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Abstract

Research about laser direct patterning (LDP) is widely progressed in selective and
reversible laser doping, phase separation of polymer, laser sintering, and laser
ablation because of its ease and efficiency of the process. Among LDP fields,
research about laser induced graphene (LIG) which irradiates a laser on carbon rich
materials in ambient atmosphere gets attention because produced graphene has
porous property and high electrical conductivity. Mechanical sensors, chemical
sensors, and energy devices can be fabricated based on the properties of LIG.
However, LIG has some limits which are about a line width resolution and need an
additional process to use transparent applications. In this research, we will
introduce the successive laser pyrolysis (SLP) process of polydimethylsiloxane
(PDMS) which can break the limits of LIG in a simple process and examine the
performance of byproducts of SLP as strain, temperature, and gas sensors to
confirm the possibility of substituting LIG. Consequently, byproducts of SLP
composed of SiO2, beta-SiC, and carbon materials can perform as a transparent

multifunctional sensor and substitute the LIG from a long-term perspective.

Keyword : Polydimethylsiloxane, Laser direct patterning, Laser pyrolysis,
Transparent sensor, Multifunctional sensor
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Chapter 1. Introduction

1.1 Study Backgrounds

Nowadays, realizing transparent and multifunctional properties in one sensor is
important because of its tremendous applications such as wearable electronics, E-
skin, and soft robotics.[M 21 B To fabricate these sensors, lots of research are being
progressed. Among these investigations, laser direct patterning (LDP) method is
adopted extensively because of the ease of processing.[l Bl LDP, the technology
processing various materials at room temperature and ambient pressure, is used in
selective and reversible doping, phase separation of polymers, and sintering and
ablation of nanomaterials.[® "1 B8] More specifically, laser direct patterning (LIG),
obtaining porous graphene by processing carbon rich materials using various
wavelength lasers, is widely used in LDP application field to manufacture

transparent and multifunctional sensor. ! [¥1 [10] [11]
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Figure 1. (a) Concept of laser induced graphene (LIG) process. (b) Limit of
LI1G about line width.

In general, LIG process is the conversion of a commercial carbon-rich films Iikel_
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polyimide into 3D porous graphene under ambient conditions using 10.6um CO2
laser as shown in Figure 1. (a). However, LIG method has some limitations in
aspects of its process and final product for transparent applications. The first
limitation is that for using generated graphene by LIG as a transparent purpose,
additional processes are needed for transferring to transparent substrates such as
eco-flex and polydimethylsiloxane (PDMS).[*? 31 Needs of additional processes
result in increase of process time and cost. The second limitation is the line width
fabricated by LIG can’t achieve under 5~10um because of the high power of CO2
lasers and the light absorbing property of materials.*4l (51 [26] Figure 1. (b) shows
the process of development of line width as a result of LIG. Researchers tried to
fabricate smaller line width compared to the product of CO2 laser by using small
power of UV and visible laser. Despite the researchers’ efforts, it is hard to make
line width under 10um with the latest techniques. If we develop a new process that
realizes line width under 10um, we can use materials and area more efficiently and

make highly transparent sensors.

1.2 Purpose of This Research

We build up the process named successive laser pyrolysis (SLP), machining
transparent PDMS polymer, to solve the limitations of LIG.[' At first, PDMS is
biocompatible and transparent polymer which is widely used in bioengineering,
organ-on-a-chip, microfluidic, and stretchable electronics.!*®! (91 201 S| P method
utilizes a continuous wave 532nm wavelength laser and dark color initiator. More
specifically, the initiator is marked on PDMS first and then the laser is scanned
from that point. The rapid and successive pyrolysis of PDMS is occurred because

of the higher laser absorption of the initiator.
7
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Figure 2. (a) Flow of successive laser pyrolysis (SLP) process. (b) Schematic of
SLP byproducts application as a transparent and multifunctional sensor.

