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Abstract

Laser-induced graphene (LIG) has emerged as a promising material in the field of printed electronics,
offering excellent electrical conductivity and versatility. Its versatility stems from multiple factors:
the potential for low-cost, facile, and rapid production without toxic chemicals (unlike traditional
copper traces on printed circuit boards); the ability to be fabricated on various substrates; its
customizable properties and its large surface area.

However, the inherent fragility of its structure poses a significant challenge, as it can be easily
damaged or removed even by touching or under mechanical forces, limiting its practical applications.
While a few encapsulation techniques have been explored to enhance the mechanical robustness of
LIG, they often result in a significant increase in electrical resistance, diminishing its conductivity
to the point where it becomes impractical for use as conductive traces in printed electronics.

In this study, we present a novel and facile approach to encapsulating LIG inscribed on a
Kapton substrate while preserving the LIG’s remarkable electrical properties. Through a simple
and cost-effective encapsulation process involving controlled pressure application, we successfully
limited the increase in resistance to just 5% of the LIG’s original value. This optimal result was

achieved with an applied pressure of 80 psi using a hydraulic press. The fabricated LIG exhibited
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a low initial sheet resistance of approximately 2.2 €/sq, making it a promising candidate for
applications requiring this level of resistance. Our approach offers a straightforward solution to
enhancing the mechanical robustness of LIG while maintaining its desirable electrical characteristics,
potentially broadening its applicability in flexible electronics and related fields.

Comprehensive characterization techniques, including Raman spectroscopy and scanning
electron microscopy (SEM) were employed to investigate the structural and morphological properties
of the encapsulated LIG. The results obtained from these analyses validate the efficacy of our
encapsulation approach in preserving the desirable properties of LIG while enhancing its mechanical
durability.

The findings of this research open up new avenues for the practical implementation of LIG in
various electronic devices and applications where mechanical robustness and high conductivity
are essential requirements, such as flexible and wearable electronics and flexible interconnects for
conformable electronic systems. Future research endeavors can focus on further optimizing the
encapsulation process, exploring alternative substrate materials, and investigating the potential

integration of encapsulated LIG into diverse electronic systems and components.
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Chapter 1

Introduction

1.1 Laser-Induced Graphene: Properties and Applications

Graphene is a two-dimensional flat monolayer of carbon atoms packed into six-membered honeycomb
rings. This structure serves as the building block for various carbon nanostructures: wrapped up to
form zero-dimensional fullerenes, rolled to form one-dimensional nanotubes, or layered to form
three-dimensional graphite [2—4], as shown in fig. 1.1. Graphene (or 2D graphite) was isolated
in 2004 for the first time by Andre Geim and Konstantin Novoselov who won the Nobel prize in
physics in 2010 for their significant work on graphene and its applications [5].

Graphene’s exceptional properties, including its high surface area [6-8], ultra-high carrier
mobility [9], high thermal conductivity [10, 11], ultra-thin thickness [12], and chemical stability [13]
have made it a revolutionary material since its discovery in 2004 [8].

To further enhance these properties, graphene can be engineered into 3D porous structures,
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0D

Figure 1.1: Graphene can be wrapped up to form zero-dimensional fullerenes, rolled to form

one-dimensional nanotubes, or layered to form three-dimensional graphite. [1]
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making it an excellent option for a wide range of applications. These include electrode materials for
supercapacitors, batteries, fuel cells, water splitting cells, solar cells, flexible electronic devices,
sensors, and thermal storage materials. This diverse range of applications demonstrates the versatility
and significant potential of 3D graphene materials in various fields [14, 15]. However, traditional
methods including hydrothermal reduction [7, 16], chemical reduction [17, 18], template-directed
method [19, 20], and chemical vapor deposition (CVD) [21,22] are complex, involving multiple
steps, lengthy processes, including chemicals, and high costs. In response to these challenges,
scientists in 2014 developed a simple, one-step process to directly inscribe 3D porous graphene on
substrates such as polyimide using a commercial CO, laser. This innovation significantly streamlines
the production process, eliminates the need for lengthy procedures, can be done in ambient air,
avoids the use of chemicals, and reduces associated costs [23,24]. Through this method, LIG can
be patterned into various shapes, offering a straightforward approach for manufacturing printable
electronics [25].

Numerous studies have investigated the influence of laser process parameters on the surface
morphology, and physical, electrical, and mechanical properties of fabricated LIG. [23] By changing
laser type, process atmosphere and doping and manipulating laser parameters such as wavelength,
scanning speed, laser power, pulse duration, and repetition rate, researchers can fine-tune LIG’s
characteristics [23,26]. Optimization of these parameters has led to the production of LIG with
exceptional properties, including high porosity (340 m?/g), remarkable thermal stability (up to 900
°C), and impressive electrical conductivity (25 S/cm) [24].

To put the electrical conductivity of LIG (25 S/cm) into perspective, it is comparable to the
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conductivity of graphite perpendicular to its basal plane, which ranges from 3 S/cm to 25 S/cm
(while its in-plane conductivity can range from 500 S/cm to 1700 S/cm). This value is higher than
that of most semiconductors, which typically range between 1078 §/cm and 102 S/cm, depending
on the material and conditions. However, it remains about two orders of magnitude lower than
metals, which generally have conductivities exceeding 10* S Jem [27] [28].

The formation of LIG through laser irradiation begins with the intense laser irradiation causing
rapid local heating of the polyimide surface to extremely high temperatures. However, as the
temperature continues to rise, C=0 and N-C bonds subsequently break down. The remaining carbon
atoms, liberated from their original molecular structure, recombine to form the graphene network.
A critical step in this process is the photothermal conversion of sp3-hybridized carbon atoms to
sp2-hybridized carbon atoms, which is key to the formation of the graphene structure and its resultant
high electrical conductivity. The breakdown of the original polymer structure is accompanied by
the release of gaseous byproducts, contributing to the porous nature of the resulting LIG. Despite
the high temperatures involved in LIG formation, which would typically cause carbon to oxidize
into CO, in ambient conditions, several factors prevent complete oxidation. The extremely rapid
heating and cooling rates (approximately 10° °C/s) create a localized, oxygen-deficient environment
by quickly vaporizing and expelling oxygen from the reaction zone. Additionally, the decomposition
of polyimide releases gases such as CO, CO,, and hydrocarbons, which form a temporary protective
atmosphere around the forming graphene. The developing porous structure of LIG may also limit
oxygen diffusion to reaction sites. These combined effects allow for the formation of graphene

structures rather than complete oxidation to CO,, enabling the LIG process to occur successfully in
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ambient conditions without the need for inert atmospheres. The final product of the LIG fabrication
process is a black, conductive substance firmly adhered to the remaining polyimide substrate,
exhibiting high electrical conductivity and a porous structure [24-26,29-32].

This versatility and the unique properties of the resulting LIG have led to its application across
a wide range of fields. In the realm of renewable energy, LIG has shown promising potential for
sustainable energy conversion processes, including water treatment and fuel cell technology [6, 14].
Its unique properties make it particularly well-suited for energy storage applications, with significant
advancements in the development of high-performance supercapacitors and batteries [6,14,23,33,34].
The material’s exceptional sensitivity and conductivity have led to its integration in various sensing
technologies [6,35-38]. Furthermore, LIG’s flexibility and ease of fabrication have opened new
avenues in the field of flexible electronics [26,39], allowing for the development of bendable and
wearable devices. This wide-ranging applicability of LIG, from energy-related technologies to
advanced sensing and flexible electronic systems, underscores its potential to revolutionize multiple

industries and contribute to the development of more efficient and sustainable technologies.

1.2 Challenges in Mechanical Robustness of LIG

Despite the numerous advantages and potential applications of LIG, a significant challenge that
impedes its widespread practical use is its inherent mechanical fragility. The structure of LIG visibly
changes with a small mechanical contact. This vulnerability to mechanical stress presents a critical
limitation that must be addressed to fully harness LIG’s potential in real-world applications. [40,41]

The porous nature of LIG, while beneficial for many of its applications, contributes to its
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structural weakness. The laser-induced process creates a network of interconnected graphene
flakes with numerous voids and defects. [37] This structure, although advantageous for applications
requiring high surface area, makes the material vulnerable to fracture under mechanical forces. [42]

One primary issue is LIG’s tendency to delaminate from its substrate when subjected to bending,
stretching, or compressive forces. This issue can lead to performance degradation or complete
failure of LIG-based devices, particularly in applications requiring flexibility or repeated mechanical
movements. [43]

Furthermore, the brittle nature of LIG makes it prone to cracking and fragmentation when
exposed to mechanical stress. Even relatively minor physical contacts or deformations can cause the
LIG structure to break apart, disrupting its structure and electrical conductivity and diminishing
its functional properties. This fragility limits LIG’s potential in applications where durability and
resistance to mechanical forces are critical. [44,45]

The integration of LIG with other materials and components is also hindered by its fragile nature.
Creating robust interfaces between LIG and other parts of a device or system is often challenging
due to the material’s fragile nature. This integration challenge impedes the development of complex,
multi-material systems that could otherwise benefit from LIG’s unique properties. [34]

The environmental sensitivity of LIG further compounds its mechanical robustness issues.
Exposure to moisture, temperature fluctuations, or certain chemicals can alter LIG’s structural
durability, potentially amplifying its mechanical weaknesses over time [46]. This sensitivity raises
concerns about the long-term stability and reliability of LIG-based devices, particularly in harsh or

variable environments [47].
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Addressing the fragile nature challenges is crucial for unlocking the full potential of LIG in
various technological applications. There is a pressing need for research focused on overcoming
LIG’s inherent fragile nature without diminishing its beneficial characteristics such as high
conductivity. [40,43-45,47]

The challenge of overcoming LIG’s fragile nature presents an exciting opportunity for materials
scientists and engineers. Overcoming this limitation could pave the way for a new generation of
durable, flexible, and high-performance devices based on LIG technology. Success in this area
would not only expand the practical applications of LIG but also contribute to advancing fields such

as flexible electronics, energy storage, and sensing technologies.

1.3 Encapsulation Methods for Preserving LIG Conductivity

To address the challenges mentioned in the previous section, researchers have explored various
encapsulation methods aimed at improving the mechanical robustness of LIG while maintaining its
essential conductive properties.

Existing encapsulation approaches mainly include protective coatings [43], substrate engineering
or surface treatments to improve adhesion [48,49], optimizing the laser-induced graphene formation
process to create more mechanically stable structures [50], and developing composite materials that
incorporate LIG [25,40,43,44].

Protective coatings involve applying a thin layer of material over the LIG surface to shield it
from environmental factors. Common materials used for this purpose include polymers, such as

polydimethylsiloxane (PDMS) or parylene, which offer flexibility and chemical resistance. While
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effective in providing a barrier against moisture and chemicals, these coatings must be carefully
selected and applied to avoid interfering with the LIG’s electrical properties. For instance, the
LIG has a sheet resistance of 0.13 kQ/square. This increases to 0.33 kQ/square when coated
with duct tape, 0.43 kQ/square with low-density polyethylene (LDPE), 0.48 kQ/square with
high-density polyethylene (HDPE), 0.97 kQ/square with the inner layer of a band-aid, and 1.79
kQ/square with polyurethane. [43].

