we conducted a series of calcination experiments under controlled
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Figure C.5: (a) Images of InpO3 NP paste before and after calcination. (b) X-ray diffraction (XRD) patterns and
(c)-(f) local patterns of Inp O3 NP paste under different calcination temperatures (300, 400, and 550 °C).

conditions (Equipment: Muffle furnace; Atmosphere: Air; Heat-up rate: 10 °C/min; Final
temperatures: 300, 400, and 550 °C). After calcination, we performed X-ray diffraction
(XRD) analysis to examine changes in the crystal structure of the In,O3 NP pastes and
recorded the changes in the color of its samples (Figure C.5(a)).

At a calcination temperature of 300 °C, the paste turns black, implying that the PVP
coating on the surface of InpO3 decomposes under high temperatures into residual black
pyrolysis products. As the temperature increases to 400 °C, the color of the slurry pow-
der changes to dark brown, indicating that the pyrolytic carbon layer begins to oxidize.
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When the temperature reaches 550 °C, the black pyrolysis product layer is completely ox-
idized, leading to re-oxidation of the reduced In, O3 in the paste. As a result, the color of
the paste powder returns to a creamy white color with a brighter luster than the original
paste powder, indicating that In, O3 has regained its original crystal structure.

The X-ray diffraction (XRD) patterns of InpO3 NP paste at varying calcination temper-
atures were further analyzed (Figure C.5(b)). Compared to the high-temperature gradi-
ent brought about by the SRLS, the low and uniform heating of calcination is still limited
for the modification of InpO3 NP paste. Therefore, we performed further analyses of the
enlarged XRD patterns of In,O3 powders on (222), (400), (440), and (622) crystal planes
at different calcination temperatures (Figure C.5(c)-(f)). Focusing on the (222) crystal
plane, at a lower calcination temperature of 300 °C, the diffraction peaks (black line)
shifted to a higher 26 angle, showing enhanced intensity and reduced crystal spacing.
This indicates a lattice contraction, which is even more pronounced after calcination at
400 °C, where the diffraction peaks (red line) undergo significant shifts, further decreas-
ing lattice constants and tightening lattice spacings. However, the peak position (30.59°)
of the diffraction peak (blue line) after calcination at 550 °C is highly consistent with the
typical XRD peak position (30.58°) of In O3, confirming that the high-temperature treat-
ment at 550 °C restores the InpO3 paste powders to their intrinsic crystalline state. These
observations suggest that the reduction of InpO3 NPs to metallic In and the formation of
oxygen vacancy (OV) defects predominantly occur at 456 °C. This specific temperature
is associated with the main decomposition temperature of the third stage of the paste
carrier (434 °C).
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1.0 f—— Paste Carrier 10°C/min (Air)
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Figure C.6: Differential scanning calorimetry (DSC) of Inp O3 NP paste and carrier at 10 °C/min heating rate in
air.

To further clarify the thermal reaction mechanism of In,O3 NP paste and its carrier,
differential scanning calorimetry (DSC) was employed to analyze the heat flow changes
in air conditions (Figure C.6). In the low-temperature range (0 °C to about 200 °C), the
DSC curves for both samples display similar endothermic peaks at 78 °C and 85 °C, pri-
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marily due to the volatilization of the solvent in the paste and carrier. However, beyond
200 °C, the thermal behavior of the two samples diverged significantly. For the carrier
paste (red line), a minor exothermic peak observed at 359 °C is primarily attributed to
the cleavage or decomposition of the five-membered ring structures within the PVP side
chains. As the temperature increases to 440 °C, an endothermic peak occurs, indicat-
ing that the backbone of PVP begins to undergo random chain scission. This is followed
by another exothermic peak at 559 °C, which signals further decomposition of PVP into
smaller organic molecules or gases. The most significant thermal event is recorded at
625 °C, where a major exothermic peak represents the vigorous reaction between the de-
composition products of PVP and oxygen, generating considerable heat. In comparison,
the In,O3 NP paste (black line) exhibits two significant exothermic peaks at 343 °C and
460 °C. The peak at 343 °C corresponds to the further decomposition of PVP, involving
the cleavage of PVP side chains and the breakage of cross-linked structures. Notably, the
exothermic peak at 460 °C is attributed to the breakdown of PVP backbones and other
structural macromolecules. This suggests that In,O3 promotes more complex chemical
activities, leading to the complete combustion or deep oxidation of organic substances.
These thermal event sequences are consistent with previous TG/DTG analysis results,
illustrating a comprehensive thermal degradation profile of In,O3 NP paste and paste
carrier.

C.3. PARAMETER OPTIMIZATION OF SRLS
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Figure C.7: Schematic diagram of the UV laser system (Wavelength: 355 nm).

To investigate the effects of different laser parameters on the SRLS process, we con-
ducted a series of comprehensive optimization experiments. Through experimental de-
sign, we adjusted the laser scanning speed (V;), average laser power (Payg), pulse repeti-
tion frequency (Fp;), and defocus distance (Dger), which are closely related to the sensor
performance and fabrication efficiency.

The Vg5 regulates the scanning speed of the laser over the surface of the In,O3 NP
paste, which ensures efficient heat accumulation while preventing excessive damage to
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Figure C.8: Schematic representation of laser under focused and defocused conditions.

the PET substrate. The P,y influences the amount of energy delivered to the In,O3 NP
paste, which directly affects the intensity and range of the thermal effects in the laser
ablation and sintering regions. The Fp; adjusts the degree of overlap of the pulsed laser
on the InpO3 NP paste, which affects the smoothness and uniformity of the laser ablated
region as well as the microstructural characteristics of the laser sintered region. The
Dget determines the alignment accuracy between the laser focus and the In,O3 NP paste,
which affects the energy distribution of the laser spot during the SRLS process (Figure
C.8).

In the initial phase of optimization, we focused on fine-tuning the parameters in the
SRLS process in order to optimize the quality of the linear laser scanning region. The
main challenges are the variability of the laser parameter settings and the adhesion of
the sintered region to the substrate.