As a result of SLP, transparent final products can be fabricated on the hyaline
substrate at a time. Furthermore, line width under 10um can be manufactured by
modulating the laser power and the scan speed because of the high light
transmittance of PDMS in the visible region. The mechanism of SLP is that the
fast-heating rate of PDMS by laser causes the radical mechanism and suppresses
the molecular mechanism which dominates relatively low temperature regions
under 400°C.1 211 Radical and molecular mechanisms are representative pyrolysis
mechanisms of PDMS. This phenomenon makes relatively low temperature
pyrolysis of PMDS possible and generates byproducts composed of beta-SiC, and
carbon materials like graphite and graphene. In this experiment, we will discuss
various properties of SLP byproducts and evaluate the performances of byproducts
as strain, temperature, and gas sensors. Figure 2. (a) shows the schematic of the
SLP and we can verify the existence of the initiator. We can confirm that the cross-
section of the byproduct looks like a trench shape. Figure 2. (b) shows the
fabricated samples’ application as a transparent and multifunctional sensor

detecting strain, temperature, and gas based on the byproducts of SLP.
8 -":lx_! _'q.l.'\-' ik



Chapter 2. Experiment Preparation

2.1 PDMS Sample Fabrication Process

To develop a reliable SLP and applications, sophisticated PDMS samples are

important. Figure 3 shows the steps of making PDMS samples.

@

Figure 3. Fabrication process of 1mm thickness PDMS using acrylic mold.

Small differences in PDMS thickness can cause huge variations in byproducts as
shown in Figure 4. (b). Therefore, we used acrylic molds which have high
reliability than the spin coating known as having an edge-bead to fabricate 1mm
thickness PDMS.[?2 21 The PDMS is prepared by mixing the resin and curing
agent (Sylgard 184, Dow Corning) in a 10:1 weight ratio. The degassing process is
progressed in a vacuum chamber. Degassed PDMS is poured into the acrylic mold
which has a 1mm spacer. As a result of this method, reliable sensor results are

acquired when we do the strain, temperature, and gas sensor performance tests.

9 2 M E g



2.2 Optic Set-up and the Result of Different Focal Length
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Figure 4. (a) Laser optic system for the SLP. (b) Different width and depth of
byproducts depending on laser focal length.

Figure 4. (a) shows the Galvano-mirror based optical system for the SLP. We can
control the experiment parameters, laser power and scanning speed, in computer
software. The stage under the PDMS samples is fixed in the X and Y axis and can
be adjusted in the Z axis. The variations of laser focal length which are adjusted by
the Z axis cause the difference in byproducts’ width and depth as shown in Figure 4.
(b). The black color trench shapes are byproducts of SLP. Because the change in
width and depth can cause the fluctuation of sensor performances, we have to
prevent this phenomenon. Therefore, we fixed the laser focal length and thickness
of PDMS to get consistent sensor performances. More specifically, we try to fix the
defocusing length, 200um, from the tight focusing point and make precise samples

based on the acrylic mold method.

2.3 Experiment Set-up for Sensor Applications

The experiment set-up is comprised as shown in Figure 5. (a), (b), and (c) to

evaluate the performances of strain, temperature, and gas sensors.

10 2 M E g



Figure 5. Experiment set-up for (a) strain test. (b), (c) temperature and gas
test.

The strain stage shown in Figure 5. (a) can move 75mm back and forth. The
chamber shown in Figure 5. (b), (c) has a heater capable of heating up to 200°C,
and through lines, various gases such as NO2, CO, H2S, and NH3 can flow into.
Because the temperature of heater in the chamber can be programmed, temperature
sensor experiments are progressed by changing temperature and measuring the
variation of resistance. The gas sensor experiments are conducted in the 100°C
heater condition, which means the various gas flow into the chamber pre-heated

100°C to accelerate the adsorption and desorption between byproducts and gases.
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Chapter 3. Byproduct Characterizations

We suggested the concept and preparation of process named SLP fabricating small
line width under 10um on a transparent PDMS substrate in Chapters 1 and 2. In
Chapter 3, byproduct characterization will be introduced. More specifically, the
byproduct’s shapes are analyzed using optical microscope (OM), scanning electron
microscopy (SEM), and materials properties are investigated using ultraviolet-
visible spectrophotometer (UV-VIS), X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), and Raman spectroscopy. As a result, a conclusion about

hierarchical materials composition of byproducts will be suggested.

3.1 Width, Depth Dimension and Line Resistance

0.38J/m 0.84)/m 2.6J/m

Figure 6. Top and cross-sectional view SEM image of byproducts depending
on laser energy density and OM image of fabricated sample.