Composite integration represents another promising approach, wherein LIG is incorporated into
a matrix material to form a composite structure. This method can enhance the overall mechanical
strength of the material while potentially leveraging the properties of both the LIG and the matrix.
For instance, researchers have explored the integration of LIG with epoxy resins or thermoplastic
polymers to create conductive composites with improved durability. The challenge lies in achieving
a balance between protection and maintaining the accessibility of the conductive LIG network. The
electrical conductivity of LIG composites can vary significantly depending on the matrix material
used. For example, while LIG has a sheet resistance of 0.13 kQ/square, compositing it with
different materials generally results in increased resistance. For instance, a duct tape/LIG/LDPE
composite shows a sheet resistance of 0.47 kQ/square, while an LDPE/LIG/HDPE structure
yields 0.47 kQ/square as well. More intricate combinations, such as LDPE/LIG/cheesecloth
or LDPE/LIG/kimwipe, result in sheet resistances of 0.57 kQ/square and 0.68 kQ/square,
respectively. [25,40,43,44]

Substrate engineering focuses on optimizing the interface between the LIG and its underlying

substrate. This can involve exploring alternative substrate materials that offer better adhesion to
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LIG or modifying existing substrates through surface treatments. For example, plasma treatment
of polyimide substrates prior to LIG formation has been shown to enhance the bonding between
the graphene and the substrate, potentially improving long-term stability. Recent studies have
demonstrated that substrate engineering can significantly enhance the electrical and mechanical
properties of LIG without compromising its conductivity. For example, increasing the wettability of
polyimide substrates through localized Argon cold plasma treatment has been shown to improve
the crystallinity of LIG by 21%, leading to a 51.13% increase in electrical conductivity. This
improvement is attributed to the enhanced surface energy, which facilitates the diffusion of graphene
nuclei, promoting better crystalline growth [48]. Similarly, researchers have enhanced LIG
performance on CPI (colored polyimide) film surfaces by initially rendering them hydrophilic
through oxygen plasma treatment and applying AuNPs (gold nanoparticles) solution before laser
processing, resulting in Polyimide-based Au-LIG. Although the study highlights enhancements in
electrochemical performance and triboelectric properties of Au-C-LIG on CPI surfaces—such as
increases in surface potential and work function from 4.70 eV to 4.94 eV and exceptional sensor
sensitivities of 27.56 kPa~' (0-3 kPa), 6.97 kPa™' (3-7 kPa), and 0.65 kPa~! (7-25 kPa), it does
not investigate the specific effects of these modifications on electrical conductivity [49].
Additionally, researchers have investigated modifications to the LIG formation process itself to
create more mechanically stable structures. This includes optimizing laser parameters, such as power
and scan speed, to produce denser and more interconnected graphene networks that exhibit improved
resilience to mechanical stresses. By optimizing laser scan speed and frequency, researchers have

achieved more interconnected and dense graphene networks, with needle-like structures exhibiting a
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capacitance as low as 268 uF/cm, four times higher capacitance than sheet-like structures, while
maintaining structural integrity and resilience [50].

While these encapsulation approaches offer various benefits, each comes with its own set of
drawbacks. Some methods involve complicated steps, such as integration of LIG into composite
materials, which can be time-consuming and potentially affect scalability [25,40,43,44]. Others,
like certain substrate engineering techniques (e.g., plasma treatment and AuNPs application) are
costly and diminishing scalability in the result [48,49]. Additionally, some approaches, such as
optimizing laser parameters for more stable LIG structures, do not cause much improvement in
the fragile nature of LIG [50]. The approached that include using a protective layer, increase the
electrical conductivity significantly [43]. These limitations highlight the ongoing challenge of
finding a balance between enhancing LIG’s mechanical robustness and maintaining its essential
conductive properties while keeping production processes practical, simple, and cost-effective.

Building upon these existing approaches, this thesis proposes a novel encapsulation method
for LIG fabricated on polyimide substrates. The proposed technique involves encapsulating the
LIG structure with an additional layer of polyimide using a hydraulic press. This approach aims to
leverage the encapsulating layer to create a seamless, protected conductive structure. The use of
polyimide as the encapsulating layer allows for precise control over the encapsulation process and
creating a uniform protective layer that minimizes the impact on the LIG’s electrical properties.

This research will explore the optimal parameters for the hydraulic press encapsulation process,
including pressure and temperature. Additionally, the study will investigate the effects of this

encapsulation method on the LIG’s electrical conductivity, mechanical durability, and resistance to
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moisture as an environmental factor.

By developing this encapsulation technique, we aim to contribute to the broader goal of enhancing
the durability and reliability of LIG-based devices and structures. The successful implementation of
this method could pave the way for more robust LIG applications in areas such as flexible electronics

and sensors, where long-term stability under varying environmental conditions is crucial.

1.4 Objective

The primary aim of this research is to develop a novel, simple, and cost-effective method for
encapsulating laser-induced graphene (LIG) that enhances its mechanical robustness while preserving

its exceptional electrical properties. Specifically, this study seeks to achieve the following objectives:

* Design and implement a facile encapsulation technique for LIG using an additional layer of
polyimide and a hydraulic press, aiming to create a consistent protective structure, addressed

in Section 4.1 (Encapsulation Method).

* Optimize the encapsulation process parameters, including applied pressure and temperature,
to achieve the best balance between mechanical protection and electrical conductivity
preservation, discussed in Section 4.2 (Conductivity Measurements after Encapsulation) and

partially in Section 4.3 (Mechanical Bending Tests).

» Evaluate the effectiveness of the encapsulation method in maintaining LIG’s electrical
conductivity, demonstrating significant improvement over the current state of the art, covered

in Section 4.2 (Conductivity Measurements after Encapsulation).

11
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* Assess the bending durability of the encapsulated LIG under various bending radii, addressed

in Section 4.3 (Mechanical Bending Tests).

* Characterize the structural and morphological properties of the encapsulated LIG using
techniques such as Raman spectroscopy and scanning electron microscopy (SEM), detailed in

Section 5.1 (Raman Spectroscopy Analysis), and Section 5.2 (SEM Analysis).

* Compare the performance of this novel encapsulation method with existing approaches
in terms of simplicity, cost-effectiveness, and preservation of LIG’s desirable properties,

discussed in Section 6 (Discussion and Conclusions).

By achieving these objectives, this research aims to address the current limitations in LIG
technology, particularly its inherent fragility, and contribute to advancing the practical implementation

of LIG in various electronic devices and applications.

12



Chapter 2

Experimental Methods

2.1 Fabrication of Laser-Induced Graphene

The fabrication of LIG on Kapton (Polyimide) substrates represents a significant advancement in
the field of conductive materials synthesis. The primary substrate used in this study is a flexible
sheet of Kapton, consisting of two layers of 125 um thickness each, stacked together to form a
combined thickness of 250 um. The laser scribing process was performed using a CO, laser cutter
device (Hydra 16A) manufactured by Hyrel 3D (Atlanta, GA), with a maximum power output of
40 W. The laser was employed to inscribe rectangles measuring 36 mm in length and 2 mm in
width onto the polyimide sheets, utilizing vector and raster modes for length and width, respectively.
Additionally, a spiral mode was implemented for fabricating the rectangles, offering versatility in
the patterning process. Key laser parameters included a wavelength of 10.6 um, laser spot size of

400 pm, focal distance of 8 mm, laser power at 45% of 40 W (18 W), pulse spacing of 1000 dots

13
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Laser

AICUALCU VY T G iC o |

Kapton

Figure 2.1: The laser process and the resulting LIG structure

per inch (DPI), and a scan rate of 700 mm/min. The temporal spacing between laser pulses was
calculated to be approximately 2.178 milliseconds. All laser scribing was conducted under ambient
conditions, demonstrating the process’s simplicity and potential for scalability. The laser process
and the resulting LIG structure is shown in Fig. 2.1.

To optimize the LIG fabrication process, we employed a systematic approach to explore and
refine the two critical process parameters: laser power and scan rate. Using the G-code designed for
the Hyrel laser system [30], we began by varying the laser power from 15% (6 W) to 80% (32 W) in
5% increments. The results, as shown in Figure 2.2, revealed that a power setting of 45% (18 W)
produced the most favorable outcomes in terms of uniformity and quality of the LIG. Subsequently,

we fixed the laser power at 45% and systematically varied the scan rate from 200 mm/min to

14
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Figure 2.2: Variation of sheet resistance with laser power from 15% (6 W) to 80% (32 W). The

optimal sheet resistance was achieved at a laser power of 45% (18 W).
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Figure 2.3: Effect of scan rate on sheet resistance at a fixed laser power of 45% (18 W). The lowest

sheet resistance of 2 Q/square was observed at a scan rate of 700 mm/min.
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1500 mm/min to identify the optimal rate. As shown in Figure 2.3, this process revealed that a scan
rate of 700 mm/min yielded the lowest sheet resistance, achieving values as low as 2 /square. By
independently varying and analyzing these parameters, we ensured a comprehensive optimization,
enabling the fabrication of high-quality LIG with exceptional electrical properties. However, we
may not have found a global minimum, as the parameters were changed one at a time during the

optimization process.

2.2 Measurement Techniques

A diverse array of measurement techniques was employed to comprehensively characterize the
properties and performance of LIG before and after encapsulation. These techniques provided
crucial insights into the electrical, structural, and morphological properties of the LIG, allowing us
to assess the effectiveness of our encapsulation method.

Resistance Change Measurements: To evaluate the impact of encapsulation on the electrical
properties of LIG, we designed a custom in-situ measurement setup. This innovative approach
allowed us to monitor the resistance changes in real-time while the pressure was applied using
the hydraulic press. Due to the limitations of our hydraulic press, which measures pressure in
psi and tons, accurately maintaining pressures below 80 psi was challenging. Although the load
cell precisely indicated force in kilograms, manual adjustments of the press handle to achieve
consistently lower pressure than 80 psi were difficult. By continuously measuring the resistance
during the encapsulation process, we could observe how different levels of applied pressure affected

the electrical conductivity of the LIG. This setup provided valuable data on the relationship between
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applied pressure and the preservation of LIG’s conductive properties, enabling us to optimize the
encapsulation process.

During this study, two methods were employed to measure the sheet resistance of LIG. The first
method utilized a four-point probe system, which was used to measure the sheet resistance of the
as-fabricated LIG samples. In this method, the sample was placed under the Ossila four-point probe,
which applied a constant current through the outer probes while measuring the voltage drop across
the inner probes. The second method involved using a digital multimeter to measure the resistance
of the samples after fabrication and encapsulation. The measured resistance was then converted to

sheet resistance using the formula:

R;=R- w
L

where R; is the sheet resistance in ohms per square, R is the resistance in ohms, W is the width
of the sample, and L is its length.