The SRLS technology requires fine control of several key parameters that are essen-
tial to achieve accurate sintering results. The complexity of managing these different
parameters adds significantly to the complexity of the experimental setup. In addition,
ensuring effective adhesion between the sintered region and the PET substrate after sin-
tering is also a serious challenge. This adhesion is crucial for the long-term stability of
the sensor and is essential for the practical application of the device. Notably, the pres-
ence of ethyl cellulose (EC) in the paste plays an important role in enhancing this sta-
bility, greatly improving the overall integrity and functionality of the flexible gas sensor
[11]. In addition, a higher pulse repetition frequency (Fp,; = 200 kHz) has a significant
positive effect on improving the quality of laser sintering [12]. On this basis, we further
fixed the laser scanning speed (Vs = 10 mm/s) to verify other laser parameters.

With the fixed Vss and Fyy, we investigated the effects of Payg and Dger on the surface
morphology of In,O3 NP pastes using scanning electron microscopy (SEM) (Figure C.9).
An increase in the Payg (from left to right) leads to more pronounced particle rearrange-
ment and eutectic fusion in the laser scanning region, which exacerbates the sintering
and melting of particles. This is mainly attributed to the increase in sintering tempera-
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Figure C.9: Scanning electron microscope (SEM) images of the surface morphology of InpO3 NP paste after
laser scanning at different laser average power (Pavg) and defocus distances (Def)-

ture due to the increase in laser power. Correspondingly, a decrease in the Dger (bottom
to top) leads to a significant increase in the ablation depth within the laser scanning re-
gion. This is attributed to the increase in energy density due to the reduction of the laser
spot area [13].

We further evaluated the linear resistance of the sintered regions over a 5 mm length
after the SRLS process (Figure C.10). The analysis reveals notable variations in linear
resistance influenced by different settings of average laser power (Payg) and defocus dis-
tance (Dgef). The horizontal axis categorizes the settings by laser average power: 0.09
W (Nos. 1, 4, 7), 0.18 W (Nos. 2, 5, 8), and 0.27 W (Nos. 3, 6, 9), which correspond to
the labeling of their SEM images. At defocus distances of 0 mm and 1 mm, the linear re-
sistance of the sintering regions remains consistently low, indicating effective sintering.
Moreover, an increase in Payg generally results in a decrease in line resistance, suggesting
that higher laser powers enhance the quality of sintering [14]. In contrast, at a Dgef of 2
mm, the line resistance significantly increases along with instability. This rise in line re-
sistance is due to the uneven distribution of laser energy density caused by increased
defocusing, which compromises the quality of the sintering process. This resistance
instability is unacceptable for applications such as gas sensors that rely on resistance
changes for detection.

Through the scanning electron microscopy (SEM) analysis of the laser scanning re-
gion, we found that SEM can clearly reflect the morphological changes of selective laser
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Figure C.10: Statistical data on the line resistance of InpO3 NPs at different laser average powers (Payg) with
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Figure C.11: Optical microscope (OM) images of the surface morphology of Inp O3 NP paste after laser scanning
at different laser scanning speeds (Vss) and defocus distances (D gef).

sintering. However, for the topographic characterization of the laser scanning region,
optical microscopy (OM) has a significant advantage because it can clearly distinguish
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the color change of the sintered region after the SRLS process.

With a fixed Payg of 0.27 W (Figure C.11), we investigated the effects of Vs and Dger
on the surface morphology of In,O3 paste after SRLS by optical microscope (OM). As
the Vg5 increases (from left to right), the destructiveness of the laser to the laser scan-
ning region gradually decreases. However, the heat accumulation in the sintered region
decreases considerably, which is unfavorable for the fabrication of the gas sensing re-
gion. Especially on PET substrates, it is difficult to ensure the stability and consistency
of the fabricated sensor region during the deionized water cleaning process. As the Dget
decreases (from top to bottom), the laser energy density in the scanning region gradu-
ally decreases, which leads to the formation of a smoother direct sintered surface of the
In, 03 NP paste in the laser scanning region. Correspondingly, the sintering temperature
in the sintered region near the laser scanning region decreases. This not only reduces
the density of OV defects but also poses a challenge to the adhesion properties between
the Iny O3 layer and the PET substrate.

50 pm 50 pm 50 ym 50 pm 50 pm
— oy — — ‘——

Scanning Interval Scanning Interval Scanning Interval Scanning Interval Scanning Interval
30 pm 50 ym 70 pm 90 pm 110 pm

Figure C.12: Optical microscope (OM) images of the surface morphology of Inp O3 NP paste after laser scanning
using different laser scanning intervals.

In addition, we also found that the sintering temperature of the laser-sintered region
and the effective area of the sensing region can be effectively controlled by adjusting the
laser scanning interval (Figure C.11). It is worth noting that when the scanning inter-
val is gradually increased from 30 pm to 110 um, the width of the laser-sintered regions
gradually decreases, and the color of the sintered In,O3 NP paste gradually changes from
black-brown to yellow and finally transitions to milky white. This color change is con-
sistent with the trend of powder color change after different calcination temperatures in
the previous thermal analysis of In,O3 NP pastes (Figure C.5(a)). Meanwhile, this change
directly reflects the decrease in sintering temperature with increasing scanning interval,
which is consistent with the simulation results (Figure 4.1(d)). In addition, this is the key
strategy to achieve sensitive regulation of NO, gas by regulating the OV defects in the
SRLS process.

C.4. FINITE ELEMENT SIMULATION OF LASER SINTERING

During the SRLS process, the InyO3 NP paste coating on the PET surface acts as an ab-
sorber layer to achieve selective sintering through laser-induced photothermal effects.
After referring to the literature on the construction of sintering and ablating models for
nanoparticles and polymers, we used a heat transfer model to simulate the temperature
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distribution between the In,O3 paste layer and the PET substrate layer during the laser
sintering process [15, 16].

