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Since the development of lasers, their applications have been continuously growing, and
one emerging area of fundamental and applied research focuses on laser processing of polymers.
This is due to the transformative potential of laser techniques, which are versatile and reliable
methods for rapid and direct-write processing of soft materials to locally modify their geometry,
physical and chemical properties. The combined potential of recent developments in polymer
science and the commercialization of capable laser processes naturally lend themselves to the
emerging area of manufacturing flexible electronics, soft-robotics and flexible neural probes. This
powerful combination provides a platform of free form fabrication methodologies that enable both
three-dimensional shaping in the millimeter-to-centimeter scale and local synthesis of graphene-
related materials in the nanometer-to-micrometer scale. Hence, this thesis research focuses on
understanding the fundamentals of such methodologies with specific application to graphene
electrode fabrication by direct laser carbonization of polymers, as well as to self-folding of pre-
strained polymers by laser-induced viscoelastic relaxation.

Laser carbonization of polymers is an emerging technique that enables directly patterning
conductive nanocarbon electrodes directly on polymer films enabling a plethora of flexible
devices. These laser-induced nanocarbon (LINC) patterns exhibit hierarchical porous and fibrous
graphene-based morphologies. Nevertheless, the fundamental mechanisms underlying the
formation of specific LINC morphologies are still missing. In this work, we develop different

approaches to investigate these mechanisms through lasing polyimide with spatially controlled

iv



gradients of optical energy flux, combined with imaging and analytical/numerical modeling
methods to elucidate the mechanisms of carbonization. From the analysis, we aim to correlate the
process parameters to the electrical, electrochemical and surface properties of the nanocarbons.
Light induced bending/folding of specific types of polymers is also a powerful technique
for creating complex three-dimensional shapes from either two-dimensional sheets. Of particular
interest is inducing self-folding of pre-strained polymer sheets based on the interplay between
spatiotemporal thermal gradients and viscoelastic relaxation. In this work, we develop a new
approach for controlled self-folding of shape memory polymer sheets based on direct laser
processing. Our work aims at understanding and describing the mechanics of folding through

experimental and simulation techniques.
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1.0 Introduction

1.1 Laser Polymer Processing

Polymers and lasers are ubiquitous in the modern age. Since their inception in the last
century, both have demonstrated continuous development thanks to their versatility as a material
and a process. Both constitute an essential part of modern manufacturing with lasers enabling
localized energy delivery and polymers demonstrating tunability, durability and mechanical
flexibility. Combining the flexibility of polymers as a material and lasers as a processing
technology allows for a plethora of processes that could potentially be combined easily in a single
platform. Emerging applications that benefit from the synergy between both lasers and polymers
are the areas of flexible electronics and soft robotics both of which fundamentally require

mechanical flexibility and functionality at different length scales.[1-6]

Laser processing of polymers enables the geometrical, chemical and physical modification
of polymers as listed in Figure 1. Geometrical modification of existing polymer can be
accomplished through laser etching and cutting of polymer sheets, or 3D modification through
inducing self-folding of the polymer with light stimulus. Chemical and physical changes can also
be induced. Laser heating of polymers can carbonize the material into conductive graphitic

material



Laser Polymer processing

_____________________ Geometrical change Chemical and physical change

Graphene

: l—’,—, """"""" g | Shape memory ": f/] | _/ | : |

i """"""""" polymer (SMP) > E E

EPatterned etching/cutting  Directed self-folding Carbonization i Crosslinking/Scission/

§ istrucutral defect/swelling
Kirigami Origami Electrodes/sensors/actuators

| | |

Free form fabrication methodologies for emerging applications in flexible devices and
soft robotics

Figure 1: Laser polymer processes

Additionally, lasers can also induce physical and chemical changes through crosslinking,
scission, swelling of the starting material to shape, functionalize or change its properties and
support subsequent processing. Combined, these processing tools present a set of free form
fabrication methodologies that directly support the development of flexible device and soft robotic
applications[1-6] as illustrated in the examples in Figure 2. For example, laser carbonization is
capable of directly writing electrochemically sensitive conductive electrodes on flexible polymers
for sensing, energy storage and actuation applications. The patterned etching and cutting allows
creating the 3D shapes; a frame for any flexible device or robot. The successful utilization of this
framework hinges on fully understanding these processes and how the lasing condition affects the
resulting properties of the end product. Hence, in this thesis, we examine a subset of these
processes: directed self-folding of shape memory polymers and laser induced carbonization, with
the objective of understanding the fundamentals behind the processes in order facilitate its

translation into applications.



@ Voltage off Voltage on

Fixed foot Movable foot

Figure 2: Applications of origami/bio-inspired flexible robots at different scales (a) Microrobots with flexible
legs for motion.[7] (b) Soft wall-climbing robot.[4] (c) Flexible wireless gripper for medical applications.[1] (d)
Actuated solar tracking device with flexible Kirigami solar panels.[8] (e) self-assembling folding robot for

search and rescue.[9] () legged robot utilizing flexible legs.[2]

1.2 Directed Self-folding of Shape Memory Polymers

1.2.1 Shape Memory Effect

Directed self-folding of 2D stock materials to create complex 3D geometries is an attractive
pathway toward manufacturing functional structures at different length scales. This origami-based
approach of self-folding is observed in nature at different length scales ranging from nanometers
to meters. Organic molecules[10], insects [11], brain tissue [12], and tree leaves [13] are all
observed to use folding techniques for producing 3D structures that underlie their function.
Similarly, engineered origami and nature inspired foldable structures have found applications in
areas like robotics [9], implantable devices [14], sensors, actuator [14], aerospace [15] and battery

development [16].