The width (W) and length (L) of the LIG samples were measured using an optical microscope
equipped with a micrometer scale, yielding precise dimensions of W = 2mm and L = 36 mm
(replace X and Y with actual values). These dimensions were used in the formula Ry = R - W/L
to calculate the sheet resistance. The correction factor refers to the direct application of these
measured dimensions to ensure accurate calculations, accounting for potential alignment or geometric
inconsistencies. To validate the accuracy of these calculations, the measured resistance values

were cross-verified with those obtained using the four-point probe system. This complementary

approach provided robust and reliable characterization of the sheet resistance, which was critical for
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evaluating the electrical properties of LIG under varying conditions.

Raman Spectroscopy: Raman spectroscopy was utilized to investigate the structural characteristics
of the LIG at different stages of the encapsulation process. We analyzed three distinct samples:
unencapsulated LIG, LIG encapsulated at 80 psi of pressure, and LIG encapsulated at 800 psi
of pressure. This comparative approach allowed us to examine how varying levels of applied
pressure during encapsulation affected the graphene structure. The Raman spectra provided crucial
information about the quality of the graphene, the presence of defects, and any structural changes
induced by the encapsulation process and pressure. This analysis was instrumental in understanding
how our encapsulation method impacted the fundamental structure of the LIG.

Scanning Electron Microscopy (SEM): SEM imaging was employed to examine the morphologi-
cal features of the LIG samples at high resolution. We analyzed three key samples: unencapsulated
LIG, LIG encapsulated with 100 kg of pressure, and LIG encapsulated with 1000 kg of pressure.
These images allowed us to visualize the surface structure and porosity of the LIG, and how these
features were affected by different levels of encapsulation pressure. The SEM analysis provided
valuable insights into the physical changes occurring in the LIG structure during the encapsulation
process, helping us to correlate these morphological changes with the observed electrical and
structural properties.

By combining these measurement techniques, we were able to build a comprehensive understand-
ing of how our encapsulation method affected the various properties of LIG. This approach allowed
us to optimize the encapsulation process, balancing the enhancement of mechanical robustness with

the preservation of LIG’s desirable electrical and structural properties. The insights gained from
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these measurements were instrumental in evaluating the effectiveness and potential applications of

our novel encapsulation technique.

2.3 In-situ Resistance Measurement System

To accurately assess the impact of mechanical forces on the electrical properties of LIG during
the encapsulation process, we designed a custom-designed in-situ resistance measurement system.
This set up is shown in fig. 2.4. This innovative setup allows for real-time monitoring of LIG’s
electrical resistance as varying levels of pressure are applied using a hydraulic press. The system
consists of several key components working together to provide data on the relationship between
applied pressure and electrical resistance. At the heart of the setup is the LIG sample, carefully
prepared to ensure consistent and reliable measurements. Two contact wires are attached to the
LIG sample using silver paint contacts, as shown in fig. 2.5. Silver paint was chosen as the contact
material because it provides a low-resistance connection that minimizes interference with the overall
resistance of the LIG sample, ensuring more accurate measurements, as shown in Fig. 4. This
aspect of the setup will be further validated in section 3.3, demonstrating that the contact resistance
is negligible compared to the resistance of the LIG itself.

These contact wires are connected to a high-precision digital multimeter (OWON XDM2041),
as shown in fig. 2.4, which continuously measures and records the electrical resistance of the LIG
sample. The multimeter’s integration into the system allows for accurate and real-time tracking of
resistance changes as the sample undergoes compression.

A key innovation in this setup is the incorporation of a force load cell placed directly on
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Figure 2.4: The laser process and the resulting LIG structure
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the upper plate of the pressing machine which is placed on the sample. This load cell provides
instantaneous feedback on the force applied by the hydraulic press, allowing for precise correlation
between the applied pressure and the observed changes in electrical resistance. The load cell’s
readings are synchronized with the resistance measurements from the digital multimeter, enabling
a comprehensive analysis of how varying levels of pressure affect the LIG’s resistance. This
arrangement allows for the controlled application of pressure while simultaneously measuring both
the applied force and the resulting changes in electrical resistance.

By integrating these components, our custom-designed system offers several advantages. It
allows for real-time data collection, providing insights into the dynamic behavior of LIG under
applied force. The inclusion of the load cell ensures accurate quantification of the applied pressure,
enabling detailed analysis of the pressure-resistance relationship. The use of silver paint contacts
minimizes additional resistance, ensuring that the measured changes are primarily due to the LIG’s
response to applied pressure. Furthermore, the system’s versatility allows it to accommodate various
sample sizes and configurations, enabling comprehensive testing of different LIG patterns and
encapsulation methods.

This in-situ resistance measurement system represents a significant advancement in the charac-
terization of LIG properties under mechanical stress. By providing real-time, accurate data on the
relationship between applied pressure and electrical resistance, it enables a deeper understanding of
the encapsulation process and its effects on LIG’s electrical properties. The insights gained from
this system are crucial for optimizing the encapsulation technique and developing LIG-based devices

with enhanced mechanical robustness while maintaining desirable electrical characteristics.
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2.4 Four-Point Probe Measurements

To accurately measure the electrical resistance of LIG and eliminate potential contact resistance
effects, we implemented the four-point probe technique. This method is crucial for obtaining
precise resistance measurements by effectively eliminating the possibility of the influence of contact
resistance. Our approach involved a comparative study between the two-point measurement and the
four-point probe technique, allowing us to validate the accuracy of our resistance measurements and
assess the impact of silver paint contacts on the overall resistance readings. In this experiment, we
modified our in-situ resistance measurement setup to accommodate four-point probe measurements.
We prepared LIG samples with four silver paint contacts evenly spaced along the length of the LIG
structure. The experimental procedure involved conducting resistance measurements under varying
applied pressures using both the two-point and four-point methods on the same LIG sample.

We used the high-precision digital multimeter (OWON XDM?2041), which offers the capability
to switch between two-point and four-point measurement modes. This feature was instrumental in
our investigation, allowing us to perform both types of measurements with the same instrument,
thereby minimizing potential variability from using different equipment.

To switch the OWON XDM?2041 from two-point to four-point measurement mode, we followed
a specific procedure. We first ensured that the multimeter was in resistance measurement mode.
We then switched from the two-wire (two-point) setting to the four-wire (four-point) setting. Once
in four-point mode, the multimeter uses separate pairs of terminals for current supply and voltage
measurement. The outer two probes supply the current, while the inner two probes measure the

voltage drop across the sample. This configuration allows for the elimination of contact resistance
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from the measurement.

During the experiment, we carefully recorded resistance values obtained from both the two-point
and four-point measurements at various levels of applied pressure. By comparing these values, we
could determine if there was a significant difference between the two methods. If the resistance
values were comparable, it would indicate that the contact resistance introduced by the silver paint
was negligible under various pressure conditions. Conversely, a noticeable discrepancy would
suggest that contact resistance was influencing our measurements, necessitating the use of the
four-point probe technique for more accurate results.

This four-point configuration eliminates contact resistance effects due to the fundamental
principles of voltage measurement. The key lies in the high input impedance of voltmeters, which
means they draw negligibly small currents during measurement. While significant voltage drops
occur at the contact points of the current-carrying outer probes due to contact resistance, the
voltage-sensing inner probes draw such minimal current that the voltage drops at their contact points
are effectively zero. Therefore, the voltage measured between the inner probes reflects only the
voltage drop across the sample itself. Since resistance is calculated using this measured voltage
and the known current supplied through the outer probes (R = V/I), the result represents the true
resistance of the sample, unaffected by contact resistances at any of the probe points. This would not
be possible in a two-point measurement, where the same probes carry current and measure voltage,
making it impossible to separate the contact resistance from the sample resistance.

Notably, as shown in fig. 3.4, our analysis revealed no significant discrepancy between the

two-point and four-point measurements across the range of applied pressures. This consistency
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in results strongly suggests that the contact resistance introduced by the silver paint contacts was
indeed negligible in our experimental setup. Consequently, we could confidently proceed with
our two-point measurement approach for the remainder of our studies, assured that our resistance

measurements accurately reflected the intrinsic properties of the LIG samples.

2.5 Raman Spectroscopy

Raman spectroscopy was employed as a powerful tool to investigate the structural characteristics of
LIG samples before and after the application of mechanical pressure during encapsulation. This
non-destructive technique provides valuable insights into the structure and composition of materials,
making it particularly useful for examining potential changes in the graphene structure induced by
our encapsulation process.

Our test included the analysis of three LIG samples, each representing a different stage in our

study:

* As-fabricated LIG: This sample represented the baseline condition, allowing us to characterize

the initial structural properties of the LIG immediately after its fabrication.

* LIG subjected to 80 psi of pressure: This sample was subjected to a moderate level of

pressure, simulating the conditions of our encapsulation process.

* LIG subjected to 800 psi of pressure: This sample was exposed to a high level of pressure,

enabling us to examine the effects of more extreme mechanical stress on the LIG structure.
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It is important to note that for samples 2 and 3, we employed a modified approach to simulate the
pressure conditions of encapsulation without actually encapsulating the samples. This methodological
adaptation was necessary due to the nature of the Kapton film used in our encapsulation process.
The adhesive properties of the Kapton film would have made it impossible to separate the film from
the LIG after encapsulation without destroying the LIG structure, thereby making Raman analysis
unfeasible.

To overcome this challenge, we devised an alternative method that simulated the pressure
conditions while maintaining sample integrity for Raman analysis. We placed a layer of glass
on top of the LIG samples before applying pressure. This glass layer acted as a non-adhesive
substitute for the Kapton film, allowing us to apply the desired pressure without compromising the
ability to perform subsequent Raman spectroscopy. This approach ensured that the LIG samples
experienced mechanical stress comparable to the actual encapsulation process while remaining
accessible for Raman analysis. Although the glass-top method closely simulates the structural
effects of encapsulation, accurately measuring the similarity in electrical resistance between the
glass-topped and encapsulated LIG samples is challenging. Specifically, resistance measurements
become unreliable once the glass is removed because it immediately changes the resistance of the
sample. Therefore, while we cannot provide precise numerical data on resistance comparisons, this
method is still the closest to replicating the encapsulation process in terms of applying consistent
pressure without altering the structure further. This logical comparison supports the idea that both
conditions should have similar structural behaviors, even though direct measurements after pressure

application aren’t possible.
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Raman spectroscopy on these samples provides a lot of information about the graphene structure

and its response to mechanical stress. By analyzing the Raman spectra of samples 1, 2, and 3, we

can detect several key aspects:

Graphene Quality: The intensity and shape of the G and 2D peaks in the Raman spectra offer
insights into the quality and layer structure of the graphene. Changes in these peaks across

the samples can indicate alterations in the graphene structure due to applied pressure [51,52].

Defect Density: The presence and intensity of the D peak in the Raman spectra provide
information about defects in the graphene structure. Comparing the D peak across samples

can reveal whether mechanical stress induces or alters defects in the LIG [53, 54].