The finite element method (FEM) calculations were conducted under certain as-
sumptions to balance computational accuracy with computational time effectively:

(1) It is assumed that the ultraviolet laser exhibits a Gaussian distribution and is per-
pendicularly incident on the surface of the In,O3 NP paste.

(2) The surface of the In,O3 NP paste is presumed to be flat.

(3) It is assumed that the absorption of laser energy by the In,O3 NP paste surface
follows the Beer-Lambert Law and is considered a volumetric heat source.

(4) The In,0O3 NP paste and PET substrate material are assumed to be completely
uniform internally and to follow Fourier’s Law of Heat Conduction.

(5) During the laser sintering process of InoO3 NP paste and PET substrate, it is as-
sumed that the heat loss due to phase transitions is negligible.

After considering the reflection loss and absorption coefficient of the Gaussian light
source in the application of the Beer-Lambert law, the heat source density per unit vol-
ume at a position (x, y, z) transformed by the photothermal effect of the UV laser can be
expressed as follows in the Spatial Cartesian coordinate system:

(x,3,2) = (1 - RF (—M) (-a2) C.1)

q(x,y,2) = 1 €Xp o? exp(—az )

3 3 2Pavg

Fy=F+y) = 5 04+y) (C.2)
_ i (C.3)

a= " )
B (n—=1)%2 +x?2 (C.4)

T (n+1)2 +x2 :

Z+Ddef)2
w(z)=wo\[1+|———— (C.5)
ZR

~ nw} 6

ZR = /10 .

where the parameters of R and 1 — R are the reflectivity and absorptivity coefficients of
material at the incident wavelength, respectively [17]. These parameters can be calcu-
lated according to the complex refractive index in formulas (C.3) and (C.4). Meanwhile,
F and F; are the laser flux and effective laser flux, respectively; y is the over-lapping fac-
tor. Furthermore, Payg and wqer denote the average power of the incident laser and the
beam radius at the defocused and focused plane, respectively [18].

In the equation (C.5) and (C.6), w(z) is a function of the spot radius size along the
direction of beam incidence at different positions, while wy is the beam waist of the inci-
dent laser beam. The parameter zp represents the distance along the incident direction
of the beam from the waist to a section where the cross-sectional area is twice that of the
waist [19].
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Correspondingly, the parameter Dy, is defined as the vertical distance between the
focal plane and the laser pyrolysis plane in the defocused state. The value of D4et can be
set to zero (when the laser sintering plane coincides with the focal plane), positive (when
the laser sintering plane is above the focal plane), or negative (when the laser sintering
plane is below the focal plane). Finally, exp(—az) is the relative intensity given by the
Beer-Lambert law at the different positions inside the In,O3 NP paste layer [20].

As the incident laser energy is absorbed and partially converted into heat, transient
heat equation for the spatial distribution (x, y, z) of temperature T'(x, y, z, t) at time ¢ as
define-difference form:

oT
PCps =V (VD) = q(x,,2) (C.7)

the corresponding initial condition is written as:

T(x,y,2,t=0) = Text = 293.15K (C.8)
the boundary conditions are formulated as:
-G =h(Tex—T)
G=eo(Tp - T (C9)

§=0

where the p, Cp, and k are density, heat capacity, and thermal conductivity of the ma-
terial in the heat conduction system, respectively. Text and T,y are the external tem-
perature and ambient temperature, respectively, in the equation (S8) and (S9). Addition-
ally, h, €, and o are the heat transfer coefficient, emissivity, and Boltzmann constant [21,
22]. The heat transfer coefficients for the top, and bottom surfaces of the material are
determined using empirical formulas, resulting in values of 9.0, and 17.9 W/m?/K, re-
spectively [15, 23]. These coefficients are used to characterize the heat exchange process
between the material and the surrounding air during natural convection process.

As the laser spot moves, there are obvious differences in the temperature distribution
between the In,O3 layer and the PET substrate (Figure C.13). At the moments of 0.15 s
and 0.30 s, the heat source caused by the photothermal effect is concentrated on the
laser spot and shows a rapid heating effect of the laser on the material system. At the
moments of 0.45 s and 0.60 s, the heat energy generated by the laser begins to spread
out, showing that heat is transferred from the central region to the boundaries of the
material system. This diffusion process is controlled by both the thermal conductivity
properties of the material and boundary conditions. At the moments of 0.7 s and 0.9 s,
the heat distribution within the model becomes more balanced. As the heat spreads to
a wider region, the overall temperature distribution becomes more uniform and tends
to reach a temperature equilibrium state. In the corresponding model, the maximum
temperature change curves of the In,O3 layer and PET substrate clearly demonstrate the
trend of temperature evolution (Figure C.14).

Further, we analyzed the temperature distribution model at the midpoint of linear
laser scanning (Figure C.15). It can be found that the high temperature is concentrated
in the central region of the laser spot, and the heat spreads along the center of the ma-
terial to the outside through heat conduction. In the top view, we can clearly observe
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Figure C.13: Evolution of the temperature distribution of the InpO3 layer and PET substrate during the SRLS
(Time = 0.15, 0.30, 0.45, 0.60, 0.75, and 0.90 s).
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Figure C.14: Curves of the maximum temperature of In, O3 with PET layer as a function of time during a single
linear laser scanning process.

that the highest temperatures are concentrated in the central region and diminish ra-
dially outward, forming distinct concentric isotherms. Additionally, from the side view,
it is evident that the temperature decreases gradually from the surface to the bottom,
showing a horizontally distributed isothermal layer, indicating that the efficiency of heat
propagation is lower in the vertical direction compared to the horizontal direction. The
isotherms in the top view further show that most of the heat accumulates around the
vertical centerline of the model and spreads around from that center.