The main element of a self-folding technique is the used material which has to exhibit a
change in geometry as a response to a stimulus like light [17-19], heat [7,9,20], surface tension
[21]. The accumulation of such spatially varying responses to stimuli results in controlled folding
at desired locations. Polymers are ideal as a self-folding material since they can be durable, low-
cost, lightweight, bio-compatible, and can be designed to be stimulus responsive, such as in the
case of shape memory polymers (SMP). A polymer can be programed by pre-straining at high
temperature, followed by cooling below the glass transition temperature. Hence, pre-strained
polymer sheets are a widely used material in self-folding research since they are a low cost and
versatile material to induce self-folding from the macroscale to the microscale. When heated,
localized thermal gradients in the material lead to a shrinkage across the thickness of the sheet
which induces instant folding in the sheet [19,20,22].

Different methods have been proposed in literature to induce folding stimuli of both non-
SMP sheets and SMP sheets, including focused or unfocused light radiation [17-19], heat
conduction through resistive wires [7,9,20], microwave irradiation [23], uniform by ovens or air
guns [22,24] and surface tension [21] as illustrated in Figure 3. In addition to differences in stimuli
and heating method, techniques can also differ based on whether the folds are made in a sequential
or a simultaneous manner. Liu et al. [19] initially demonstrated the self-folding of pre-strained
films by using local light absorption generated from an unfocused IR light bulb that heats pre-
defined hinges patterned by desktop printing. Recently, Lee [25,26] has developed a technique
using curvilinear strain engineering to create complex 3D geometries and curvatures from 2D
inked polymer sheets, subject to unfocused light. Felton et al. [22] developed a method where
composites of pre-strained polymer hinges bonded to paper are activated to fold by joule heating

via resistive circuits at the hinges. Elsisy et al. [7,20] developed a technique using resistive heating



ribbons to locally heat the pre-strained polymer sheets and demonstrated that changing the
composite layer combination can be utilized to control the direction of hinge fold in the structure.
Another non-contact technique developed utilizes microwave absorbing ink [23] to define the
hinges on microwave transparent pre-strained polymer. When the sheet is subject to microwaves,
the ink patterns heat up remotely, leading to hinge folding. To demonstrate selective sequential
folding using unfocused light, Liu et al. [18] used printed ink of different colors to define the
hinges on the surface of the polymer sheets. This enabled controlling the amount of absorbed light
based on the wavelength of the used light and the color of the ink, hence achieving selective
folding. In addition to self-folding using unfocused light, direct local heating of the pre-strained
films has also been demonstrated using laser to induce folding [27] by focusing a continuous-wave
laser with an elongated beam shape using a cylindrical lens. In that method however, the shaped
laser spot is fixed and is wider than the used polymer strip as illustrated in Figure 3. Indirect laser
heating was also demonstrated in which the laser was used to heat the sample substrate instead of
the sample itself [28]. Here, we investigate a scalable approach for controlled self-folding of shape
memory polymers based on laser rastering. Localized heating is achieved by moving laser to
deliver controlled energy across the rastering path. This is in contrast to prior work on using a
stationary laser spot with a rectangular shape described earlier as illustrated in Figure 3. Our
approach allows the accurate control of the spatiotemporal delivery of heat as a function of laser
power, speed and number of passes along designed paths on the polymer, which enables control
of fold angle and quality. This approach can potentially be used to create complex three-
dimensional shapes and it paves the way for developing unique manufacturing capabilities in

creating functional parts that require complex 3D geometries and high surface quality.
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Figure 3: Hlustration of different methods of inducing self-folding of polymers based on external stimuli

[9,17,29,18-24,28], highlighting the unique freeform direct-write capability of our new approach.

1.3 Laser Carbonization of Polymers

The use of lasers to locally carbonize commercial polymers, such as polyimide, is an
emerging technique for the fabrication of functional graphenic nanocarbons directly on flexible
substrates.[30-35] This direct-write approach is a powerful alternative to printing technologies,
which use nanocarbon-containing inks to print conducting electrodes of carbon nanotubes or
graphene in flexible device fabrication.[36,37] In fact, before the recent interest in flexible
electronics, laser processing of polymers (especially polyimide) was first studied in the context of

polymer ablation using UV pulsed lasers.[38] However, in addition to the dissociation of its

polymeric structure, carbonization and enhanced conductivity were observed using both



pulsed[39-42] and continuous wave (CW)[43,44] UV lasers, as well as pulsed [42,45,46] and CW
visible light[47,48] lasers.

Accordingly, micron-scale conductive electrodes were fabricated on polyimide for
electrochemical and electronic devices.[40,43] The resulting electrodes can be porous, conductive,
and electrochemically active and have tunable surface properties and are directly written on a
flexible substrate. These properties make it an ideal material for sensor, energy storage and flexible

device applications.
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Figure 4: Figure illustrating different LINC applications on polymers.[49] (a) Wearable sensor for sensitive
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detection of uric acid and tyrosine in sweat. (b) LINC based super microcapacitors for energy storage.[30] (c)

An artificial throat utilizing LINC.[50] (d) Antifouling membrane filter made from doped LINC.[51]

More recently, it was reported that rastering a CW CO: laser in air creates patterns of
porous graphene-based structures on polyimide.[30] Importantly, these conductive patterns were
used to develop a plethora of devices including micro supercapacitors,[31] strain or piezoresistive
sensors,[52,53] multifunctional strain sensors,[54] pH sensors,[52] gas sensors,[55] flexible

electrodes,[56] anti-fouling surfaces,[57] wearable sensors,[49] artificial throat,[50] microfluidic



devices,[58] and heating elements[59], some of which are listed in Figure 4. Owing to the diversity
of morphologies achievable by laser carbonization, here we use the term laser-induced nanocarbon
(LINC), as a more general term than laser-induced graphene to collectively refer to all
nanostructured carbon materials fabricated by laser irradiation of polymer precursors. The process
of LINC formation is still not fully clear due to the complexity of the laser-polymer interactions
and how the lasing conditions (speed, power, fluence, flux...etc.), laser wavelength, fluence and
lasing kinetics affect the resulting graphene/carbon. Hence, it is an objective of this research to

help understand the process-structure-property relationships of the process.