Strain Effects: Shifts in peak positions, particularly of the G and 2D peaks, can indicate
strain in the graphene lattice. By comparing these shifts across samples 1, 2, and 3, we can

assess how different levels of applied pressure affect the strain state of the LIG [55, 56].

Structural Integrity: The overall shape and relative intensities of the Raman peaks across
the three samples can provide information about the structural integrity of the LIG under
different pressure conditions. This analysis helps in understanding how well the LIG structure

withstands mechanical stress [57, 58].

Chemical Changes: Any new peaks or significant alterations in the Raman spectra of samples
2 and 3 compared to sample 1 could indicate chemical changes induced by the applied
pressure, offering insights into potential pressure-induced reactions or transformations in the
LIG structure [59, 60].
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The Raman spectroscopy measurements were performed using a Bruker SENTERRA Dispersive
Raman Microscope operating at a wavelength of 532 nm with a laser power of 5 mW. The
microscope was equipped with an objective lens having a numerical aperture (NA) of 0.75, and
the measurements were conducted using an aperture of 50x1000 micrometers with a spectral
resolution of 9-15 cm™'. By conducting this comprehensive Raman spectroscopy analysis, we aim
to gain a deeper understanding of how mechanical pressure, simulating our encapsulation process,
affects the structural and chemical properties of LIG. This information is crucial for optimizing
our encapsulation technique and for predicting the performance and durability of LIG in various

applications where it may be subjected to mechanical stress.

2.6 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) was employed as a crucial analytical technique to observe
and characterize the microstructural changes in LIG under varying mechanical loads. This
high-resolution imaging method allows for the detailed examination of surface topography and
morphology, providing invaluable insights into the structural evolution of LIG in response to applied
pressure. Our SEM analysis focused on the same set of samples used in our Raman spectroscopy
studies: as-fabricated LIG, LIG subjected to moderate pressure (equivalent to 80 psi pressure),
and LIG under high pressure (equivalent to 800 psi pressure). This consistent sample set allows
for direct correlation between spectroscopic data and microstructural observations, enhancing the
comprehensiveness of our study.

SEM imaging of these samples offers a lot of information about the LIG structure and its
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response to mechanical stress. For the as-fabricated LIG, SEM provides a baseline view of the
initial porous network structure characteristic of LIG. This includes information about pore size
distribution, the interconnectivity of graphene flakes, and the overall surface roughness. These
initial observations are crucial for understanding the starting morphology of our LIG samples.

Examination of the LIG sample subjected to moderate pressure reveals how the initial porous
structure responds to mechanical compression. SEM images of this sample can show potential
changes in pore size, alterations in the orientation of graphene flakes, and any early signs of structural
deformation or collapse.

The SEM analysis of the LIG sample under high pressure provides insights into the extreme
case of mechanical stress. These images can reveal more dramatic structural changes, such as severe
compression of the porous network, potential fracturing or folding of graphene layers, and overall
densification of the LIG structure. By comparing the SEM images across these three samples,
we can observe the progressive changes in LIG microstructure as a function of applied pressure,
providing valuable information for optimizing our encapsulation process.

Furthermore, SEM analysis can reveal surface features that might not be apparent through
other analytical methods. For instance, it can show the formation of any surface defects, cracks,
or delamination that might occur under pressure. These observations are crucial for assessing the
mechanical robustness of LIG and predicting its performance in various applications.

The high magnification capabilities of SEM also allow for the examination of individual graphene
flakes and their interfaces. This level of detail can provide insights into how the graphene network

deforms and rearranges under pressure, which is essential for understanding the mechanisms behind
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any observed changes in electrical or thermal properties.
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Chapter 3

Electrical Performance and Mechanical
Characterization of Laser-Induced

Graphene

3.1 Electrical Performance of As-Prepared LIG

Before examining the effects of mechanical forces on the resistance of LIG, it is crucial to establish
the baseline electrical properties of the as-prepared LIG. This baseline allows for meaningful
comparison with other works and helps to contextualize the data presented in subsequent sections.

In our work, we prepared 24 LIG samples, with their sheet resistance values ranging between
2.00 Q/square and 2.44 Q/square, with an average of 2.22 Q/square. This exceptionally low

resistance demonstrates the high quality and conductivity of our LIG samples even before any
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external stress was applied. To illustrate how favorable these results are, we compare them with
other studies in the field.

For example, studies have reported sheet resistances of LIG as low as 32 Q/square for materials
with porous, weblike structures [37]. In another case, square-patterned LIG electrodes achieved
resistances as low as 7.86 Q/square [30]. Furthermore, a fabrication method converting 3D-printed
polyether-imide (PEI) into graphene via laser exposure resulted in extremely low sheet resistances
of 0.30 Q/square [61], albeit using much thicker LIG films than ours. Other notable works include
studies converting positive photoresist (PR) into LIG, yielding sheet resistances of approximately
120 Q/square [62]. Additionally, increasing the laser power from 3.3 W to 4.5 W has been shown
to continuously decrease LIG sheet resistance, with highly conductive LIG reaching 15.9 Q/square
at 4.5 W [63]. Studies utilizing CO; lasers on polyimide achieved sheet resistances as low as
6.14 Q/square by optimizing energy delivery and pulse overlap [24]. Another study developed
a scalable method for creating LIG patterns on diverse substrates, obtaining sheet resistances of
around 44 Q/square using phenolic resin and inexpensive 405 nm semiconductor lasers [64].

Minhas-Khan et al. discussed several studies on polyimide-based LIG, reporting sheet resistance
values in the range of 10-50 Q/square. By optimizing pulse overlap and energy delivery, their work
achieved a sheet resistance of 6.14 Q/square with a CO; laser [65]. Additionally, for biomedical
applications, Zhu et al. used electroless plating techniques to coat LIG with various uniform metals,
achieving good conductance of 25 Q/square for glucose sensing in diabetic patients [66]. It is
important to note that variations in the reported sheet resistances of LIG among different studies can

be attributed to differences in LIG thickness too. In our experiments, the LIG thickness was more
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than 125 pm, assuming complete consumption of the Kapton substrate during the laser processing.
This parameter is critical as LIG thickness can influence electrical conductivity [62]. For a fair
comparison with other reports, it is essential to consider that the LIG samples in some studies
might have different thicknesses, which can affect their electrical properties. Understanding these
variations is crucial for assessing the true performance enhancements achieved through different
fabrication methods and conditions.

To provide a clear comparison of the sheet resistance achieved in our work with that reported
in other studies, we have compiled table 3.1. This visualization helps in highlighting how our
fabrication techniques measure up against existing methods in the field of LIG.

It is clear from this comparison that the LIG samples prepared in our study exhibit very high
conductivity, with much lower sheet resistance than many comparable works. This provides a
strong foundation for further analysis, particularly when assessing how much the resistance is
increasedunder pressure.

Our comparative analysis from table 3.1 clearly demonstrates that the LIG samples produced in
our study exhibit lowest sheet resistance recorded among all studies utilizing this laser equipment
for inducing graphene. This significantly low sheet resistance of our samples provides a robust
foundation for further analysis, particularly in assessing how much the resistance increases with
pressure. Notably, the closest competing work reported a low sheet resistance of 0.3, achieved
through another method involving the conversion of 3D-printed polyether-imide (PEI) into graphene
via scanned laser exposure [61].

Additionally, the fragile nature of LIG structures was demonstrated by rubbing the surface of
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Table 3.1: Comparison of sheet resistance values from various studies

Sheet Resistance (ohm/square) | Reference

2.00t0 2.44 Our Work
32.00 [37]
7.86 [30]
0.30 [61]
130.00 [43]
120.00 [62]
15.90 [63]
6.14 [24]
44.00 [64]
10.00 to 50.00 [65]
25.00 [66]

the as-prepared samples, which resulted in a noticeable increase in sheet resistance. While we
acknowledge that rubbing with a fingertip is not a fully quantifiable method—since factors such
as the force applied, speed, and pressure of rubbing cannot be consistently measured—this serves
as a simple demonstration to highlight the fragile nature of the LIG structure. This sensitivity to
mechanical disruptions could negatively impact its electrical performance, reinforcing the importance
of encapsulation in some applications. By presenting this baseline, we provide a clearer context for
understanding the subsequent results regarding the effects of mechanical forces on LIG resistance,

as discussed in the following sections.
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Before starting the next section, where we talk about the systematic pressure testing, we conducted
a preliminary experiment to demonstrate the fragility of as-made LIG. We measured the sheet
resistance of an LIG sample, then rubbed it with a finger, applying a mild pressure, and measured
the resistance again. As shown in Table 3.2, even this basic contact caused notable changes in the
sheet resistance, up to 130% increase in initial resistance. While this test wasn’t very precise - we
couldn’t control exactly how fast, how hard, or at what angle we rubbed the surface - it clearly
showed how sensitive unprotected LIG is to physical contact. Figure 3.1 shows pictures of the LIG

surface before and after rubbing, clearly displaying these changes.

3.2 Effect of Applied Force on Resistance

This section presents the results and analysis of our investigation into the resistance changes of LIG
under various applied mechanical forces, without encapsulation. Our study aimed to understand the
behavior of LIG when subjected to external pressure, providing crucial insights into its electrical
properties under mechanical stress. The experimental process began by placing the fabricated LIG
sample, with silver paint contacts, under a glass cover to ensure uniform pressure. The assembly was
then placed in a hydraulic press equipped with a load cell above to accurately measure the applied
pressure.

Our experimental protocol involved manually increasing the applied pressure on different LIG
samples with the same speed, covering a wide range of pressure from 80 psi to 3800 psi. This
comprehensive range allowed us to observe and analyze the LIG’s electrical response across a

spectrum of mechanical stresses, from relatively mild to extreme pressures. The in-situ resistance
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Table 3.2: Effect of rubbing on electrical resistance of LIG samples. The resistance before column
indicates the initial resistance of LIG samples, and resistance after shows the resistance after rubbing

with a finger.

Resistance Before (ohm) | Resistance After (ohm) | Percent Increase (%)
35.6 71.4 101%
41.2 62.5 52%
39.5 88.9 125%
43.2 67.9 57%
38.4 86.1 124%
43.6 82.1 88%
37.6 77.2 105%
40.4 93.1 130%
45.2 68.2 51%
39.5 80.6 104%
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Figure 3.1: Effect of finger rubbing on the structure of a laser-induced graphene (LIG) sample. The

left image shows the sample before rubbing, and the right image shows the sample after rubbing.
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Figure 3.2: The relationship between applied pressure (psi) and the percent increase in total resistance

(%) of LIG samples. Each data point represents a different sample.

measurements provided real-time data on how the resistance of LIG changed with increasing
pressure.