At the intermediate moments of the linear laser scanning process of the SRLS, the
temperature distributions at different depths perpendicular to the scanning direction
(0, =5, —10, —15, and —20 pm) were statistically analyzed in detail (Figure C.16). The re-
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Figure C.15: Three-dimensional isothermal surface distribution of selective reduction laser sintering and the
corresponding top view, side view, and front view (Time = 0.45s).
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Figure C.16: Temperature distribution statistics for different surface depths (0, -5, —10, —15, and —20 pum)
perpendicular to the scanning direction at intermediate moments of linear laser sintering (Time = 0.45 s).

sults clearly show that the temperature decreases exponentially with increasing distance
from the center of the laser spot. It is noteworthy that the highest temperature does not
occur at the surface of the In, O3 layer during linear laser scanning sintering. Instead, the
highest temperature actually occurs below the In,O3 NP layer. The main reason for this
phenomenon is that the simulation model takes into account the heat exchange with
the environment, resulting in rapid heat dissipation from the surface layer, with the final
peak temperature occurring underneath the laser-irradiated region rather than at the
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surface.

However, it should be noted that heat loss due to material phase change and model
size effects are not considered in the model, which would result in an overestimation of
the maximum temperature trend over time. Despite these limitations of the model, the
analysis of the temperature change and distribution still provides a valuable reference
for accurate temperature control in the SRLS processes.

C.5. CHARACTERIZATION OF OV DEFECTS IN SENSORS
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Figure C.17: Local X-ray diffraction (XRD) diffraction pattern of the sensing material after SLRS treatment (20
range from 32.5° to 33.5°).

As the laser scanning interval decreases, the corresponding average sintering tem-
perature increases. Then, the sintering temperature rises, and the X-ray diffraction
(XRD) characteristic peaks of InpO3 move towards lower 20 angles. This phenomenon
can be further explained using Bragg’s law, which is formulated as:

nA=2dsinf (C.10)

where n is the diffraction order, A is the wavelength of the X-rays, d is the distance be-
tween neighboring crystal planes, and 0 is the diffraction angle [24]. Therefore, when the
XRD characteristic peaks of In, O3 shift to lower 20 angles, it indicates that the diffraction
angle 6 is decreasing. If the wavelength A remains constant, a decrease in the diffraction
angle 0 implies an increase in the distance d between the crystal planes.

Through detailed observation by scanning electron microscopy (SEM), we noticed
that the flexible gas sensor formed porous pyrolytic carbon layers at the edge of the laser-
sintered region (Figure C.23) [25]. The main reason for the formation of these pyrolytic
carbon layers is the sputtering of part of the PET substrate during the SRLS process. Fur-
ther energy dispersive X-ray (EDX) analysis confirms that the main composition of these
layers is elemental carbon (Figure C.24).
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Figure C.18: Local X-ray diffraction (XRD) diffraction pattern of the sensing material after SLRS treatment (26
from 35.8° to 36.8°).
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Figure C.19: Selection of Raman spectrum test points at different locations in the laser-sintered region after
the SRLS treatment.

Considering the composition of the InpO3 NP paste, the primary source of nitrogen
is identified as the PVP-(C¢HgNO),, which serves as a thickening and reducing agent [8,
26]. During the SRLS process, PVP undergoes thermal decomposition at high temper-
atures to produce reducing macromolecules (Figure C.25). At the same time, the high
temperature also induces the pyrolysis of PET to produce pyrolytic carbon, which is
sputtered on the surface of the laser-sintered region. These results lead to an increase
in the content of C species and a decrease in the content of In and O species in the sens-
ing region. In detail, before the SRLS treatment, the C 1s peaks at 284.8 eV, 285.88 eV, and
288.60 eV detected within the InpO3 NP paste are attributed to the chemical bonding en-
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Figure C.20: Overall Raman spectra of pure Inp O3, PVP, and PET.

68

20 um Offset 70 83 157

iy

s /_\—g_

@ |15 um Offset 66 130

N

b 10 um Offset 65 131

(72}

ch 5 um Offset 131

o

c 65

- Center Point 13
66

Untreated

0 20 40 60 80 100 120 140 160 180 200
Raman Shift (cm™)

Figure C.21: Local Raman spectra (50-200 cm-1) of Inp O3 at different points of the sintering region perpendic-
ular to the laser scanning direction.

vironments of C-C/C-H, C-0O, and C=0 in PVP, respectively (Figure C.26) [27]. After the
SRLS treatment, the XPS spectrum indicates that the C-C/C-H related C 1s peak remains
at 284.8 eV, indicating that the saturated carbon environment is unaffected. The signif-
icant difference appears in the C 1s peak associated with C-O, which exhibits a negative
shift to 285.55 eV and a notable increase in peak intensity. Combined with the results
of the previous thermal analysis of the In,O3 NP paste, these differences are attributed
to the pyrolysis of PVP during the SRLS treatment, mainly due to PVP side-chain breaks
and C-O bond formation. Moreover, the thermal decomposition of the PVP main chain
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Figure C.22: Local Raman spectra (550-720 cm-1) of Inp O3 at different points of the sintering region perpen-
dicular to the laser scanning direction.

Figure C.23: Scanning electron microscope (SEM) images of the laser-sintered region of the sensor at different
magnifications.

forms macroradicals that reduce In,O3 to metallic In while inducing oxygen vacancy
defects and further forming more C-O bonds. Meanwhile, the C 1s peak associated with
C=0 bonding slightly shifts downward from 288.60 to 288.56 eV after the SRLS treatment,
accompanied by a decrease in peak intensity, implying a decrease in the ketone group
content in PVP. The negative shift and intensity enhancement of the C 1s peak further
suggests that electron redistribution occurs between the pyrolysis products of PVP and
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Figure C.24: Energy dispersive X-ray (EDX) spectroscopy characterization of surface porous carbon layer in

sintering region.
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Figure C.25: The full XPS survey of the sensing material surface before and after the SRLS treatment.

Iny O3 as well as the reduced metalized In during the SRLS treatment, matching with the
electron transfer trend of In 3d and O 1s.