The width and depth of byproducts are investigated depending on laser energy
density A, which is given by: A=p/v where p is the laser power and v is the laser
scanning speed. Figure 6 shows the top and cross-sectional view of SEM image
depending on laser energy density. Byproducts have a trench shape because the
PDMS changed to CO gas which is blown away by laser pyrolysis. Trench shapes

byproducts mean the path of thermal diffusion. Also, in 0.38J/m and 0,84J/m

12 2 A2 ekw
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conditions, the width of byproducts is confirmed as under 5um when we check the
SEM images. It means that these widths are invisible and transparent to our naked
eye.[’Yl The fabricated sample’s transparency makes it possible to check the

background letters when we confirm the OM result as shown in Figure 6.
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Figure 7. (a) Width and depth of byproducts distribution depending on laser
energy density. (b) Line resistance distribution depending on laser energy
density.

High reliability result about the byproducts’ dimension of width and depth is
derived as shown in Figure 7. (a). R?, coefficient of determination, records 0.979 in
width and 0.965 in depth according to laser energy density. It means width and
depth have a significant correlation with laser energy density. Furthermore, line
width under 5um can be fabricated as indicated in Figure 7. (a) red circle
conditions. Figure 7. (b) shows the line resistances of byproducts depending on
laser energy density. When we consider raw PDMS doesn’t have electrical
conductivity, the line resistance of byproducts is an interesting result. Because
PDMS acquires electrical conductivity through SLP, byproducts can sense the type
and size of external stimuli such as strain, temperature, and gas depending on the
change of its initial resistance. Also, line resistance according to laser energy
density records the R? value 0.967. It means there is a strong correlation between

13 ._:I_‘_E _.,;_':_ .I.li



line resistance and laser energy density.

3.2 UV-VIS Result of Byproduct

To investigate the transparency of byproducts quantitatively, we conducted the UV-

VIS analysis. We mainly focus on the visible wavelength regions.
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Figure 8. (a) Transmittance of byproducts depending on laser energy density
when pitch fixed to 500um. (b) Transmittance at 550nm of byproducts
depending on @ when width fixed to 20 and 50um. (c) Digital pictures of result
(a). (d), (e) Digital pictures of result (b).

Parameter pitch means the distance between lines fabricated by SLP. Figure 8. (a)
shows the result of transmittances in the range of 400nm to 800nm depending on
laser energy density. At this time, the pitch is fixed to 500um. In all conditions,
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transmittances are over 83%, this means fabricated samples are greatly transparent.
When we consider the transmittance at the visible wavelength range of polyimide
which is widely used in LIG is 80%, the transmittances of all laser conditions are
remarkable.”® In conclusion, manufactured samples don’t lose transparent property
which is the intrinsic character of PDMS. Figure 8. (b) shows the transmittances
depending on @, which is given by @ =width/pitch. Width is fixed to 20 and 50um
and pitch is changed to modulate @. We can confirm variation of @ causes linear
changes in transmittances. This means that we can control the degree of the
samples’ transparency. Figure 8. (c), (d), and (e) show the digital images of samples
used in Figure 8. (@) and (b). We can directly recognize the difference in
transparency between samples with the naked eye. The modulation of properties
such as transmittance and emissivity from color change of samples can be applied

in various research fields like radiative cooling.[®!

3.3 XRD, XPS, and Raman Spectroscopy Result of Byproduct

Byproducts of SLP are analyzed by XRD, XPS, and Raman spectroscopy.
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Figure 9. XRD results of byproducts for various laser energy densities.

Figure 9, the XRD results, revealed beta-SiC is generated by SLP when we check
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the 35, 42, 60, and 72 peak degrees. Furthermore, when considering the intensity of
XRD peaks, high crystalline beta-SiC can be fabricated when increasing laser
energy density. When we contemplate that SiC is widely used in various research
fields such as gas sensors and power electronics, SLP has a powerful advantage
that can make beta-SiC an easy fabrication process at room temperature and
atmosphere.?”1 281 Meanwhile, as will be mentioned later, carbon materials like
graphite also exist in byproducts. However, the peak around 25 degree which
means the existence of graphite doesn’t appear in our XRD result. The reason for

this issue will be explained in Chapter 3.4.
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Figure 10. (a) XPS results of byproducts for various laser energy densities. (b)
Atomic percentage differences of C and O atoms depending on laser energy
density.