As shown in Figure 3.2, our results reveal a consistent, non-linear relationship between applied
pressure and the percent increase in resistance of LIG samples. At lower pressures around 80 psi,
we observed relatively small changes in resistance, with increases ranging from approximately 18%
to 23%. This suggests that at these lower pressures, the LIG structure largely maintains its integrity
and conductive pathways. As the pressure increases, we see a consistent upward trend in resistance
change, indicating gradual structural modifications within the LIG network. The data demonstrates a
non-linear trend in resistance changes across the pressure range. At moderate pressures around 1580

psi, the resistance increase falls within the 110% to 120% range. This non-linearity becomes more
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obvious at higher pressures, with the 3080 psi mark showing resistance increases between 155%
and 162%. The most dramatic changes are observed at the highest tested pressure of about 3800 psi,
resulting in resistance increases of 185% to 195%. The higher rate of change in lower pressures
suggests a complex mechanism, likely involving the progressive compression of the porous LIG
structure and potential changes in the contact between graphene flakes. The consistency of the trend
and the relatively small spread of data points at each pressure level indicate good reproducibility
and uniform response of the LIG samples to applied pressure.

These findings have significant implications for the practical application of LIG in various fields,
particularly in pressure-sensing devices. The non-linear response provides a wide dynamic range
for sensing, with higher sensitivity at lower pressures that gradually decreases at higher pressures.
This characteristic makes LIG ideal for applications requiring precise detection in low-pressure
environments while remaining effective under higher pressures. Additionally, the data contributes
to our understanding of the fundamental properties of LIG, highlighting the complex relationship
between its porous structure and electrical resistance under compression. This predictable non-linear
response also facilitates accurate calibration, enhancing the potential versatility of LIG-based devices

in applications subject to varying mechanical stresses.

3.3 Cyclic Loading and Unloading

In this section, we present the findings from our investigation into the behavior of LIG resistance
under repeated cycles of loading and unloading mechanical forces. This study provides crucial

insights into the material’s resilience and the stability of its electrical properties under dynamic
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mechanical stress conditions, which is essential for understanding its potential in applications
involving repeated mechanical strain. Building upon our experiment of applying pressure to LIG
samples in the previous section, we extended our experiment to include multiple cycles of loading
and unloading.

As shown in Fig 3.3, our observations reveal a complex pattern of resistance changes across
loading cycles, with a distinct first-cycle behavior followed by more consistent subsequent cycles.
To aid in understanding these patterns, each graph is annotated with numbered paths (1-5) and
directional arrows, where red path 1 represents the initial loading cycle, red path 2 shows the
first unloading cycle, and subsequent paths (3-5) show additional loading and unloading cycles in
alternating colors. The start and end points are clearly marked to show the progression of resistance
changes over time. During the initial loading cycle (path 1, red), we observed a significant irreversible
increase in resistance, ranging from approximately 20% at 80 psi to as high as 190% at 3875 psi.
This substantial initial change aligns with our findings from the previous section and represents a
permanent alteration in the LIG structure. It is important to note that the majority of the resistance
increase on the first loading cycle takes place during the unloading phase (path 2, red). Following
this initial irreversible change, subsequent loading cycles (paths 3-5) displayed a different pattern.
In these later cycles, applying pressure caused the resistance to decrease from the value established
after the first unloading. Upon releasing the pressure, the resistance returned to a value close to,
but slightly higher than, the resistance after the first loading. This pattern was consistent across all
pressure ranges tested, from 80 psi to 3875 psi, with the magnitude of resistance changes varying

with applied pressure. The behavior observed in the higher pressure ranges (1600 psi and 3875 psi)
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Figure 3.3: Behavior of LIG resistance under repeated cycles of pressure loading and unloading.

The different panels represent experiments at varying target pressures.
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follows the same general pattern but with more pronounced effects. At these elevated pressures,
the initial resistance increase during the first cycle is particularly dramatic, and the subsequent
cycles show larger amplitude changes in resistance during loading and unloading. Despite the
higher pressures, the cyclic behavior remains relatively consistent after the initial conditioning
cycle, though with greater absolute changes in resistance values. These findings have significant
implications for the application of LIG in devices or systems that may undergo repeated mechanical
stress. The large, irreversible change in the first cycle suggests a fundamental restructuring of
the LIG under initial loading. The subsequent cycles, showing reversible decreases in resistance
under load and near-complete recovery upon unloading, indicate that the LIG maintains a degree
of elasticity after its initial structural change. However, the slight growing increase in resistance
over multiple cycles after unloading points to ongoing, though much smaller, structural changes
with repeated use. For applications involving cyclic loading, these results highlight the need for a
"conditioning" phase to stabilize the LIG’s electrical properties. After this initial conditioning, the
material demonstrates relatively stable and predictable behavior, which is promising for long-term
use in flexible or pressure-sensitive devices. However, designs requiring precise and stable electrical
properties should account for both the initial large change and the smaller, ongoing shifts in baseline

resistance over extended use.

3.4 Role of Contact Resistance

The results of our comparative study between two-point and four-point probe measurements are

presented in Figure 3.4. This graph illustrates the percent change in resistance for LIG samples
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under various applied pressures, comparing data obtained from both measurement techniques.

Our analysis reveals a strong correlation between the two-point (circles) and four-point (squares)
measurements across the entire pressure range. This consistency validates the assumption that the
contact resistance introduced by the silver paint contacts is negligible in our experimental setup.
Both measurement techniques show a non-linear increase in resistance as pressure increases, with
the percent change in resistance rising from approximately 20% at low pressures to nearly 200%
at the highest pressure tested. The close alignment of two-point and four-point measurements,
each representing an average of three data points, demonstrates excellent reproducibility in our
experimental results. This reproducibility enhances the reliability of our findings and the robustness
of our measurement techniques.

While the overall trend is consistent, we observe minor differences between the two-point and
four-point measurements at certain pressure points. These small discrepancies could be attributed to
inherent material variability or minor experimental uncertainties, rather than systematic differences
between the measurement techniques. The close agreement between two-point and four-point
measurements across the entire pressure range validates our use of the simpler two-point method
for subsequent experiments. This confirmation is particularly valuable as it allows for more

straightforward experimental setups in future studies without compromising measurement accuracy.

3.5 Effect of Temperature on Resistance

To investigate the influence of temperature on the resistance of LIG when pressure is applied,

we repeated the same experiment as in Section 3.2, this time utilizing the temperature control
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Figure 3.4: Percent change in resistance of LIG under varying pressure, comparing two-point (e)

and four-point (@) measurement techniques to eliminate the possibility of contact resistance effect in

the measurements. Each point represents an average of three measurements.
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Figure 3.5: Percent change in resistance of LIG under varying pressure, in room temperature (o) and

elevated 90° C temperature (W) to investigate the effect of temperature on the measurement results.

capabilities of the hydraulic press. We set the temperature to 90 degrees Celsius, a limit chosen to
prevent damage to the Kapton substrate and wire contacts, which are susceptible to degradation
at higher temperatures. Each LIG sample was allowed to equilibrate at this elevated temperature
for 10 minutes before testing, ensuring uniform heating throughout the material. Following the
temperature equilibration, we applied the same pressure application procedure used in our previous
room temperature tests in Section 3.2. Resistance measurements were recorded in real-time as we
gradually increased the applied pressure on the LIG samples. This approach allowed for a direct
comparison between the high-temperature data and our earlier room temperature results.

The three points showing the LIG samples at room temperature are the exact same points in

Section 3.2. Interestingly, our observations revealed that the increase in temperature to 90 degrees
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Celsius did not significantly alter the resistance of LIG under applied pressure. The resistance
changes observed at this elevated temperature closely mirrored those seen in our room temperature
tests. This consistency across temperature conditions suggests that LIG maintains its electrical

properties and response to mechanical pressure even at moderately elevated temperatures.

3.6 Durability Against Moisture

To evaluate the moisture resistance of encapsulated LIG, we immersed samples encapsulated at 80
psi in water for 24 hours to simulate long-term exposure to wet conditions. The observed increase
in electrical resistance was minimal, at only 1.7%, demonstrating that our encapsulation method
substantially preserves the conductivity of LIG against moisture. This result highlights the potential
of encapsulated LIG for applications in outdoor or harsh environmental conditions, as shown in
table 3.3.

To establish a baseline for comparison, identical moisture tests were performed on non-
encapsulated LIG samples, which exhibited a higher resistance increase of up to 3.7%. The results
for these non-encapsulated LIG samples are detailed in table 3.4. This comparison underscores the
effectiveness of our encapsulation technique in enhancing the moisture resistance of LIG, confirming
its suitability for use in environments where exposure to moisture is a concern, despite the initial
minimal changes in resistance."

This revision incorporates specific references to the charts where the data can be visually
reviewed, which helps in providing a clear, structured presentation of your findings in the thesis.

These findings have important implications for the practical application of LIG in various settings.
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Table 3.3: Durability Against Moisture — Encapsulated LIG

Resistance before immersion (ohm) | Resistance after immersion (ohm) | % increase
42.1 42.6 1.2%
39.5 39.6 0.3%
40.2 40.9 1.7%
41.4 42.0 1.4%
46.8 47.0 0.4%
38.6 38.9 0.7%
45.6 46.1 1.1%
43.6 443 1.6%
45.4 45.9 1.1%
39.7 39.9 0.5%

Table 3.4: Durability Against Moisture — Non-Encapsulated LIG

Resistance before immersion (ohm) | Resistance after immersion (ohm) | % increase
38.9 39.6 1.8%
34.5 34.7 0.5%
42.4 43.2 1.8%
40.9 41.8 2.2%
35.0 36.3 3.7%
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The stability of LIG’s electrical properties at elevated temperatures indicates its potential suitability
for applications in environments with fluctuating temperatures. However, it’s important to note that
our study was limited to 90 degrees Celsius due to material limitations. Further research into LIG’s
behavior at more extreme temperatures, possibly using different substrate materials, could provide
additional insights into its thermal-electrical properties and expand its potential application range.

To date, in-situ measurements of resistance versus pressure for laser-induced graphene have not
been reported in the literature. This gap underscores the novelty of our approach, providing a unique

contribution to the field of graphene research as detailed in the upcoming sections.
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Chapter 4

Encapsulation and Mechanical Robustness

4.1 Encapsulation Method

The encapsulation of LIG with a Kapton layer was developed to enhance its mechanical robustness.
This process involved applying a single layer of sticky Kapton tape, 125 micrometers thick, directly
onto the fabricated LIG structure. The adhesive side of the tape was carefully placed on the
LIG, ensuring smooth application without exerting additional pressure on the delicate graphene
structure. To complete the encapsulation, the LIG sample with the applied Kapton layer was
subjected to a hydraulic press. This step mirrored the process described in Chapter 3.2, where
various pressure levels were applied to different samples. The controlled pressure application served
to securely bond the Kapton layer to the LIG, effectively encapsulating the structure. The journey to
this successful method involved several unsuccessful attempts, which provided valuable insights.

Initially, non-sticky Kapton was tested, with the hypothesis that pressure alone would be sufficient
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for encapsulation. However, even under high pressures of up to 3800 psi, the non-sticky Kapton
failed to adhere properly and could be easily removed with minimal contact.