2.0 Research Scope and Objectives

As discussed in the previous chapter, we are investigating the processes: directed self-
folding of shape memory polymers and laser-induced carbonization. In this chapter, we will be

outlining the main research questions and objectives of the research.

2.1 Laser-Induced NanoCarbon (LINC) Formation

A key challenge is to understand the process-structure-property relationships for LINC

formation. We pose the following questions:

e How does laser condition (wavelength, power, speed, pulse rate, etc.) affect the resulting
LINC morphology?

e How does the morphology and chemical composition of LINCs affect their properties suc
h as electrical conductivity and electrochemical behavior?

e How does the kinetics of laser heating affect the carbonization process?

While the morphology of LINC is generally described in literature as porous, there are
reports indicating that LINC’s morphological structure can be tuned with varying laser
parameters.[60,61] In particular, it was observed that increasing laser-induced thermal damage
can result in fibrous[62] or porous formations [43] in pulsed laser irradiation of polyimides. Using
CO2 lasers, Lamberti et al. reported that by varying the scan speed of the laser and the pulse width
modulation (PWM) frequency, different morphologies of LINC were observed that were described
as “sheets”, “needles” and “porous” morphologies.[61] However, the precise mapping of laser

conditions that lead to these differences in terms of universally recognizable physical quantities



such as laser fluence is still largely missing. Moreover, identifying the transition thresholds
between these morphologies has been challenging, because previous work has relied on discrete
experiments exploring the large parameter space,[63] owing to the lack of facile approaches that
can enable applying continuous gradients of laser parameters on the same sample. Additionally,
no work currently exists that focuses on how the kinetics of the process affect the carbonization
process. How does the heating rate affect the resulting LINC? Can the density of LINC be
controlled by controlling speed?

To address some of the these questions, we develop experiments to leverage laser fluence
gradients and beam defocus to facilitate understanding of the LINC formation process by
quantitatively correlating laser condition, the resulting LINC morphologies, and their varying
electrical conductivity. Additionally, we describe methods of creating LINC materials with
spatially varying morphologies and hence spatially varying properties. In particular, to investigate
the effect of tuning fluence on morphology and properties, we uniquely combine mathematical
modeling of Gaussian laser beams with two experimental approaches to control the local spread
of the beam: 1) lasing individual lines on a tilted polyimide surface to achieve controlled gradients
of fluence, and 2) lasing untilted samples at different degrees of defocusing for spatially uniform
LINC lines. The first approach enable studying the evolution of nanoscale morphology and atomic
structure continuously at different fluence values on the same polyimide film. Thus, we can
precisely identify fluence thresholds for transition between different LINC morphologies owing to
the resulting spatial map of fluence along a single LINC line in the tilted experiments. Based on
our findings, outlined in Chapter 3.0, we propose a model for the morphological evolution during
laser carbonization that results in nanoporous structures, cellular networks, and woolly fibers at

different fluence values, which enables delineating a clear morphology diagram. We also correlate
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these results with electrical conductivity measurements in order to reveal the process-structure-
property relationships governing the design of LINC materials with tunable and spatially varying
properties.

In Chapter 4.0, we focus on understanding the kinetics of the process and how lasing speed
affects the result LINC morphology and properties. This is achieved by developing experiments
and thermal models to investigate the effect of heating rates on the resulting LINC in terms of
molecular structure and morphology. Chapter 5.0 focuses on optimizing the electrical and
electrochemical properties for functional application development through exploring methods to

improve the electrical conductivity and electrochemical sensitivity of LINC based electrodes.

2.2 Directed Laser Self-Folding

Here, we propose a scalable approach for controlled self-folding of shape memory
polymers based on laser rastering. The objective can be summarized through the following
hypothesis:

Direct write laser scanning of shape memory polymers (SMPs) under optimized laser
conditions can generate repeatable high quality straight folds which can be used to generate 3D
geometries of the polymer.

To test this hypothesis, we designed a number of experiments where localized heating is
achieved by moving laser (40W, CO2, 10.6 um) to deliver controlled energy across the rastering
path. Our approach allows the accurate control of the spatiotemporal delivery of heat as a function
of laser power, speed and number of passes along designed paths on the polymer, which enables

control of fold angle and quality. This work paves the way for developing unique manufacturing
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capabilities in creating functional parts that require complex 3D geometries and high surface
quality. Additionally, to further understand how the lasing condition affects the viscoelastic
relaxation and hence the folding kinetics we develop a multi-physics model, coupling the
mechanical and thermal effects, and monitoring the change in strain rates and displacements. These
findings are presented in Chapter 6.0.
The rest of the work is arranged as follows,

e Chapter 7.0 will discuss ongoing and future research directions.

e Finally, Chapter 8.0 will discuss the conclusions of this thesis, list of papers as first author

or co-author.
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3.0 Fluence-dependent Morphological Transitions in Laser-induced Formation of

Graphene-based Conducting Electrodes Directly On Polymers for Flexible Devices

3.1 Introduction

In this chapter, we leverage laser fluence gradients and beam defocus to facilitate
understanding LINC formation process by quantitatively correlating laser condition, the resulting
LINC morphologies, and their varying electrical conductivity. Additionally, we describe methods
of creating LINC materials with spatially varying morphologies and hence spatially varying
properties. In particular, to investigate the effect of tuning fluence on morphology and properties,
we uniquely combine mathematical modeling of Gaussian laser beams with two experimental
approaches to control the local spread of the beam: 1) lasing individual lines on a tilted polyimide
surface to achieve controlled gradients of fluence, and 2) lasing untilted samples at different
degrees of defocusing for spatially uniform LINC lines. The first approach enables studying the
evolution of nanoscale morphology and atomic structure continuously at different fluence values
on the same polyimide film. Thus, we can precisely identify fluence thresholds for transition
between different LINC morphologies owing to the resulting spatial map of fluence along a single
LINC line in the tilted experiments. Based on our findings, we propose a model for the
morphological evolution during laser carbonization that results in nanoporous structures, cellular
networks, and woolly fibers at different fluence values, which enables delineating a clear
morphology diagram. We also correlate these results with electrical conductivity measurements in
order to reveal the process-structure-property relationships governing the design of LINC materials

with tunable and spatially varying properties.
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3.2 Materials and Methods

Polyimide tape (TAPECASE 2B, Cat. No. 15C616, tape thickness: 88.9 microns) was used
as a substrate precursor for LINC formation experiments. To prepare for the experiments, the tape
was place on silicon wafers, rinsed with acetone then Isopropyl alcohol for sample surface
cleaning.