In the electron paramagnetic resonance (EPR) study, the samples before and after
treatment with the SRLS process exhibit significant spectral changes. The first derivative
of the EPR signal typically represents the line shape of the resonance. In this derivative
form, the location of the resonance absorption peak is indicated by the zero-crossing
point of the differential spectral lines. In the sensing region of the sensor, the resonance
absorption peak is located at a magnetic field strength of 3510 G. It is essential for the
calculation of the g-factor, which reflects the actual energy difference between the mag-
netic energy levels of the unpaired electrons. The corresponding formula is as follows:
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Figure C.26: C 1s XPS spectra of In, O3 before and after the SRLS treatment.
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Figure C.27: EPR spectrum of InpO3 NPs. Spectra showing the intrinsic EPR signal of InpO3 NPs (black), the
signal before the SRLS treatment (blue), and the signal after the SRLS treatment (red).

hv
g= (C.11)

~ pBB
where & represents Planck’s constant, v denotes the microwave frequency, pp is the Bohr
magneton, and B corresponds to the magnetic field strength at the resonance absorption
peak. The final g-factor is calculated to be 2.03 (Figure C.27) [28].
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C.6. PERFORMANCE TESTING OF SENSORS
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Figure C.28: Schematic diagram of the gas sensor test system.
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Figure C.29: Response curves to 10 ppm for samples with and without the SRLS treatment.

Before evaluating the effect of different laser scanning intervals on NO, sensing per-
formance, we first confirmed the influence of OV defects on the adsorption capability
of the sensor (Figure C.29). By comparing the response curves of SRLS-treated and un-
treated samples exposed to 10 ppm NO; for 30 s, it is observed that the untreated sam-
ples exhibited a negligible response despite their lower initial resistance and larger effec-
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Table C.1: Summary of gas sensor performance data.

Num. Sensing Material OT(°C) GC(ppm) Res. Tresp(S) TrecolS)
1 Nanorod clusters In, O3 [29] 150 0.5 41 50 30
2 rGO-In, 03 [30] 150 05 223 170 280
~ 3 Nanorod-flowersIn,O3 [31] 145 1.0 132 60 30
4 InpO3/ZIF-8[32] 140 1.0 164 80 133
~ 5 NanospheresIn,O3[33] 120 1.0 3719 148 72
6 Ni-dopedInyO3[34 120 1.0 646 30 120
~ 7 Bundle-likeln,O3[35] 100 1.0 87 177 152
8 BricklikeInpO3[36] 50 05 402 114 49
9  Zn-In,Osnanofiber [37] 50 ¢ 50 130 600 2218
© 10 Walnut-likeIn;O3 [38] 25 10 36 8 8
1 Thiswork 25 100 442 27 570

Note: OT - Operating Temperature; GC - Gas Concentration; Res. - Response; Tresp - Response
Time; Treco - Recovery Time.

tive adsorption area. In contrast, the SRLS-treated samples demonstrate a significantly
enhanced NO; detection performance.
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Figure C.30: Histogram of the baseline resistance (R0) of the sensors with different laser scanning intervals (In
Air).

Building on these findings, we further investigated the effect of the laser scanning
interval on the sensing adsorption performance. The relative response of the gas sensor
is quantified as S = AR/ Ry = (R — Ro)/ Ry, with a bias voltage of 1.0 V, where R and Ry rep-
resent the stabilized resistance in the target gas and air environments, respectively. The
experimental results show that increasing the laser scanning interval can reduce the ini-
tial resistance of the sensor and increase the effective adsorption area of the sensor, thus
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Figure C.31: Histogram of the change resistance (AR = R — Rp) of the sensors with different laser scanning
intervals (In NO2 ).

improving the sensor response to NO, . However, there are limitations to this approach:
on the one hand, increasing the scanning interval leads to a lower laser sintering temper-
ature and reduces the generation of oxygen vacancy defects, which are crucial for flexible
NO, sensors fabricated based on the SRLS technology; on the other hand, although in-
creasing the effective adsorption area is favorable for improving the response, it may also
lead to a lower desorption efficiency of NO; gas after adsorption on the sensor surface,
thus affecting the recovery speed of the sensor.

Importantly, even at lower effective adsorption areas (30 pm scanning interval), the
change in sensor resistance to NO, is much higher than that of the sensor under other
conditions due to the high density of OV defects. This finding highlights the importance
of optimizing the laser scanning interval and sintering temperature to modulate OV de-
fects in improving the performance of gas sensors.

To more visually analyze the effect of xenon lamp irradiation on the recovery speed
of the gas sensor, we further calculated the half-recovery time of the sensor under the
different NO, concentrations (Figure C.32). It can be noticed that there is a huge differ-
ence between the half recovery time of the sensor at high and low concentrations. This
is mainly due to the fact that at high gas concentrations, the sensor surface is more likely
to reach a saturated adsorption state, where potential adsorption sites are filled with tar-
get gas molecules. Therefore, when the target gas is removed, the desorption process
occurs more rapidly due to the saturation of the adsorption sites, thereby enhancing the
recovery speed [39].

The photon-assisted condition dramatically reduces the half-recovery time of the
NO, gas sensor compared to standard test conditions. In particular, at lower NO, con-
centrations, the half-recovery time of the sensor is drastically reduced from 791.6 to 65.7
s, which is a 91.7% improvement in recovery speed. This remarkable effect can be at-
tributed to the photogenerated conductivity effect of the In,Os NPs with OV defect,
which produces photogenerated carriers that cancel out the conductivity change due
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Figure C.32: Statistical histogram of the half-recovery time of the sensor for different concentrations of NO»
gas with and without xenon lamp irradiation.
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Figure C.33: Photoresponse curves of the sensor to different wavelengths of visible light.

to gas adsorption. This reduces the response of the sensor to NO, gas but dramatically
increases its recovery speed [40]. Correspondingly, we also tested the photoresponse
curve of the sensor to visible light (Figure C.33). The results show that the In,O3 gas sen-
sor with OV defects shows a more significant response to violet light located at 394 nm.
These photoelectric properties further demonstrate the potential application of this type
of sensor in the field of photosensitive gas sensing.
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C.7. THEORETICAL CALCULATION OF THE SENSOR WITH OV

DEFECT

The top and front views of the In, O3 (222) show the layered structure, which is arranged
according to a fixed stoichiometric ratio (In:O = 2:3), and each layer consists of an O-
In-O triple-layer structure (Figure C.34). To highlight its triple-layer structure, the first
triple-layer in the model is detailed using a ball-and-stick model. The surface has three
slightly different geometric terminations, which are energetically equivalent, and there
is no significant difference in stability among the terminations [41].