Further experiments explored the combination of pressure and heat, with the idea being that
heat would cause the Kapton to soften and more conformally adapt to the substrate topography.
A temperature of 90 degrees Celsius was applied alongside 3800 psi of pressure, adhering to the
thermal limitations outlined in section 3.5. Despite these efforts, the non-sticky Kapton still failed to
bond effectively with the LIG structure. It’s worth noting that Kapton has a higher glass transition
temperature, so 90°C was likely insufficient to induce the desired softening effect. A different
polymer with a lower glass transition temperature might be more successful with this approach.
Although attempts were made at higher temperatures, they were ultimately constrained by the
thermal limitations of the overall system.

These failed attempts highlighted the crucial role of adhesion in the encapsulation process. The
ease with which the non-sticky Kapton detached, even under extreme pressure and moderate heat,
demonstrated that mechanical force and temperature alone were insufficient for creating a robust
encapsulation. The lessons learned from these experiments led to the adoption of sticky Kapton
tape as the optimal solution. This approach combined the inherent adhesive properties of the tape
with the applied pressure, resulting in a secure and durable encapsulation of the LIG structure. The
success of this method underscores the importance of adhesion in achieving effective encapsulation
and enhancing the mechanical robustness of LIG.

Notably, the results demonstrated that using sticky Kapton tape enabled highly efficient

encapsulation even at relatively low pressures. Samples subjected to as little as 80 psi of pressure
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4.2 RESISTANCE MEASUREMENTS AFTER ENCAPSULATION

exhibited remarkable adhesion and durability. The success at lower pressures not only simplifies the

encapsulation process but also minimizes the risk of damaging the delicate LIG during fabrication.

4.2 Resistance Measurements after Encapsulation

Following the encapsulation process detailed in section 4.1, the resistance of the LIG samples
was measured under various mechanical loads. This experiment aimed to assess the impact of
encapsulation using different pressures on the electrical properties of LIG.

The experimental procedure closely mirrored that described in section 3.2, where samples were
subjected to a range of pressures using a hydraulic press. However, in this case, the LIG samples
were first encapsulated with a Kapton layer as per the method outlined in section 4.1. This step
allowed for a comparative analysis between the bare and encapsulated LIG structures.

Resistance measurements were taken at each pressure point, providing insights into how the
encapsulation layer affected the LIG’s electrical performance under a range of pressures. The
data collected offered a comprehensive view of the relationship between applied pressure and
resistance in the encapsulated samples, allowing for direct comparison with the results obtained from
non-encapsulated LIG. These measurements served a dual purpose: firstly, to determine whether the
encapsulation process itself had any significant impact on the resistance of the LIG, and secondly, to
assess how the encapsulated structure responded to varying degrees of mechanical load. The results
of this investigation provide crucial information for understanding the practical applications and
limitations of encapsulated LIG in scenarios where both electrical conductivity and mechanical

robustness are essential.
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Percent increase in resistance % vs applied pressure (psi)
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Figure 4.1: Percent increase in resistance of encapsulated LIG samples as a function of applied

pressure.
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4.2 RESISTANCE MEASUREMENTS AFTER ENCAPSULATION

The results shown in Fig. 4.1 reveal a significant improvement in the stability of electrical
properties compared to non-encapsulated samples. As shown in Figure 4.1, the percent increase in
resistance for encapsulated LIG ranges from approximately 5% to 30% across the tested pressure
range of 0 to 4000 psi. This range is substantially lower than the 20% to 190% increase observed
in non-encapsulated samples, as presented in Fig. 3.2. At lower pressures (below 1000 psi), the
encapsulated samples show a modest increase in resistance, generally between 5% and 10%. As the
pressure increases, we observe a gradual rise in the resistance change, with most data points falling
between 10% and 20% for pressures up to 2500 psi. The highest resistance changes, ranging from
20% to 30%, are observed at the upper end of the pressure spectrum, between 3000 and 4000 psi.
This behavior indicates that the Kapton encapsulation layer effectively reduces the pressure-induced
changes in LIG’s electrical properties. The encapsulation appears to provide a protective barrier
that limits the structural deformation of the LIG under pressure, resulting in more stable resistance
values across a wide pressure range. This enhanced stability is particularly evident when compared
to the non-encapsulated samples, as presented in Fig. 4.2, which exhibited much larger and more
rapid increases in resistance under similar pressure conditions. The protective effect of Kapton
encapsulation likely stems from its material properties. Kapton’s elasticity, in contrast to rigid
materials like glass, plays a crucial role. This property allows for better force distribution, preventing
localized stress points that could damage the LIG. The Kapton layer absorbs and spreads pressure
while confining the LIG structure.

The data also suggests a non-linear relationship between applied pressure and resistance change in

encapsulated samples, which is like the relationship between applied pressure and resistance change
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4.2 RESISTANCE MEASUREMENTS AFTER ENCAPSULATION

in unencapsulated samples as presented in section 3.2. This non-linearity could be attributed to the
complex manner in which structural changes modify the interconnected nature of the conductive
network. As the network undergoes deformation and disruption due to applied pressure, the
resistance correspondingly changes. This explanation accounts for the observed non-linear response
in both encapsulated and unencapsulated samples, highlighting the fundamental behavior of the
LIG’s conductive structure under pressure, regardless of the presence of an encapsulation layer. The
reduced sensitivity to pressure changes in encapsulated LIG suggests that encapsulated LIG may
be more suitable for applications requiring stable electrical properties under varying mechanical
pressures. This characteristic makes encapsulated LIG potentially more appropriate for applications
prioritizing stability and durability over high pressure sensitivity.

In the context of previous studies, the sheet resistance of bare graphene (BG) was observed to
increase from 1.5 kQ/sq to 15.9 kQ/sq when encapsulated with thermal evaporation (TE) SiO2,
and from 3.1 kQ/sq to 341.4 kQ/sq with pulsed electron deposition (PED) SiO2 encapsulation,
highlighting the substantial impact of encapsulation methods on electrical properties. [67] Similarly,
an analysis of Laser LIG composites shows that laminating LIG with various materials using a
commercial Amazon thermal laminator significantly affects their resistance. In this study, the
resistance increased from 0.13 £Q/sq to 0.44 kQ/sq for LDPE/LIG/LDPE, to 0.47 kQ/sq for both
LDPE/LIG/HDPE and Duct Tape/LIG/LDPE, to 0.57 k€Q/sq for LDPE/LIG/Cheesecloth, to 0.68
kQ/sq for LDPE/LIG/Kimwipe, and to 0.76 k€2/sq for LDPE/LIG Pattern/LDPE, demonstrating at
least a 238% increase in resistance for the LDPE/LIG/LDPE composite. [43]

The data in Fig. 4.2 offers a direct visual comparison of the resistance changes in both
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encapsulated and non-encapsulated LIG samples under pressure. In this figure, circle markers
represent the encapsulated samples, while square markers show the non-encapsulated samples
with significantly higher change in resistance. The non-encapsulated samples are shielded by a
glass layer that simply rests on the sample surface, providing minimal structural protection without
encapsulating it. This chart highlights the difference in resistance change between encapsulated and
non-encapsulated samples.

This study is the first to achieve encapsulated laser-induced graphene starting from an initial
resistance as low as 2 ohms per square and maintaining minimal resistance increase post-encapsulation.
Such low resistance levels enhance its practicality, allowing for its integration into circuits where
durability is critical. The subsequent sections will detail how these properties facilitate LIG’s use
in harsh environments such as water immersion and mechanical stress, without compromising its
electrical integrity.

In conclusion, the encapsulation process has demonstrably enhanced the mechanical robustness
of LIG while maintaining its conductive properties. This improvement in stability under pressure
opens up new possibilities for LIG in applications where consistent electrical performance under
mechanical stress is crucial, such as in flexible electronics or wearable devices subject to frequent

bending or compression.

4.3 Mechanical Bending Tests

Our previous findings revealed that encapsulated LIG exhibited a resistance increase of only 5 to 30

percent under varying pressures, significantly lower than non-encapsulated samples. While these
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results suggest that lower encapsulation pressures are preferable for maintaining electrical properties,
they raise questions about the mechanical robustness of the resulting structure. To address this
crucial balance between electrical performance and mechanical durability, we designed a bending
test. This investigation involved subjecting LIG samples encapsulated at different pressures to
bending stress over three cylinders of varying diameters. Our aim was to identify the encapsulation
pressure that provides the optimal combination of electrical stability and mechanical flexibility,
essential for practical applications like flexible electronics and wearable devices.

To conduct these tests, we prepared LIG samples encapsulated at various pressures within the 80
psi to 3800 psi range. The experimental setup involved three cylindrical objects with diameters of
15, 30, and 45 mm, chosen to represent a range of bending radii. These cylinders served as forms
around which the encapsulated LIG samples were bent, allowing for a systematic assessment of
their performance under various degrees of curvature.

The testing procedure involved bending each LIG sample over one specific cylinder diameter.
Different samples were used for each diameter (15, 30, and 45 mm) to ensure that previous bending
didn’t influence the results, as bending was found to affect the samples’ resistance. During each
bending event, the electrical resistance was measured in-situ to find the resistance before and after
bending, allowing us to calculate the percentage change in resistance. This approach provided
crucial data on how different bending radii affected the electrical properties of samples encapsulated
at various pressures. By focusing on the percent change in resistance, we could directly compare
the performance of samples across different encapsulation pressures and bending radii, providing

insights into the optimal encapsulation conditions for maintaining electrical stability and mechanical
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Figure 4.3: Correlation between applied encapsulation pressure and percentage increase in resistance,

measured upon completion of three full bending cycles.

robustness. To ensure reliability and assess the repeatability of the results, each bending test was
performed three times for every cylinder diameter and encapsulation pressure. This repetition served
to identify any potential degradation or fatigue in the samples over multiple bending cycles, while
also revealing how different encapsulation pressures affected the LIG’s flexibility and electrical
stability.

The results presented in Table 4.1 and Fig. 4.3 reveal a clear trend in the relationship between
applied encapsulation pressure and the electrical stability of LIG samples under bending stress.

As the encapsulation pressure increases from 80 psi to 3798 psi, there’s a consistent rise in the

59



4.3 MECHANICAL BENDING TESTS

Table 4.1: Effect of encapsulation pressure on electrical resistance of LIG samples after bending.
The applied pressure column indicates the pressure used during encapsulation. Columns 1B, R, 2B,
R, 3B, R indicate the resistance during first, second and third bends interleaved with the resistance

after each bend was released, in units of Ohms.