Direct laser irradiation on the polyimide sheets was conducted in air using a CO> laser
cutter/engraver system (Full Spectrum Laser Pro-Series 20x12, 1.5 inch focus lens) with 10.6 um
wavelength and 45 W power. The system allows tuning the power by controlling the laser current.
We measure the laser power at different currents using a CO laser power meter (HLP-200,
Changchun Laser Optoelectronics Technology Co., Ltd.). The beam radius was measured based
on (1/e?) of the maximum intensity (wy, wy) at different distances (z) from the beam waist using
the knife-edge method.[64] Using this technique, the beam radius at the beam waist (Wox, Woy),
based on a Gaussian beam assumption, was determined to be 125.8 um in the x-direction and 84
um in the y-direction.

The laser objective lens is mounted on a motorized XY stage with a maximum speed of
500 mm/s in the X-direction. The beam spot size was controlled by adjusting the vertical distance
(z) between the sample position and the beam waist; i.e. by moving the sample stage vertically
with respect the objective lens. Laser power (P) was varied from 11.7 W to 30.7 W, and all

experiments were performed at X-direction speed (v) of 500 mm/s and under ambient conditions.
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3.3 Area-averaged Fluence Model

The beam is modeled as a non-astigmatic elliptical Gaussian beam. The beam intensity is

modeled using the following relationship (as illustrated in Figure 5(a))[65,66]:

[(x,y,2) = Ioe_2<(ﬁ)2+<ﬁ>z> [%] (3-1)

where x and y are measured from beam center axis at distance z from the beam waist. Beam
dimensions at defocusing level (z) are wx and wy (as illustrated in Figure 5(d)) based on 1/e?, and
lo is the maximum intensity.

Beam total power delivered at a spot with z vertical distance from the beam waist
(estimated using thermopile measurements) is equal to the integration of the intensity over the
laser spot in the horizontal plane (normal to the beam center axis), assuming complete absorption

of the laser beam energy:
[ o223 gy =
P=1, ffe wx/ e Wy dxdy = EIOWny (3-2)

where wy and wy are the (1/e2) beam size.
This integration approximately gives the value of the maximum intensity:

2P

&) ~ o W, @

(3-3)

where P is constant for different z’s, however the wx and wy change.
The Gaussian beam size at different z values is estimated using the following equations

(assuming the beam spot major and minor axis is aligned with the lasing direction x and y):

(3-4)

TWZ,

M2Az 2
wy(z) = wor |1+
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(3-5)

M3 Az 2
wy(2) = w,y, [1+ (nw§y>
where M,? and M,? are the beam quality factor for the x and y direction respectively, Wox and Woy
are the beam waist dimensions (as illustrated in Figure 5(a)). These parameters are estimated using
the knife edge method as described in the supplementary information.

The average flux lay is estimated at a certain spot size for a laser power P, by averaging the

intensity 1(z) over the spot area A(z2):

I Wx(2) 4 @ (x,y, z)dydx

—Wx(2) YWy(z)

oYV
oo (2) = (@) 5D gray  (3-6)

wa (2) jWy(Z)
A (Z) T[Wx (Z) Wy (Z) Wy (z)

wy(2)

The average fluence F is then estimated using the following relationship:
Faavg(z,v) = D(z,v)14,(2) 3-7)
where D(z,v) is the dwell time of the laser beam over a spot. The dwell time is estimated by
dividing the beam length in the lasing direction x by the beam speed v. [67]

2w, (2)

D(z,v) = (3-8)

The average fluence of the beam on a tilted surface was shown to be approximately equal

to the untilted surface average fluence for our ranges of the tilting angle y.
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3.4 Tunable Beam Intensity for Patterning Graphitic LINC on Polyimide

LINCs form due to the local interaction of a laser beam with the surface of polyimide. As
shown schematically in Figure 5 (a), a continuous beam with power P is scanned across the
polyimide film at a speed v with the sample surface at a distance z from the beam waist.
Photothermal interactions from the radiation absorption by the polyimide drive a rapid temperature
increase that carbonizes polyimide locally at the moving laser spot to create a pattern, as depicted
in Figure 5 (b). Depending on the lasing parameters, the polyimide can be carbonized into
nanoscale graphene-rich domains, as shown from X-ray diffraction (XRD) results in Figure 5 (c).
These results were generated for individual LINC lines, which are formed at power P = 28 W,
speed v = 500 mm/s, and distance from beam waist z =0 mm. From XRD, we can clearly identify
the (002) and (100) peaks that are characteristic of highly ordered sp-hybridized graphitic carbon.
The laser beam profile of the CW CO- laser used in this study is depicted in Figure 5 (d), estimated
from beam characterization experiments. CW CO: lasers are used for LINC applications primarily
because polyimide has high absorptivity for the infrared (IR) range around the wavelength of CO;
laser (A=10.6 um) and hence carbonizes relatively easily.[68] Moreover, CO laser systems are
commercially available at low cost, which paves the way for widespread adoption of this approach
for fabrication of functional electrodes on flexible devices. Beam power and profile measurements
are used to estimate the laser intensity profile at the different z values at different spot sizes and

powers.
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Figure 5: (a) Schematic of lasing flat untilted polyimide to produce a LINC line with a Gaussian beam. (b)
Photograph of a 2D LINC pattern on a flexible polyimide substrate. (c) XRD of powdered LINC lased at P =
28 W, v =500 mm/s, z = 0 mm). (d) Experimental points representing the estimated laser beam profile along
the lasing direction x using the knife edge technique, along with the profile of the fitted Gaussian beam
illustrating the divergence of the beam away from the beam waist. The resulting beam spot in the x direction is
estimated to be 2wox= 251.6 um. (e) Estimated optical flux along the x direction at constant power (P =22.5 W),

showing the change of beam intensity with z (i.e. with changing spot size by defocusing the beam).