In these layers, the middle In layer contains 16 In atoms, and each O layer contains
12 O atoms. The top 12 O atoms are each connected to three In atoms, presenting a
three-coordination. Correspondingly, the 12 O atoms (Figure C.35) in the top layer and
the 16 In atoms (Figure C.36) in the middle layer of In, O3 were labeled according to their
respective row and column positions. To further subdivide the adsorption sites of gas
molecules on In atoms, In atoms can be classified into six different adsorption modes
according to the number of O atoms bonded to the In atoms and the corresponding
difference in coordination number (Table C.2).

Top View

Figure C.34: Top and front views of the Inp O3 unit cell structure.
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Figure C.35: The 16 indium (In) atoms in the middle layer of In, O3 were labeled according to their respective
row and column positions.

Figure C.36: The 12 oxygen (O) atoms in the top layer of InpO3 were labeled according to their respective row
and column positions.

After geometry optimization of the unit cell of the InyO3 bulk, the adsorption en-
ergies, adsorption distances, and charge transfers were calculated according to the ad-
sorption modes of the different In atoms for the NO, gas molecule (Table C.3). Based on
the Gibbs free energy definition of whether the gas adsorption process proceeds spon-
taneously or not [42]. We can find that the adsorption processes of In, and Inc are not
spontaneous and require external energy to drive them. In contrast, all other adsorp-
tion modes (Ing, Ing, Ine, and Ing) proceed spontaneously. Among them, the NO, gas
molecule acts as an electron acceptor to capture electrons from the In atoms at the ad-
sorption sites (Figure C.37 and Table C.3).
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Table C.2: The classification of adsorption modes is based on the number of oxygen atoms (O) bonded to
indium atoms (In) and the number of bonds to the corresponding oxygen atoms.

Adsorption Position of Coordination Numl.)er of Bonds of
Mode the O-atom  Number of In-atom  Coordinated O-atoms
In11 5 333-4-4
In, Ini4 5 333-4-4
In41 5 333-4-4
Iy, Inp 6 333-444
T I, 6 333444
Inc IIl23 6 333-44-4
Ing; 6 333-44-4
S "Ims 5 33-444
Ing Iny; 5 33-444
In32 5 33-444
T T Inge 5 33-44-4
Ine In42 5 33-44-4
Ingy 5 33-44-4
S T"Ings 5 T 3-444-4
Ing Ins, 5 3-444-4
IIl43 5 3-444-4

Note: Taking 333-44-4 as an example, 333 represents the three top-layer oxygen atoms, each
with a coordination number of 3 in the O-In-O structure; 44 denotes the two bottom-layer
oxygen atoms, each with a coordination number of 4; and 4 refers to another top-layer oxygen
atom with a coordination number of 4 in a corresponding layer within the same periodic O-In-
O structure.

Figure C.37: Top and front views of Inp O3 in different Inp O3 adsorption modes without OV.
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Table C.3: The adsorption energy, adsorption distance, and charge transfer of the NO, molecules in different
Inp O3 adsorption site systems without OV.

Adsorption Thfl:t(i););dl_ Adsorption  Adsorption Charge Sty:: ;1:]102

Model Number of In Energy (eV) Distance (A) Transfer (e) Object)
Jmg (o) S . —0.227  2.508(0-In) 0207 Acceptor
JInpdng) 6 _____ 0028  3192(0-Im)  -0007  Acceptor
JInelmip) 6 _____0007  3306(0-Im) 0045  Acceptor
JIngdmg) S . -1.048 2486 (0-In) 0491 _  Acceptor
(Imenge) S . -0.935  2.384(0-Ij) 0479 Acceptor

Inf (Ingy) 5 -0.711 2.282 (0O-In) —-0.360 Acceptor

Figure C.38: Top and front views of Inp O3 in different Inp O3 adsorption modes with OV

After geometry optimization of the In,O3 unit cell with OV, we performed calcula-
tions by placing the NO, gas molecule at the same adsorption positions as the intrinsic
In, O3 surface. The results clearly show that the adsorption energy on the In, O3 surface
with OV is significantly increased. In particular, the adsorption energy is significantly
enhanced from 0.028 eV to —2.854 eV at the Iny, adsorption site (Figure C.38 and Table
C.4). These results further confirm the critical role of oxygen vacancy defects in enhanc-
ing NO; gas adsorption.
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Table C.4: The adsorption energy, adsorption distance, and charge transfer of the NO» molecules in different
Inp O3 adsorption site systems without OV.