Through the XPS results as shown in Figure 10. (a), we can derive atomic
percentage differences of C and O atoms depending on various laser conditions as
shown in Figure 10. (b). Through this outcome, we can perceive more SiO2 is
formed according to higher laser energy density. Also, there is linear relationship

between laser energy density and the atomic percent of C and O. Therefore, we can

estimate the ratio of C, O, SiOz2, and beta-SiC in arbitrary conditions.
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Figure 11. (a) Sample images for Raman spectroscopy. (b) Raman
spectroscopy results of byproducts. (c) Peak ratios of Raman spectroscopy
results.

Figure 11. (a) shows the sample image for Raman spectroscopy. We made
byproducts to the powder-type samples because it is hard to tightly focus on the
byproducts by visible laser of Raman spectroscopy. The reason for hard to focus is
that the byproducts are highly porous. In all conditions, carbon D and G peaks
appear as shown in Figure 11. (b), this means carbon materials such as graphite and
graphene are formed. Furthermore, in the specific condition which is over 15J/m,
the carbon 2D peak appears and this implies graphene is fabricated. But under
10J/m conditions, only carbon D and G peaks appear, and it means graphite is
formed. Figure 11. (c) shows the peak intensity ratio ld/lg and l2d/lg according to
laser energy density. Lower ld/lg and higher l2d/lg represent the lower defect level
of carbon materials and higher graphene crystallinity respectively.?®! Through these
data, we can recognize as the laser energy density increases, ld/lg increases which
means high-defect graphite is formed and l2d/lg is decreased which means low-
quality graphene is formed. As a result, when we consider ld/lg and l2d/lg peaks
comprehensively, 15J/m conditions can be determined as an optimum condition.
However, because the optimal condition can be changed depending on the type of

external stimuli, we will use samples fabricated at various conditions when testing
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as a sensor and examine performances.
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Figure 12. Raman spectroscopy results of byproducts to explain the tendency
of beta-SiC.

Also, we can find Raman spectroscopy peaks composed of the transverse optical
(TO) and longitudinal optical (LO) peaks that mean the existence of beta-SiC as
shown in Figure 12.5° However, it is hard to acquire these beta-SiC peaks because
the quantity of beta-SiC is much smaller than in carbon materials. Therefore,
estimating the tendency of beta-SiC formation through Raman spectroscopy results
is difficult, but we can insist it is possible to confirm the presence of beta-SiC and

carbon materials in byproducts as shown in Figure 12.

3.4 Characterization Conclusion

When we consider the fact that because the X-ray power of XPS is usually much
lower than that of XRD, it is known that the penetration depth of XPS is about
several nanometers and of XRD is about several micrometers.Y Dealing with this
conclusion and the result of Raman spectroscopy, the pyrolysis byproducts are
produced from the trench in the order of SiO2, beta-SiC, and carbon-based
materials as shown in Figure 13. At this time, the colors of SiOz, beta;SiQ, and
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carbon in Figure 13 are fake and we marked these colors to help comprehension.
The sophisticated thickness calculation of SiO2, beta-SiC, and carbon-based

materials layers is needed in future research.

Figure 13. Hierarchical composition of byproducts.

This conclusion consists with the previous experiment.? In the previous study,
researchers insist that a porous graphitic surface is integrated with SiC by showing
high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image. Also, researchers show X-ray diffraction revealing a 3C
polytype of SiC with stacking faults and graphite layer beneath. The difference in
characterization results between our experiment and the previous study may have
originated from laser power and speed. In our experiment, we utilized laser power
between 20mW and 500mW and scanning speed between 5mm/s and 20mm/s. On
the other hand, the previous study used 50W laser power and 0.254mm/s scanning
speed. It means the laser energy density of the previous study is much higher than
our conditions. Also, they used a CO2 laser which has a different wavelength

compared to our visible wavelength laser. We think huge laser energy density made
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lots of graphite as byproducts and this phenomenon brought about results that
graphite peak was recorded in XRD. To sum up our XRD, XPS, and Raman
spectroscopy results, SiO2, beta-SiC, and carbon materials are made sequentially

from the trench and this conclusion matches with previous research.
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Chapter 4. Sensor Performance Test

In this chapter, reactions of byproducts against external stimuli such as strain,
temperature, and gas are investigated. SLP byproducts are judged to be high-
sensitivity sensors to external stimuli because of their high porosity and the
existence of electrical conductivity. Furthermore, the result of sensing performance
will be interpreted relating to the properties and compositions of byproducts. Lastly,

the set-up for multiple stimuli experiments is comprised as shown in Figure 5.