Applied Pressure (psi) | Resistance After Encapsulation (Ohm) | Bend Diameter | 1B | R | 2B R | 3B | R | Percent Increase in R After 3 Times Bending | Average
93 40 25mm 41 | 65 41 66 42 67 68% 66%
80 45 35mm 44 | 67 | 45 | 68 | 46 | 70 65% 66%
77 42 45mm 41 | 66 | 42 | 68 | 425 | 69 64% 66%
234 42 25mm 40 | 71 41 72 42 73 73% 70%
229 40 35mm 39| 66 | 40 | 66 | 40.5| 68 70% 70%
241 48 45mm 48 | 80 | 49 | 80 | 50 | 81 68% 70%
388 42 25mm 41 | 73 | 42 | 73 | 43 | 74 75% 72%
385 40 35mm 41| 66 | 42 | 68 | 425 | 69 72% 72%

401 45 45mm 46 | 74 | 47 | 15 | 47 | 76 69% 72%
773 40 25mm 421 69 | 43 | 71 | 45 | 73 82% 79%
780 43 35mm 43 | 75 | 445 76 45 77 80% 79%
764 42 45mm 43 | 71 | 44 | 73 | 455 | 74 76% 79%
1523 44 25mm 45 | 83 | 455 | 84 | 45 | 85 94% 90%
1538 46 35mm 47 | 85 | 475 85 47 87 90% 90%
1518 46 45mm 45 | 85 | 46 | 86 | 46 | 86 87% 90%
2289 46 25mm 441 90 | 45 | 91 | 47 | 93 102% 98%
2292 47 35mm 46 | 90 46 92 48 94 100% 98%
2281 50 45mm 52196 | 51 | 96 | 52 | 97 93% 98%
3050 52 25mm 50 | 108 | 52 | 110 | 51 | 111 114% 111%
3039 49 35mm 50 | 101 | 51 102 | 53 | 104 112% 111%
3058 51 45mm 50 | 105 | 52 | 105| 54 | 106 108% 111%
3798 53 25mm 52 | 115 | 53 |116| 51 | 118 123% 119%
3813 50 35mm 511|103 | 52 | 105 | 54 | 106 118% 119%
3795 52 45mm 541109 | 55 | 111 | 57 | 112 115% 119%
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percentage increase of resistance after bending from 64% to 123%. Moreover, as the bend diameter
increases, the changes in resistance generally lowered. This suggests that less severe bending (larger
diameter) causes less disruption to the electrical properties of the encapsulated LIG samples.

Fig. 4.3 visually reinforces this trend, showing a clear positive correlation between applied
pressure and the percentage increase in resistance after bending. The data points show an overall
upward trend on the y-axis as the applied pressure increases along the x-axis, with some scatter
at each pressure level. This pattern suggests that higher encapsulation pressures generally lead to
greater increases in electrical resistance when the material is subjected to bending stress, though
there is variability in the response at each pressure point.

Based on these results, the optimal pressure for encapsulation appears to be in the lower range,
between 80-400 psi. This range offers a balanced compromise between mechanical protection
and electrical stability. Samples encapsulated at these pressures show a relatively modest increase
in resistance (around 64-75%) after 3 times bending, while still providing adequate mechanical
protection. Higher pressures result in significantly larger changes in electrical properties both while
encapsulating and under bending stress. Therefore, for applications prioritizing both flexibility
and electrical stability, encapsulation pressures in the 200-400 psi range seem to offer the best
overall performance. Prior studies have not explored the bending of encapsulated graphene, marking
a significant first in our research. This pioneering effort opens new avenues for the application
of graphene in flexible electronics. While there is no existing research on how bending cycles
affect electrical resistance changes in encapsulated graphene, as mentioned before in this chapter

previous studies have focused extensively on resistance after encapsulation. For example, the sheet
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resistance of bare graphene (BG) increased dramatically upon encapsulation, rising from 1.5 kQ/sq
to 15.9 kQ/sq with thermal evaporation (TE) SiO2, and from 3.1 k€/sq to 341.4 kQ/sq using
pulsed electron deposition (PED) SiO2. These significant changes highlight the profound impact of
encapsulation methods on graphene’s electrical properties. [67] In parallel, an examination of Laser
Induced Graphene (LIG) composites reveals that laminating LIG with various materials substantially
affects their resistance. In this study, resistance changes were noted from 0.13 kQ/sq to 0.44
kQ/sq for LDPE/LIG/LDPE, to 0.47 kQ/sq for both LDPE/LIG/HDPE and Duct Tape/LIG/LDPE,
to 0.57 kQ/sq for LDPE/LIG/Cheesecloth, to 0.68 k€/sq for LDPE/LIG/Kimwipe, and to 0.76
kQ/sq for LDPE/LIG Pattern/LDPE, demonstrating at least a 238% increase in resistance for the
LDPE/LIG/LDPE composite. [43]

Comparatively, the changes in resistance after three bending cycles in our work are notably lower
than those observed after encapsulation.

Furthermore, bending tests were conducted to evaluate the mechanical robustness of non-
encapsulated LIG under repeated bending cycles. The resistance of non-encapsulated LIG was
measured before and after three bending cycles at varying bending radii of 25 mm, 35 mm, and 45
mm. The measurements were performed using a digital multimeter, and the percentage increase in
resistance was calculated to quantify the impact of mechanical strain on the electrical performance
of the LIG samples.

The results, as shown in 4.2 indicated a significant increase in resistance after bending, particularly
for smaller bending radii. At a bending radius of 25 mm, the resistance increased by an average

of 518%, while at 35 mm, the increase was approximately 461%, and at 45 mm, it was 343%.
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Table 4.2: Change in resistance of non-encapsulated LIG after three bending cycles with 25mm,

35mm, and 45mm bending radii

Resistance Before Bending () | bending radius (mm) | Resistance After Bending () | % Increase | Average % Increase
34.1 25 243.5 614% 518%
38.0 25 198.6 423% 518%
422 25 259.0 517% 518%
433 35 188.5 335% 461%
44.1 35 234.6 432% 461%
32.6 35 229.2 616% 461%
32.7 45 172.7 428% 343%
37.2 45 1234 232% 343%
43.1 45 202.5 370% 343%

These findings reveal a clear inverse relationship between the bending radius and the degree of
resistance increase, with smaller bending radii inducing greater mechanical strain and leading
to more pronounced changes in resistance. The substantial increase in resistance highlights the
susceptibility of non-encapsulated LIG to structural and electrical degradation under repeated
bending cycles.

In comparison, encapsulated LIG samples demonstrated significantly enhanced mechanical
robustness under similar testing conditions. Encapsulation effectively mitigated the resistance
increase observed during bending, with encapsulated samples showing only a modest resistance
increase, typically in the range of 50-100%, even at smaller bending radii. This stark difference

underscores the critical role of encapsulation in preserving the structural integrity of LIG under
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mechanical stress. Encapsulated LIG exhibits superior performance in bending tests, making it far
more suitable for applications in flexible and wearable electronics where mechanical deformation is
unavoidable.

These findings emphasize the importance of encapsulation in improving the durability and
reliability of LIG-based devices. While non-encapsulated LIG may exhibit promising electrical
properties in static conditions, its performance deteriorates significantly when subjected to mechanical
deformation. Encapsulation serves as an effective protective measure, ensuring the longevity and
stability of LIG under bending stress and enhancing its potential for practical applications in
environments that demand mechanical flexibility. This comparison between non-encapsulated and
encapsulated LIG highlights the necessity of implementing robust protective measures for LIG to

ensure consistent performance in real-world applications.

4.4 Durability of Encapsulated LIG in Moist Environments

To assess the durability of LIG when exposed to moisture, we conducted an experiment where
ten LIG samples encapsulated at 80 psi were fully immersed in a beaker of water for 24 hours.
This test aimed to simulate extended exposure to moist conditions and evaluate the impact on
the material’s electrical resistance. Prior to immersion, the initial resistance of each sample was
recorded, and subsequent measurements were taken immediately after removal from the water.
The results, detailed in Table 4.3, demonstrate the encapsulated LIG’s resistance stability when
subjected to moisture. Fig. 4.4 illustrates the setup of the experiment, showing a sample submerged

in the beaker. The experiment aimed to assess the impact of moisture on the electrical resistance of
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Table 4.3: Resistance of encapsulated LIG before and after 24-hour water immersion

Encapsulated LIG resistance before immersion (ohm) | Encapsulated LIG Resistance after immersion (ohm) | Percent Increase (%)
42.1 42.6 1.2%
39.5 39.6 0.3%
40.2 40.9 1.7%
414 42.0 1.4%
46.8 47.0 0.4%
38.6 38.9 0.7%
45.6 46.1 1.1%
43.6 44.3 1.6%
454 45.6 1.1%
39.7 39.9 0.5%

LIG samples encapsulated at 80 psi. After 24 hours of immersion in water, the resistance of the
encapsulated LIG samples showed a minimal increase, indicating a high level of durability against
moisture. The results are promising as they demonstrate the LIG’s ability to maintain electrical
properties in a wet environment, which is critical for applications in harsh or outdoor conditions.
The maximum percent increase observed was 1.7%, with most samples showing changes between
0.4% to 1.4%, suggesting a uniform and stable behavior under moisture exposure.

We conducted another test with non-encapsulated LIG to establish a baseline for comparison. to
do so, we performed identical moisture tests on non-encapsulated LIG samples. As shown in the
Table 4.4, the results show that the resistance increased by up to 3.7%, whereas the resistance increase
for encapsulated LIG was limited to 1.7%. These findings demonstrate that our encapsulation
method is effective in improving the moisture resistance of LIG, despite the initial resistance change

being minimal.
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Figure 4.4: Experimental setup showing an encapsulated LIG sample fully immersed in water for

durability testing, with contacts and wires connected to measure resistance changes.

66



4.4 DURABILITY OF ENCAPSULATED LIG IN MOIST ENVIRONMENTS

Table 4.4: Resistance of non-encapsulated LIG before and after 24-hour water immersion

Non-encapsulated LIG resistance before immersion (ohm) | Non-encapsulated LIG Resistance after immersion (ohm) | Percent Increase (%)
38.9 39.6 1.8%
34.5 34.7 0.5%
424 432 1.8%
40.9 41.8 2.2%
35.0 36.3 3.7%

To evaluate the effectiveness of the encapsulation process on moisture resistance, we conducted
a statistical analysis comparing resistance changes in encapsulated (n=10) and non-encapsulated
(n=5) LIG samples after water exposure. The resistance of each sample was measured before and
after immersion in water. A two-sample t-test was performed to determine statistical significance
between the two groups’ resistance changes. The analysis was conducted using standard statistical
methods, with percent change in resistance as the primary metric. Standard error was calculated for
both groups to account for measurement uncertainty and sample variation.

As shown in the Fig. 4.5 in the statistical analysis was performed to evaluate the effectiveness
of encapsulation on water resistance. A two-sample t-test comparing the resistance changes after
water exposure showed that encapsulated samples exhibited significantly better stability (1.0 +
0.47% increase) compared to non-encapsulated samples (2.0 £ 0.58% increase) (p < 0.05). This

demonstrates that the encapsulation process effectively improves the water resistance of LIG samples.
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4.4 DURABILITY OF ENCAPSULATED LIG IN MOIST ENVIRONMENTS

Comparison of resistance changes after water exposure in encapsulated and non-
encapsulated LIG samples.