Adsorption T.h € . Adsorption  Adsorption Charge Style (NO,
Model coordination Energy (V) Distance (A) Transfer (e) as'an
Number of In Object)
In, (Ing;) 4 -2.721 2.230 (O-In) -0.631 Acceptor
CInp (Ingy) 5 -2.854  2596(0-In)  -0.551  Acceptor
“Inc(Inp) 5 -2.651  2474(0-In)  -0.545  Acceptor
CIng (ny3) 4 -2.747  2568(0-In)  -0.570  Acceptor
CIne (Inpg) 4 -2500  2.148(0-In) -0.768 Acceptor
CIng(ngy) 4 -1.410  2150(0-In)  -0.353  Acceptor
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SUPPORTING INFORMATION
CHAPTER 5

D.1. PREPARATION OF N1O-PI NANOCOMPOSITE FILMS

During the experimental process, all chemicals were sourced commercially and used
without further purification. Thermoset polyimide poly solution (PI precursor solu-
tion, Mw = 50000 with a 20% solids content) was obtained from Dongguan Zhanyang
Polymer Materials Co., Ltd. Nickel oxide nanoparticles (grain size 100 nm) were pro-
vided by ZhouNuo Advanced Material Technology Co., Ltd. N,N-Dimethylformamide
(C3H7NO, 99.5% AR, DMF) and Poly(sodium-p-styrenesulfonate) ((CgH7NaO3S),, Mw
= 1000000, PSSNa) were procured from Shanghai Macklin Biochemical Co., Ltd. Poly-
imide tape (PI tape, 3M-92#) was obtained from 3M Company. Low-temperature curing
silver paste (01L-2211D) was purchased from Shenzhen Sryeo Electronic Paste Co., Ltd.
Polydimethylsiloxane (PDMS Sylgard 184) was obtained from Dow Corning Company.

Under ice bath conditions, 1.5 g of NiO NPs were first dispersed ultrasonically in 2.12
ml of DMF (about 2.0 g ) solvent for 30 min. Subsequently, 6.5 g of PI precursor solution
was added to the mixture. Afterward, a planetary vacuum mixer was used to homogenize
the mixture at a speed of 2000 rpm for 120 s to fabricate the NiO-PI nanocomposite paste.
After that, the paste was spin-coated onto a silicon-based wafer (4 inch) coated with a
PSSNa sacrificial layer at a speed of 1000 rpm for 30 s. Next, the wafer was placed on a
hot plate for a multi-temperature curing process.

In the film curing process, the polyimide precursor solution utilizes DMF as the pri-
mary solvent, which has a boiling point of approximately 153°C. The curing process fo-
cuses on two pivotal aspects: the gradual volatilization of DMF and the imidization re-
action of polyimide. Both processes are critical in ensuring the superior performance of
the final film [1, 2]. The corresponding curing process is shown in Figure D.1.

From 30°C to 50°C: This temperature range is employed for gentle heating, which
promotes the slow evaporation of DME This helps prevent rapid shrinkage or bubble
formation in the film during the curing process.
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Figure D.1: Temperature profile of NiO-PI films during curing.

From 50°C to 80°C: During this stage, the evaporation rate of DMF accelerates,
preparing for subsequent curing and cross-linking reactions.

From 80°C to 140°C: This range continues to advance the evaporation of DMF and
marks the effective initiation of the imidization reaction. Here, the polyimide precur-
sor begins to transform into a more stable structure as carboxyl (-COOH) and amine (-
NH-2) groups undergo dehydration condensation to form stable amide bonds (-CONH-
)

From 140°C to 200°C: At this stage, the temperature well exceeds the boiling point
of DME ensuring its complete evaporation. This phase intensifies the imidization reac-
tion, where increased cross-linking between polymer chains forms a highly cross-linked
network, substantially boosting mechanical stability.

From 200°C to 220°C: This final high-temperature treatment stage involves final
chemical cross-linking and molecular alignment of the polyimide chains. These reac-
tions not only further enhance the chemical stability of polyimide but also optimize its
mechanical properties.

After curing, a scraper was used to attach the PI tape to the cured NiO-PI nanocom-
posite film. Then, the wafer was sonicated in deionized water for 120 min to strip the
NiO-PI nanocomposite film. Finally, the film was dried in an oven at 60 °C for 20 min.

D.2. OPTIMIZATION OF UV LASER PARAMETERS AND PDMS

PACKAGING PROCESS
During the laser direct writing process, parameters such as laser scanning speed (Vs),
laser average power (Payg), pulse repetition frequency (Fpy), and defocus distance (Dgef)
have a decisive influence on the LIG fabrication results.
Under fixed Dgef (0 mm) and Fy; (200 kHz) conditions, we investigated the effects of
different Vss and P,yg on the morphology and linear resistance changes of NiO-LIG. As
shown in Figure D.2, the images are arranged in a matrix format, showing the variation of
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Vs =10 mm/s Vs =20 mm/s Ve =30 mm/s

Figure D.2: Effect of different laser scanning speeds and laser average powers on the NiO-LIG surface morphol-
ogy.

NiO-LIG morphology under different conditions. The top rows (images 1, 2, and 3) used
a low power setting of 0.6 W and scanning speeds of 10, 20, and 30 mm/s. The middle
rows (images 4, 5, and 6) increased the power to 0.9 W, and the bottom rows (images 7,
8, and 9) used 1.2 W. As V increases, the heat accumulated on the NiO-PI surface per
unit length further decreases, significantly reducing the linewidth of the fabricated NiO-
LIG at the same Payg. Correspondingly, at a Vs, an increase in Payg not only broadens
the linewidth of NiO-LIGs but also results in more significant heat accumulation due to
the photothermal effect. This further enhances the ablation effect of the laser on the
NiO-LIG surface, resulting in the formation of an obvious trench.

As shown in Figure D.3, the histogram of the average value of line resistance of NiO-
LIG (based on 10 sets of test data) for different Vg5 and Payg conditions. The results show
that under the condition of fixed Payg, the line resistance of NiO-LIG increases with the
increase of Vi. Comparatively, under the condition of fixed Vi, the resistance of NiO-
LIG decreases with the increase of P,y. These phenomena further reveal the effect of
Vss and Payg on the degree of graphitization of LIG in the NiO-LIG nanocomposite. The
same trend is also observed in the treatment of Pure-PI films, as shown in Figure D.4. Un-
expectedly, under the same laser parameters, the line resistance of LIG after composite
NiO NPs is generally much higher than that of Pure-LIG. This phenomenon is attributed
to the fact that NiO, as a semiconductor material, has a much higher intrinsic resistivity
than LIG.