4.1 Application as a Strain Sensor

First, we used byproducts fabricated at 5, 15, and 25J/m conditions as strain
sensors to verify the performance tendency. Because byproducts are brittle,

encapsulating the samples using PDMS is preceded when the strain sensing test

progressed.
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Figure 14. (a) Strain response curve of byproducts depending on laser energy
density. (b) Gauge factor (GF) at high and low strain.

Figure 14. (a) shows the result of resistance change when strain is applied to the

samples. It is notable that 5J/m byproducts show the highest sensitivity but can
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maintain up to 50% strain. In the case of 15 and 25J/m samples, byproducts have
relatively small sensitivity against strain but can keep up to 120% strain. As shown
in Figure 14. (b), it is possible to check the GF, which is given by: GF=(AR/R)/e
where R is the initial resistance and ¢ is the applied strain. Through GF result, it is
proved that 5J/m byproduct acquires the highest sensitivity at low and high strain.
More specifically, 5J/m byproduct shows GF over 50 at high strain and over 15 at
low strain. The reason why sensitivity of the strain sensors is inversely proportional
to laser energy density is that brittle byproducts are fabricated when parameters
related to power is lower.
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Figure 15. (a) Minimum detectable strain of 5J/m sample. (b) Time dependent
cyclic response of 5J/m sample. (c) Durability test of 5J/m sample at 30%
strain.

We used 5J/m sample byproduct, the highest sensitivity sensor, to measure various
performances as a strain sensor. We measured minimum detectable strain, cyclic
response against various strains, and durability. Figure 15. (a) shows that the sensor
can detect a minimum of 0.02% strain. Furthermore, the sensor can perform well
with no hysteresis at various conditions such as 10, 20, and 30% strain as shown in
Figure 15. (b). At last, the sensor can endure 10,000 cycles of 30% strain as shown
in Figure 15. (c), which means the sensor can be used for a long time. Chapter 4.1

suggests various properties as a strain sensor and through these, we can utilize this
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sensor as a transparent wearable strain sensor for future technology like E-skin and

soft robotics.

4.2 Application as a Temperature Sensor

Second, we used byproducts fabricated at 5, 10, 15, 20, and 25J/m conditions as
temperature sensors to verify the performance tendency. We used a heater
embedded in the gas chamber as shown in Figure 5. (c) to acquire responses

against temperature.

(9) aampesadwa)
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20)/m
—25)/m 200°C

*51/m
10 J/m
*15 J/m
20 J/m

i *25 J/m ——resistance  —— temperature

. #

0.8 o 0.75 o

0 1000 2000 3000 4000 20 50 80 110 140 170 200 0 5000 10000 15000 20000 25000 30000
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Figure 16. (a) Temperature response curve of byproducts depending on laser
energy density. (b) Sensitivity according to the temperature of fabricated
sensors. (¢) Durability test of 25J/m sample at cyclic conditions between 25
and 200°C.

Figure 16. (a) shows the response curve of byproducts against external
temperatures. When sensitivity is defined as the resistance change on the basis of
initial resistance, the 25J/m sensor has the highest sensitivity according to
temperature as shown in Figure 16. (b). We can verify the tendency of increasing
sensitivity when the laser energy density is increasing. Also, it is important to find
the reason for this tendency. The major reason for these phenomena is high
crystalline beta-SiC is generated at high laser energy density as shown in the result
of XRD. More specifically, because beta-SiC has a temperature coefficient

resistance (TCR) value larger than graphite and graphene, it is possible to show a
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huge resistance change in high laser energy density conditions in which more and
the high crystalline beta-SiC can be formed.3 B4 The sensor fabricated at 25J/m
shows a resistance change of 0.102%/°C. At last, the test for measuring durability
was progressed. Although PDMS has a thermal expansion coefficient of
310um/m°C, the 25J/m temperature sensor can perform well in cyclic conditions
between 25 and 200°C as shown in Figure 16. (c).*®! Because PDMS is widely
used in organ-on-a-chip, bioengineering, medical devices, and stretchable
electronics, the embedded temperature sensor in PDMS introduced in Chapter 4.2

will be utilized efficiently for various purposes.