25 0.58

1.5

0.47

Resistance Change (%)

0.5

Resistance Change (%) Resistance Change (%)

M Encapsulated ® Non-encapsulated

Figure 4.5: Comparison of resistance changes after water exposure in encapsulated and non-

encapsulated LIG samples. Error bars represent standard error (n=10 for encapsulated, n=5 for

non-encapsulated, p < 0.05).
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Chapter 5

Structural and Morphological

Characterization

5.1 Raman Spectroscopy Analysis

Raman spectroscopy provides crucial insights into the structural characteristics and quality of our
LIG samples, allowing us to examine the effects of varying encapsulation pressures on the graphene
structure at the molecular level.

The Raman spectroscopy analysis of our LIG samples (Fig. 5.1) reveals significant structural
changes induced by varying encapsulation pressures. The unencapsulated sample exhibits charac-
teristics of few-layer graphene, with an I(D)/1(G) ratio of 0.862 indicating the presence of defects
and flake edges, and an I(2D)/I(G) ratio of 0.721 suggesting a graphene-like structure with multiple

layers. The full width at half maximum (FWHM) of the 2D peak (67.5 cm™!) further confirms
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5.1 RAMAN SPECTROSCOPY ANALYSIS
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—a: Raman Spectra Before Encapsulation
—b: Raman Spectra After Encapsulation at 80 psi Pressure
—c: Raman Spectra After Encapsulation at 780 psi Pressure

Figure 5.1: Raman spectra of our LIG samples. a) before encapsulation, b) after encapsulation with
80 psi pressure, c) after encapsulation with 780 psi pressure. The prominent peaks are the D peak

near 1350 cm™!, the G peak near 1600 cm™!, and the 2D peak near 2700 cm™!.

the few-layer nature of the graphene. The relatively symmetric shape of the 2D peak is similar to
observations for single layer graphene or turbostratic stacking of relatively weakly coupled graphene
planes. [68—71] Upon encapsulation at 80 psi, we observe an increase in the I(D)/I(G) ratio to
1.286, indicating the introduction of additional defects and/or structural deformation. However,
the slight increase in I(2D)/I(G) ratio to 0.789 and similar FWHM values suggest that the overall
graphene-like character is maintained with minimal additional layer coupling. The most dramatic
changes occur with encapsulation at 780 psi, where the I(D)/I(G) ratio further increases to 1.323,
signifying a higher defect density. Concurrently, the I(2D)/I(G) ratio drops significantly to 0.314,
and the FWHM(2D) broadens to 125 cm™!, indicating a substantial shift towards a more disordered

structure with broader distributions in strain.
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5.1 RAMAN SPECTROSCOPY ANALYSIS

These progressive changes in peak ratios and widths across the pressure range provide crucial
insights into the structural evolution of our LIG samples. The data suggests that while low-pressure
encapsulation introduces some defects, it largely preserves the graphene-like character. In contrast,
high-pressure encapsulation leads to more substantial alterations, including increased defects,
stronger layer coupling, and a transition towards a more disordered structure.

Raman spectroscopy analysis revealed characteristic features aligned with literature findings
for graphene structures. The non-encapsulated LIG showed an I,p/Ig ratio of 0.721, comparable
to literature values (~0.8) indicative of few-layer graphene [72, 73], further supported by an
Ip/Ig ratio of 0.862. The FWHM of the 2D peak showed progressive broadening from 67.5

! in non-encapsulated samples to 125 cm™' at high encapsulation pressures, consistent with

cm’
literature observations of compressive strain effects in graphene structures [74—76]. The structural
evolution under increasing encapsulation pressure was evidenced by changes in crystallinity markers,
where higher pressure samples exhibited increased Ip/lIg ratios (1.323 at 780 psi) and decreased
I)p/Ig ratios (0.314), deviating from the metrics associated with highly crystalline graphene
(Iop/Ig = 1) [77,78]. These Raman metrics collectively demonstrate pressure-dependent structural
modifications, transitioning from few-layer graphene characteristics to more disordered, multilayered
configurations under higher encapsulation pressures.

These findings have important implications for optimizing the encapsulation process, indicating
that lower pressures are preferable for maintaining the desirable properties of graphene in LIG

samples. The stability of FWHM values for D and G peaks across all samples suggests that the

basic graphitic structure is maintained even under high pressure, but the changes in peak intensities
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5.2 SEM ANALYSIS

and 2D peak width reveal significant alterations in interlayer interactions, strain and defect density.
This comprehensive analysis provides valuable guidance for tailoring the encapsulation process to

achieve desired structural properties in LIG for various applications.

5.2 SEM Analysis

SEM provides a powerful tool for visualizing the microstructural changes in our encapsulated LIG
samples subjected to various mechanical stresses. This section presents a detailed analysis of the
SEM observations, offering crucial insights into the morphological evolution of LIG structures
under different encapsulation pressures.

The unencapsulated LIG, shown in Fig. 5.2, exhibits a highly porous, three-dimensional network
structure characteristic of LIG. At lower magnifications, we observe an arrangement of interconnected
pores with varying sizes, ranging from a few micrometers to tens of micrometers in diameter. The
higher magnification image reveals the intricate nature of the graphene sheets forming the walls of
these pores, with thin, wrinkled sheets creating a complex, interconnected network. This structure
provides the large surface area and high conductivity typical of LIG materials. Upon encapsulation
at 80 psi, as observed in Fig. 5.3, there are no noticeable changes in the microstructure of the
LIG sample at any magnification level (200 um, 100 um, and 2 yum), when comparing before and
after encapsulation. This consistency across all magnifications is in confirmation with the minimal
changes in electrical resistance noted after encapsulation, as evidenced in Fig. 4.1, indicating that
low-pressure encapsulation preserves the original structural and electrical properties of the LIG

The most dramatic structural changes are observed in the LIG samples encapsulated at 780 psi,
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5.2 SEM ANALYSIS

curr HFY pi 100 pm

.9 mm 0.13 nA 254 pm 3.

det mag ® WD cur  HPW  p
XY 5.00 kV ETD 20 000 x 10.0 mm 0.13 nA 6.35 ym 2.64E-3 Pa

Figure 5.2: SEM images of LIG sample before encapsulation at different magnifications.
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5.2 SEM ANALYSIS

T HFW re
00 kV ETD 200 x 15.0 mm 0.13 nA 635 pm 1.77E-3 Pa
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s HV  det mag R WD cur HFW p
XY 5.00 kV ETD 20 000 x 5.0 mm 0.13 nA 6.35 pm 1

Figure 5.3: SEM images of LIG sample after encapsulation with 80 psi pressure at different

magnifications.
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5.2 SEM ANALYSIS
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Figure 5.4: SEM images of LIG sample after encapsulation with 780 psi pressure at different

magnifications.
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5.2 SEM ANALYSIS

as depicted in Fig. 5.4. At this high pressure, the porous network structure has undergone significant
compression and partial collapse. The lower magnification images reveal a much denser structure
with smaller, less distinct pores. The graphene sheets appear to have been forced closer together,
resulting in a more compact, less three-dimensional structure. The highest magnification image
shows evidence of sheet stacking (layering of graphene sheets on top of each other), as shown in
the red circles, and fracture of graphene layers, as shown in 2 um magnification with red arrow.
This structural evolution suggests a transition towards a more disordered and strained material,
confirming the Raman spectroscopy findings of increased structural perturbation and a shift away
from the graphene-like character at higher encapsulation pressures.

These SEM observations provide crucial visual evidence of the pressure-induced structural
changes in LIG. They demonstrate that while low-pressure encapsulation largely preserves the
desirable porous network structure of LIG, high-pressure encapsulation leads to significant structural
densification and potential loss of the unique properties associated with the three-dimensional

graphene network.
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Chapter 6

Conclusions

6.1 Summary of Findings

This research presents a novel approach to enhancing the mechanical robustness of laser-induced
graphene while preserving its exceptional electrical properties. Our key accomplishment was the
development of a facile encapsulation technique using sticky Kapton tape and controlled pressure
application, achieving better results than previous attempts. This method proved effective at
pressures as low as 80 psi. In terms of electrical performance, our encapsulation method minimized
the increase in resistance to just 5% of the LIG’s original value at low pressures (80 - 400 psi),
a significant improvement over existing techniques which typically result in 200-300% increases
in resistance. The initial sheet resistance of approximately 2.2 Q/square represents a very low
value among values reported for LIG. The encapsulated samples showed remarkable resistance to

mechanical stress, with resistance changes limited to 64-75% after three bending cycles at optimal
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6.2 NOVEL CONTRIBUTIONS AND IMPLICATIONS

encapsulation pressures. This stability remained consistent across different bending radii (15-45
mm). Furthermore, water immersion tests demonstrated exceptional environmental durability, with
resistance changes limited to 1-5% after 24-hour exposure, indicating effective protection against

environmental factors.

6.2 Novel Contributions and Implications

This research makes several contributions to the field of LIG technology. Most notably, it represents
the first comprehensive study of in-situ resistance changes during the encapsulation process of LIG,
providing unprecedented insights into the structural change under pressure. Through combined
Raman spectroscopy and SEM analysis, we established a correlation between applied pressure and
structural changes in LIG, demonstrating that lower pressures (80 psi) preserve the desirable porous
network structure while providing adequate protection. Our work achieved an optimal balance
between mechanical protection and electrical conductivity preservation, addressing a challenge in
LIG applications. The implications of these findings extend across various applications in modern
electronics. The enhanced mechanical stability while maintaining conductivity makes this material
particularly suitable for flexible circuits and displays. The demonstrated water resistance and
mechanical durability enable applications in wearable sensors and biomedical devices. Furthermore,
the comprehensive protection offered by our encapsulation method opens possibilities for LIG use

in challenging environmental conditions, expanding its potential application range significantly.
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6.3 FUTURE RESEARCH DIRECTIONS

6.3 Future Research Directions

Looking forward, several promising avenues emerge from this work. Our thermal stability studies
demonstrated good performance at 90°C, but investigating behavior at higher temperatures could
significantly expand application possibilities. This would require exploring alternative substrate
materials with higher temperature tolerance. Additionally, conducting extended cycling tests beyond
the current three-cycle limit would provide valuable insights into long-term durability and potential
fatigue effects. Research is also needed into effective methods for integrating encapsulated LIG with
other electronic components, particularly addressing connection points and interfaces. The scaling
of our encapsulation method to larger areas and different LIG patterns remains crucial for industrial
applications. Moreover, understanding the behavior of encapsulated LIG under dynamic loading
conditions would be essential for applications in flexible electronics and wearable devices. The novel
methodology and findings presented in this thesis provide a foundation for future developments in
flexible electronics and sensing applications using LIG. By addressing the fundamental challenge
of maintaining electrical properties while enhancing mechanical stability, this work contributes
significantly to advancing the practical implementation of LIG-based technologies. The simplicity
and effectiveness of our approach, combined with the characterization of material properties under
various conditions, opens new possibilities for the integration of LIG in next-generation electronic

devices.
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