Considering the linewidth of the laser-induced NiO-LIG and the compromise effect
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Figure D.3: Effect of different laser scanning speeds and average laser power on NiO-LIG line resistance.
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Figure D.4: Effect of different laser scanning speeds and average laser power on Pure-LIG line resistance.

of resistance, the laser scanning speed (Vss), the pulse repetition frequency (Fy,), and
laser average power (Payg) were set to 10 mm/s, 200 kHz, and 0.9 W, respectively.

A linear square wave pattern of NiO-LIG for temperature sensing was fabricated on
the NiO-PI nanocomposite film by linear movement of a UV laser. Wherein the linear
scanning interval was set to 100 um. Subsequently, silver electrodes were printed on
both ends of the sensors using the screen printing technique and placed in an oven at
60 °C for 30 min for curing. Finally, the flexible temperature sensor array was diced and
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tested.

In addition, PDMS was used as a waterproof coating for flexible NiO-LIG temperature
sensors. The PDMS base and curing agent were mixed at a weight ratio of 10:1, then
degassed and spin-coated onto the surface of the NiO-LIG sensors. The primary spin-
coating parameters were set to 1000 rpm for 20 s. Subsequently, the coated sensors were
cured in an oven at 80 °C for 2 h.

D.3. EFFECT OF P,y ON THE DEGREE OF GRAPHITIZATION
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Figure D.5: Effect of different laser average powers on the degree of LIG graphitization in NiO-LIG (SI = 150
nm).

As shown in Figure D.5, with fixed Vs, Fpr, and Dger, we compare the NiO-LIG Ra-
man spectra across different P,ye. The spectrum reveals three significant peaks: the D
peak at 1350 cm™!, the G peak at 2580 cm ™!, and the 2D peak at 2690 cm ™. Specifically,
the G peak reflects the vibration mode of sp2 hybridized carbon atoms in graphene and
is usually used to indicate the integrity of the graphene structure. The D peak is used
to evaluate defects and disorders in the carbon-based material [3]. A high Ip/I; ratio
indicates that there are more defects and disorders in the structure of the LIG material.
In contrast, a low Ip/Ig ratio indicates that the LIG material has higher crystal struc-
ture integrity and fewer structural defects. These results show that with the increase of
Payg, the Ip/Ig ratio gradually decreases, indicating a reduction in internal defects and
an increase in the graphitization degree within NiO-LIG. This trend is consistent with the
analysis of existing literature [4, 5].
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Figure D.6: Comparison of the XPS survey spectrum of NiO-PI and NiO-LIG before and after laser treatment.

D.4. XPS ANALYSIS BEFORE AND AFTER LASER TREATMENT

In the XPS spectrum of NiO-PI without laser directly writing treatment, the peaks of
C 1s, N 1s, O 1s, and Ni 2p further explain the elemental composition and chemical
state in NiO-PI, as shown in Figure D.6. Among them, due to the low content of NiO
nanoparticles, the peak intensity of Ni 2p is not apparent. Laser treatment induces a
high-temperature environment, which leads to the breakage and thermal decomposi-
tion of polyimide molecular chains and then releases oxygen-containing gas molecules
(such as COx, NOx, and H,0), which reduces the peak intensity of O 1s relatively. Mean-
while, part of the NiO is reduced to metallic Ni after laser treatment, which increases
the relative peak intensity of Ni 2p. It is worth noting that the peak of N 1s is signifi-
cantly enhanced after laser treatment, which may be caused by laser-induced surface
functionalization [6].

D.5. EFFECT OF Payg ON SENSOR PERFORMANCE

In fact, adjusting the laser average power (Payg) can more effectively tune the sensitivity
of LIG-based temperature sensors [17]. However, the composite of NiO particles sig-
nificantly improves the performance of the LIG-based temperature sensor and further
intensifies the impact of different Payg on the trade-off relationship between sensor sen-
sitivity and linearity. The effects of different laser powers on the sensitivity and linearity
of Pure-LIG and NiO-LIG temperature sensors are shown in Figure D.8 and Figure D.9.
By reducing the average laser power from 1.2 W to 0.9 W and further to 0.6 W, the TCR
of the NiO-LIG sensor increased from —0.065% °C~! (R% = 0.995) to —0.074%°C~1 (R? =
0.999) and to —0.095% °C~1 (R2=0.998), respectively. In contrast, the Pure-LIG sensor
showed almost no change in performance. Although higher average laser power can
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Figure D.7: O 1s XPS spectra of Pure-PI after the UV laser treatment (The inset is a pie chart of the correspond-
ing peak area ratios).
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Figure D.8: Temperature response of Pure-LIG sensors with different laser average powers (Payg).

achieve a higher degree of graphitization and better conductivity in LIG, excessive car-
bonization can lead to internal structural inconsistencies, such as cracks or localized
charring, which can affect the linearity of the sensor response. Conversely, lower laser
power can result in insufficient graphitization and incomplete internal structures within
the LIG, which will also affect the linear response of the sensor [18]. Therefore, this fine
scanning interval adjustment can achieve effective adjustment of the sensitivity of the
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Figure D.9: Temperature response of NiO-LIG sensors with different laser average powers (Pavg).

Table D.1: Performance comparison of LIG-based flexible temperature sensors.
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temperature sensor while ensuring linearity.

D.6. FITTING OF THE 2D MOTT VRH MODEL FOR SENSOR

9.5

Pure-LIG
9.4} NiO-LIG

9.3}

-

E
9.2}
D Bpyre.Lic = 4611 (R? = 0.999)

—91}
)
=9.0f
-
8.9} Brio.uc = 5-743 (R? = 0.999)

8.8}

8.7 s : :
0.138 0.141 0.144 0.147 0.150
T—1I3 (K—1l3)

Figure D.10: Fitting curves for the experimental data of NiO-LIG and Pure-LIG flexible temperature sensors
using the 2D Mott VRH model.
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