An example is shown in Figure 5 (e) which shows the change of intensity across the beam
for different z values at the same laser power. At different z values, the beam intensity I(x,y)
follows a Gaussian distribution with the narrowest distribution featuring the overall maximum
value of intensity at the beam waist where z = 0 mm. Changing both the speed and the spot size
changes the dwell time of the laser spot,[67] which corresponds to how long a point is exposed to
the moving laser beam. Naturally, faster speeds reduce the dwell time. At a fixed speed however,

the dwell time also decreases with decreasing spot size. The relationship between the beam dwell
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time and laser intensity controls the value of the average fluence (estimated using the Gaussian

beam model), which would in turn influence the temperature increase at a point.

3.5 Fluence Gradients for Spatial Control of LINC Morphology

To investigate the influence of beam intensity and fluence on polyimide carbonization, we
create a gradient of fluence by lasing a tilted sample of polyimide. This tilt angle controls how
different points on the substrate along the laser path experience different fluence levels. A
schematic of the experiment is shown in Figure 6 (a), where the sample is lased at an angle (y =
45°). While the laser beam moves in a horizontal direction x at a speed v, the sample is tilted along
the x' direction with angle y between x and x'. Since the spot size changes with z, the beam
maximum intensity, average fluence and dwell time also change along the x' direction (i.e. along
the lased lines in the sample’s plane). Tilting the axis normal to the sample (Z') with respect to the
beam axis (Z) by y changes the distribution of beam intensity and transforms the geometry of the
beam spot. We demonstrated that the average fluence value for the untilted case is approximately
equal to the tilted case for our values of beam parameters. This can be explained by the fact that
the tilt angle doesn’t drastically change the laser beam intensity profile, and that while the beam
broadens, so does the beam spot. Hence, averaging over the area doesn’t affect the averaged
intensity over the spot when comparing the untilted to the tilted case.

The sample is lased at different powers ranging from P =11.7 W to P = 30.7 W at a constant
beam scanning velocity v = 500 mm/s with the resulting lased lines shown in Figure 6 (b). Since,
each point on the line represents a different average fluence value, the lines with gradient fluence
uniquely enables mapping the fluence-dependent morphological evolution. Close to the edges of
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the visible lines, swelling of the polyimide is observed. Towards the center of the lines,
carbonization is visible, and in some cases the formation of fuzzy/woolly fibers at the center was
observed where fluence is highest. The length of the carbonized portion of the line where LINC is
formed (black portion) increases with increasing P, which can be explained by shifts in the
location, at which the threshold fluence for carbonization (estimated to be in the range of 5-8 J/cm?)
is reached, referred to here as transition TO.

More discrete transitions of LINC morphology along the lines are identified under both
optical microscopy and scanning electron microscopy (SEM) imaging, as shown in Figure 6 (c, d).
The first type of transition (T1) observed is from a porous morphology to a cellular network
morphology, which is accompanied by a stark change in reflectivity as noticed in the optical
images Figure 6 (d).

The second type of transition (T2) observed is an abrupt transition from the cellular
networks to a large volume woolly fibrous formation. This second transition was only observed
at powers larger than P = 18.4 W. The distance between the midpoint of the lines and the points
of transition along the x' direction are plotted in Figure 6 (€). The transitions (T1 and T2) are
mapped with the average fluence estimated at the different powers and x' values according to our
beam model presented in the Methods section. The plot indicates that the transitions occur at fixed
average fluence values, which is a useful insight that we will build on later for creating a

morphology diagram.
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Figure 6: (a) Schematic of setup for LINC formed with gradient fluence by lasing tilted polyimide at an angle
y. The lines are lased along the x' in the sample’s plane, while the beam moves along x direction with speed v.
(b) Optical photograph of the different lines lased at different powers using the method described in (a) at
v=45°, showing the different color changes along the lased lines and the change of the location of the transition
of LINC morphology as a function of powers. (c) SEM image of the two transitions from porous to cellular
networks (T1) and from cellular networks to woolly fibers (T2) lased at power P = 18.4 W. (d) Optical

microscopy images at the same points showing the change in line reflectivity for both transitions and abrupt

formation of woolly fibers. (e) Plot of estimated fluence delivered at different powers and v = 500 mm/s vs. the
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distance from LINC line center in the x' direction. Locations of transitions T1 and T2 are marked with black
diamond and square markers on the curves, respectively, showing that the transitions occur at similar fluence
values around FT1= 12 J/cm? and FT2=17 J/cm? (horizontal red lines of constant fluence). Horizontal grey

band 5-8 J/cm? represents the estimated carbonization threshold.

The porous formation to cellular formation transition (T1 in Figure 6 (e)) occurs at an
estimated average fluence value of =12 J/cm?. The transition from cellular network to woolly fiber
formations occurs at an estimated average fluence value of around =17 J/cm?. It is also observed
that while there is a porous to cellular network transition (T1) when the lasing power was P =11.7
W, there is no network to fibers transition (T2) at this low power. This indicates that the fluence
threshold for woolly fiber formation is higher than peak fluence in the center of the line at this
power, which highlights the utility of our fluence-based mapping approach and our beam
modeling. In addition to the fluence driven transitions, the resulting woolly fibers at the point of

highest fluence (center of the lines) become more voluminous and wider with increasing power.