4.3 Application as a Gas Sensor

Third, we used byproducts fabricated at 5, 15, and 25J/m conditions as NO2 gas
sensors to verify the various performances. We will examine the reaction between
byproducts and NO2 gas first and then check the responses against various gases
like NH3, H2S, and CO. When we conduct the gas test, the external temperature is
fixed at 100°C.
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Figure 17. (a) NO2 gas response curve of byproducts depending on laser
energy density. (b) Sensitivity of byproducts according to various
concentrations of NOz2 gas. (c) Tim constant T1about NO2 concentrations.

Figure 17. (a) shows the response curves of 5, 15, and 25J/m sensors against NO2

gas concentrations of 10, 20, and 30ppm. We can confirm the linear s?n$itivity Of|=
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the sensor to NOz2 gas concentrations in figure 17. (b) and 5J/m byproduct has the
highest sensitivity. 5J/m sensor shows a 6% resistance change when it reacts with
30ppm NO2 gas. 25J/m sensor shows the lowest sensitivity among various samples.
The reason for this tendency is that the thickness difference of fabricated beta-SiC
disturbs the reaction between the active layer composed of carbon materials and
NO2 gas. More specifically, in the 5J/m condition, the sensitivity against NO2 is
higher than 25J/m because the thickness of the beta-SiC layer is smaller than 25J/m.
In general, beta-SiC is known to react with NO2, but the scale of response is much
smaller than that of graphite and graphene.8! Therefore, we insist that 5J/m
byproducts are more sensitive than 25J/m byproducts because beta-SiC is thinner
in the 5J/m case. Time constant 11 is acquired by fitting a two-phase exponential
decay model as shown in Figure 17. (c). The exact equation of two-phase
exponential decay model is in Figure 17. (c). When observing the obtained data, t1
which is the time it took to 63.2% of fast decay phase is under 100 seconds when
byproducts react with 20 and 30ppn NOz2. This result means byproducts can react
with NOz2 gas fast enough. Especially, the 5J/m byproduct shows the smallest 1
which is almost 70 seconds to 20 and 30ppm NO2. Also, when we see the x-axis of
Figure 17. (a) that is the NO2 gas response curve of byproducts depending on laser
energy density, the scale is of considerable size. It means that the response time
between byproducts and NO2 is huge. However, when we consider the time
constant 11, we can insist our samples’ response is fast enough and don’t need to

observe a full response.
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Figure 18. Two-phase exponential decay model fitting curve between 10ppm
NO2 and (a) 5J/m byproducts, (b) 15J/m byproducts, and (c) 25J/m
byproducts.

Figure 18 shows the graph that solves the two-phase exponential decay model and
acquires time constant t1. Figure 18. (a), (b), and (c) describe the response curve

and time constant between NO2 10ppm and 5J/m, 15J/m, and 25J/m samples

respectively.
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Figure 19. (a) Response curve of 5J/m sensor to various NO2 concentrations.
(b) Response curve about with and without humidity.

We utilize the 5J/m gas sensor which has the highest sensitivity to investigate
various properties. The sensor shows the converging response when NO2
concentration is increasing as shown in Figure 19. (a). Furthermore, to measure the
reaction of the sensor in humidity conditions, we set relative humidity as 30%. The

sensor operates well in 30ppm NO2 concentration with and without humidity as

% ;ﬁ'! X

3 =11 =1
|-1-'l| .J!'



shown in Figure 19. (b). It is notable that when 30% relative humidity exists, the
sensitivity is decreased slightly. We can know that the 5J/m sample is durable in

repetitious 30ppm NO2 conditions.
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Figure 20. (a) Full response curve between 5J/m byproducts and various gases.
(b) The selectivity of NO2 gas among various gases.