3.6 Structural Changes Concomitant with LINC Morphology Evolution

To correlate the observed morphologies from the tilted lasing experiment to the molecular structure
of LINC, Raman spectroscopy mapping was carried out along the lased lines for two power values,
P =11.7 W (does not have woolly fibers at the center of the line) and P = 18.4 W (has woolly
fibers at the center of the line), as shown in Figure 7 and Figure 8. Raman spectra for different
points along the lased line are shown in Figure 7 (a) and Figure 8 (a), and top view SEM images
of the lines are shown Figure 7 (b-j) and Figure 8 (b-j). For a comprehensive understanding of the

evolution along the centimeters-long line, we stitched SEM images going from the edge of the line
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to its center in Figure 7 (b) and Figure 8 (b). Also, we present higher resolution SEMs of selected

points along the line in Figure 7 (c-j) and Figure 8 (c-j).
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Figure 7: (a) Raman spectra of different points along the LINC line generated from tilted lasing at y = 45°,
power P =11.7 W and speed v = 500 mm/s, showing the carbonization transition from polyimide to porous
LINC (TO) as well the transition from isotropic porous LINC to cellular networks (T1). (b) Stitched SEM

images of lased line. (c-j) SEM images along the line illustrating the different morphologies.
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Figure 8: (a) Raman spectra of different points along the LINC line generated from tilted lasing at y = 45°,
power P = 18.4 W and speed v = 500 mm/s, showing the transition from isotropic porous LINC to cellular
networks (T1), as well as the transition to woolly fibers (T2). (b) Stitched SEM images of lased line. (c-j) SEM

images along the line illustrating the different morphologies.
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The Raman spectra at points towards the edge of the lines prior to the formation of porous
LINC display the characteristic peaks of polyimide at a Raman shift of 1395 cm™,1601 cm™ and
1786 cm™* associated with C-N-C axial vibration, imide ring vibration and C=0 asymmetric ring
respectively. (The background signal due to polyimide fluorescence is removed).[45] Moving
along the line with increasing average fluence, the Raman peaks associated with polyimide
disappear and the G and D bands characteristic of graphenic nanocarbon appear, indicating the
progression of carbonization after TO. The observed spectra exhibit G and D peaks with large full
width at half maximum (FWHM) and broadband band around the 2D peak. The spectra have the
same shape along the lased line until a stark change in shape is observed beyond the T1 transition.
In particular, a sharper well-defined 2D band appears, accompanied by a marked decrease in G
and D peak FWHM (from 150 cm™ to around 75 cm™ for the G peak), as shown in Figure 7 (a).
The decrease of FWHM of the G peak indicates larger sp? grains.[69] Hence, these changes suggest
the formation of well-defined graphene domains concomitant with the transition from isotropic
porous morphology to more anisotropic (as will be shown later in Figure 9 from side-view SEMs)
cellular networks of 3D graphene, as shown in the difference between Figure 7 (f) and (j). A small
peak is observed in the Raman spectra at 850 cm™, which was reported previously for laser
carbonization of polyimide with a UV laser.[43] This peak is consistent with the T band
representing sp® vibration density of states,[70,71] which was previously shown in ab initio
calculations of Raman spectra.[72]

Similar analysis is performed for the lased line at P = 18.4 W (Figure 8), showing the same
transitions take place at higher power. In this case however, three morphologies are observed with
both transitions T1 and T2 identifiable in Raman measurements and SEMs. At the T2 threshold,

an abrupt transition into woolly fibrous morphology is observed ((Figure 8 (i) and (j)), which was
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not seen in the low-power (P = 11.7 W) results shown in Figure 7. Interestingly, the voluminous
woolly fibers exhibit similar Raman spectra to the isotropic porous LINC that form between TO
and T1, with no sharp 2D peak and larger FWHM for the G peak compared to the anisotropic
cellular networks that form between T1 and T2. These results suggest that the fibrous LINC
formed beyond T2 generally has lower-quality sp? carbon than the anisotropic cellular networked
structure formed between T1 and T2. This is crucial for tailoring the properties of LINC patterns,

as will be shown for electrical conductivity measurements below.

3.7 Fluence-dependent Tunability of LINC Morphology

To gain more insight into the obtained LINC morphologies, untilted polyimide films are
lased at different z values for the same power P = 18.4 W to change the average fluence values.
SEM images of the side view of the films along the direction of lasing are shown in Figure 9 (a-i),
with high-resolution images shown in Figure 9 (j-0). The images at the different levels of
defocusing elaborate the evolution of the morphology with increasing average fluence (largest at
z =0 mm). At z = 4.8 mm, some swelling is observed in the morphology as shown Figure 9 (a, j).
With more beam focusing (i.e. less defocusing with smaller z = 3.6 mm), more swelling of
polyimide is observed along with the emergence of a clearly defined porous structure, having
isotropic pores on the surface as shown in Figure 9 (c, k). At z = 3 mm, the pores appear to be
larger in size and more anisotropic as shown in Figure 9 (d, ). With further beam focusing,
alignment emerges in a highly anisotropic cellular network structure at z = 1.8 mm, as shown in

Figure 9 (f, m). Approaching z = 0 mm, nanofibers form starting at z = 1.2 mm, with progressively
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more voluminous woolly morphology, as seen in Figure 9 (i, n). High-resolution SEM imaging
shows that nanofibers of = 60 nm form at z= 0 mm Figure 9 (0).