At last, the selectivity of NO2 gas among various gases such as H20, NH3, H2S,
and CO is investigated. Figure 20. (a) shows the full responses between 5J/m
samples and gases. It is notable that the response between byproducts and NOz2 gas
is much larger than the others. Figure 20. (b) shows the result of NOz2 selectivity.
Byproducts can selectively detect NO2 among diverse gases and this is because of
the existence of beta-SiC. The beta-SiC layer prevents the reaction between gases
except of NO2 and the sensing layer, graphite and graphene. So, the overall
responses between carbon materials and gases are decreased slightly. At this time,
because beta-SiC can adsorb NOz2 slightly, byproducts can detect only NO2. Full
response curve of our samples against various gases shown in Figure 20. (a) is
similar to that of a single graphene layer.*"! It implies that components among our
byproducts, carbon materials like graphite and graphene implement a major role

when reacting with gases.
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Chapter 5. Conclusion

5.1 Summary of This Research

To fabricate transparent and multifunctional sensors in a simple process and break
the limits of LIG process, we employed the SLP process. Through SLP, trench
shape byproducts were formed. Properties such as width and depth were
investigated using OM and SEM and line resistance was also explored. Through
these processes, we verified the existence of line width under 5um and the
possibility of using the byproducts as strain, temperature, and gas sensors. The
transmittance of samples at the visible region is probed using UV-VIS and it
showed over 80%. Furthermore, we inspected the hierarchical composition of
byproducts using XRD, XPS, and Raman spectroscopy. Through this, we
concluded the byproducts were composed of SiOz, beta-SiC, and carbon materials.
The composition ratio of byproducts can be modulated by controlling laser energy
density. These ratio difference affects byproducts’ response to strain, temperature,
and gas. Based on these results, finally, we used the byproducts as strain,
temperature, and gas sensors. As a strain sensor, the 5J/m byproduct showed the
highest sensitivity and 25J/m byproduct showed the lowest sensitivity. This
sensitivity variation occurs because of brittleness differences between samples.
5J/m sample could detect a minimum strain of 0.02% and endure 10,000 cycles of
30% strain. We verified this strain sensor can be used as a wearable mechanical
sensor through experiment data. As a temperature sensor, the 25J/m byproduct
showed the highest sensitivity because of its high crystalline beta-SiC and 5J/m
byproduct showed the lowest sensitivity against external temperature. The
7]

-
|
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temperature sensor fabricated at 25J/m condition could endure repetitive
temperature conditions between 25°C and 200°C. At last, as a gas sensor, the 5J/m
byproduct showed the highest sensitivity to NOz2, and 25J/m byproduct showed the
lowest sensitivity. The reason of high sensitivity of 5J/m samples is its beta-SiC is
thinner than others. Also, when we see the response time using the two-phase
exponential decay model, time constant t1 recorded under 100 seconds. We
revealed that the 5J/m byproduct responds well to NO2 in with and without
humidity conditions. Finally, fabricated gas sensor had a high NO2 selectivity
among various gases such as NH3, H2S, and CO because beta-SiC thin film

prevents the responses between carbon materials and various gases except NO2.

5.2 Future Work

In this experiment, we examined the possibilities of SLP byproducts using as
transparent and multifunctional sensors. We knew that fabricated sensors could
detect external stimuli like strain, temperature, and gas well through data. The
single sensor detected various stimuli like strain, temperature, and gas by resistance
change which is a single signal. In future work, it is important to decouple the input
single signal to know the type and size of stimuli that are exerted on the sensor. If
this decoupling algorithm is realized, we can detect various stimuli in our real-life
using a single sensor which operates with low power. Actually, some previous
studies showed the possibilities of developing a decoupling algorithm and single
sensor hardware. More specifically, research about separating the type and
concentration of existing gas and quantity and wind speed of raindrops by one
sensor are reported. (38 3% [401 Researchers use advanced algorithms like deep-

neural-network (DNN) and long-short-term memory (LSTM) to decouEJIq multiple
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data in one signal. Furthermore, it is important in future experiments to exactly
investigate the response mechanism between pyrolysis byproducts and external
stimuli like strain, temperature, and gas by using simulation programs,
transmission electron microscope (TEM), atomic force microscopy (AFM), and
BET measurement. Nowadays, PDMS polymer is used in various research fields
such as bioengineering, microfluidic, soft-lithography technology, and sustainable
energy application. We introduced in this experiment the technologies, successive
laser pyrolysis of PDMS and using byproducts as a transparent and multifunctional
sensor, and the implementation possibility of advanced software which decouples
multiple stimuli and detects type and quantity of stimuli. We believe these

technologies will be widely used in various fields of research mentioned above.
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