These transitions capture the evolution of LINC morphology with increasing average
fluence values. A model of these fluence-dependent transitions is illustrated schematically in
Figure 9 (p), which shows the phenomenon of swelling and blistering of the polyimide, followed
by the formation of pores that gradually increase in number, size, and anisotropy, leading to the
formation of anisotropic cellular networks. These 3D graphene networks become more aligned at
higher fluence and eventually individual nanofibers emerge in voluminous wooly morphologies.
While this model is useful in designing LINC patterns with tailored properties, further research
using high speed in situ characterization methodologies is needed in order to reveal the temporal

evolution of the LINC morphology during lasing.
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Further swelling
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Figure 9: (a-i) SEM images of side views of the edge of polyimide films lased to generate LINC,while untilted
(y = 0°) at different z values (Scale bar: 100 um). (j-o) Higher resolution SEM images. (j) SEM showing the
swelling of polyimide. (k) SEM showing pore formation and growth. (i) SEM showing increase in pore shape
anisotropy. (m) SEM showing the formation of anisotropic cellular networks. (n) SEM showing the formation
of LINC nanofibers. (o) High resolution image showing = 60 nm nanofibers. (p) Schematic illustrating the
evolution of LINC formation with increasing fluence, showing the transitions between different LINC

morphologies.
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3.8 Equivalence of LINC Formation on Tilted and Untilted Samples

In light of the results discussed above energetic and kinetic equivalence in the cases of laser

heating across tilted and untilted samples, the most important aspect of equivalence is the similarity

of LINC morphologies obtained in both cases.
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Figure 10: The average fluence experienced by the substrate at P = 18.4 W and v = 500 mm/s at different level
of defocus (z) , the transitions from woolly fibers to cellular networks and from cellular to porous structures
(calculated form tilted lasing experiments) are illustrated. Additionally, the morphologies experienced at

different z values from the untilted lasing experiments are presented.
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Figure 11: Fluence-dependent elemental composition of LINC from XPS measurements represented as atomic
percentage for carbon in (a), oxygen in (b), and nitrogen in (c). Results plotted here are collected from 38 survey

scans at different points along the four lines lased on tilted polyimide substrate with y=45° at powers of 11.7,

18.4,23.2, and 28 W.
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Figure 12: XPS results for several point across an individual LINC line generated by tilted lasing at y = 45° at
power P =18.4 W and speed v = 500 mm/s. (a) C1s core scans, (b) N1s core scans, and (c) O1s core scans. Fluence
values are indicated on each spectrum in (a). Note the disappearance of the broad band between 286 and 288
eV in (a), which indicates that rapid loss of heteroatoms after T1. All green lines represent isotropic porous
morphology, while the red spectrum represents anisotropic networked morphology, and the blue spectra

represent aligned nanofibers.

Hence, we confirm here that the LINC morphologies obtained in the case of flat untilted
lasing experiments shown in Figure 9 (a-i) match the morphologies resulting from tilted lasing
experiments shown in Figure 6 (e) at P = 18.4 W and v = 500 mm/s. This comparison between the

fluence-dependent morphological transitions in both cases is plotted in Figure 10.
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3.9 Fluence-dependent Chemical Evolution

We use X-ray photoelectron spectroscopy (XPS) to characterize the fluence-dependent
morphologies at several points along the lased lines (Figure 11) using the tilted sample approach
shown in Figure 6 with y = 45° at different powers. We then use the mathematical model describing
the beam to correlate each point across those lines to a fluence value. Accordingly, we plot the
atomic percentages of carbon, oxygen, and nitrogen as a function of fluence, as shown in Figure
11. Results show that carbonization increases with fluence, owing to the progressive reduction in
heteroatom content (oxygen and nitrogen). A rapid drop of both oxygen and nitrogen is observed
after the T1 transition, which is also clearly observed in the C1s core scans shown in Figure 12 (a),
wherein the broad band between 286 and 288 eV disappear immediately after T1. This rapid loss
of heteroatom content is concomitant with a marked increase in carbon content, which is also
observed from the sharpening of the carbon-carbon peak in the C1s scan (Figure 12 (a)). On the
other hand, after the T2 transition, slower increase in carbon and slower decrease in both oxygen
and nitrogen are observed.

It is worth noting here that plotting the evolution of elemental composition as a function of
fluence is more insightful than plotting these values as a function of power, because fluence is a
quantity that is normalized to the spot area, which changes along the laser path in our tilted lasing
experiments (i.e. we have a gradient of fluence along the lines even though the power and speed
are constant, as shown in Figure 6). Also, the fact that we are lasing only individual lines with no
overlapping laser paths means that the fluence values we calculate are truly representative of the
energy delivered locally at each point on the substrate, as opposed to the case of rastering 2D pixel
arrays (or overlapping lines), where changing power, not only changes fluence, but also increases

the overlap between neighboring pixels.[30]
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3.10 Insights into coupled physicochemical phenomena governing LINC formation

Multiple processes are involved in the formation of LINC, which depend on factors like
laser wavelength, laser intensity, fluence, IR absorption of the material and type of polyimide.
These inputs drive the temperature and heating rate in the polyimide and hence control the level
of liquification, outgassing and carbonization that occur. This in turn affects the resulting
morphology and molecular structure and hence the resulting properties. Chemical reactions also
drive these processes like thermal dissociation and carbonization of the polyimide, solid-liquid
phase transitions, plasma material interactions, melt expulsion and melt dynamics driven by
Marangoni convection.[73] In addition, the optical properties of the material can change, driving
complex chain reactions, caused by the changing absorptivity of the material.[74] These processes
can also depend on the gas environment and partial pressure. Moreover, they take place at different
time scales, further complicating the phenomenon.

A number of noteworthy phenomena are observed in our experiments, which provide
insight into the LINC formation process. For example, the transition to woolly fibers (T2) is clearly
observed from the SEMs in Figure 8 and Figure 9 by the drastically bigger volume of carbon,
which suggests that the kinetics of forming the woolly fiber morphology is faster than the kinetics
of forming cellular networks and isotropic porous morphology.

Hence, the rate of outgassing during laser irradiation is higher for higher fluence, which is
also supported by the XPS results indicating more loss of oxygen and nitrogen at higher fluence
(Figure 11 and Figure 12). This rapid jetting of gases out of the surface can also explain the
increase of anisotropy in the porous structures that is observed after T1, as well as the alignment
of the nanofibers after T2. In fact the mushroom-top geometry of LINC observed for fluence

exceeding T2 (Figure 9 (g-i)) resembles high speed images of laser-induced splashing of polymers
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from literature.[75] Such plashing dynamics of liquefied polymers could drive the formation of
aligned woolly nanofibers upon rapid conversion into solid carbon.. Hence, our results indicate
that the liquification and rapid solidification beyond T2 hinders graphitization of carbon and hence
leads to the lower G and D peak FWHM and the disappearance of the 2D peak observed in Raman
spectroscopy (Figure 8). Moreover, at even higher fluence, exceeding 25 J/cm?, the consumption
of the polyimide leads to splitting of the film as the laser either ablates, melts, and/or chemically
converts the whole thickness of the film.

A better understanding of the chemical transformations that take place during these
transitions can be built on previous pyrolysis research on the evolution and graphitization of
different types of polyimide at temperatures up to 3000 °C. These studies are based on transmission
electron microscopy (TEM),[76] Raman spectroscopy,[45,77] infrared spectroscopy, and
outgassing observations at different temperatures. These studies show that carbonization of
polyimide films occurs over two steps. Initially at a temperature of 500 °C — 650 °C there is an
abrupt weight decrease of the films accompanied by the release of large amounts of CO and COz.
This is followed by less weight loss and shrinkage due to evolution of small amounts of methane,
hydrogen and nitrogen which can occur over a temperature range from 800°C to above 1000
°C.[78,79] It was also reported that nitrogen release continues in the second step of carbonization
up to temperatures above 2000 °C and can be released abruptly.[80] These findings further support
the hypothesis that the morphology transitions we observe (T1 and T2) are partly attributed to the
rapid rate of gas released, especially when interacting with material jetting that can lead to the
formation of nanofibers through rapid solidification of the jetted material. This mechanism of
nanofiber formation is analogous to the fabrication of polymer nanofibers by electrospinning,[81]

albeit at much higher temperatures and more rapid heating/cooling rates. It should be noted that

34



the in situ polyimide pyrolysis studies were carried out using relatively low heating rates(< 30
°C/min),[82] compared to rapid temperature increase rates typical in laser irradiation. Hence, they
do not necessarily represent the same reaction pathways taking place during laser heating of
polyimide, which is an inherently non-equilibrium process in contrast to the quasi-equilibrium
process of the slow heating. Structurally, TEM studies of the pyrolyzed polyimide have shown that
the slowly carbonized polyimide exhibited turbostratic structure with nano-scale elongated pores
from temperatures as low as 650 °C up to temperatures as high as 2450°C, beyond which the
carbonized polyimide graphitized into high quality flat layers of graphitic carbon sheets

comparable to pyrolytic carbon.[76]

3.11 Correlating LINC Morphology to Electrical Eesistivity

To understand how the observed morphology transitions affects the properties of LINC, 15
mm LINC lines are lased at different z values and two power values, P =11.7 W and P = 28.0 W
in untilted configuration (y = 0°). Using the two point probe method, the resistance divided by line
length (R/L) values are calculated from multiple resistance measurements at different lengths.
First, the change in spot area as a function of z, according to the beam model is plotted in Figure
13 (a).

The average R/L values for P = 11.7 W and P = 28 W are plotted in Figure 13 (b) and
Figure 13 (d), respectively. For P =11.7 W, the polyimide is not conducting at z> 3 mm and z <
-3 mm. For z between -3 and 3 mm, the average R/L values are at their highest at the edges of the
range with values between 2.1 KQ/mm to 2.5 KQ/mm, indicating that the connectivity of cellular
networks in key for writing highly conducting LINC. These values of R/L are within the range of
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previously reported values for LINC.[31,53] As the spot size decreases at values around z =0, R/L
decreases to a value of around 1.65 KQ/mm. The average carbonized line widths are noted to be
~ 130 um as illustrated from optical microscopy images.

Raman spectroscopy of these lines show a general inverse relationship between R/L values
and the 1(2D)/1(G) ratio. Indeed, we find that LINC with a well-defined and sharp 2D peak,
exhibited the lowest resistivity. The average 1(2D)/1(G) ratio starts at a value between 0.4 - 0.45,
and increases for smaller spot size till a maximum value of around 0.53. Similar trends are
observed in the I(G)/I(D) ratio where it reaches a maximum value of around 1.25. At higher power
(P =28 W), R/L values are significantly smaller (Figure 13 (d)), with values ranging between 1
KQ/mm and 0.4 KQ/mm when compared to the lower power case. Again a decreasing trend is
observed with beam focusing, with R/L decreasing from around 1 KQ/mm at z = 9 mm to around
0.4 KQ/mm at z = 7 mm as the porous morphology transitions into a more anisotropic cellular
networks. The average value of R/L then remains constant until the onset of the fibrous
morphologies where the resistance increases drastically. Atz >4 mm (i.e. below the T2 threshold
for fiber formation), the line width was measured to be = 250 pum.

The I(2D)/1(G) ratio for P = 28 W are generally similar to those obtained for P = 11.7 W,
with values between 0.42 at z = 8 mm, and 0.49 at z = 7 mm. Importantly, the disappearance of a
sharp 2D peak at the onset of fiber formations (around z = 3.8 mm) is accompanied by a drastic
drop in conductivity. The conductivity of the LINC lased at P = 28 W and v = 500 mm/s is
estimated to be around 5 S/cm, matching LINC conductivities measured by other groups,[31] and
superior to unannealed ink jet printed graphene.[83] The resistivity could possibly be further

increased by optimizing the laser parameters such as speed or relasing.[84]
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Figure 13: (a) Plot showing the change in laser spot area with z according to the laser beam profile. (b) Change
in average R\L (average of 3 samples and error bars are standard deviation) with change in z value for the case
of P=11.7 W. (c) Plot representing the change in average 1(2D)/I(G) ratio (average of 3 samples and error bars
are standard deviation) with changing spot size and fluence. (Inset in ¢) Raman spectra at two different
morphologies. (d) Change in R\L (average of 3 samples and error bars are standard deviation) with change in

z value for the case of P =28.7 W, illustrating the drop of resistance with decreased spot size until the formations
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of highly insulating woolly fibers. (r) Plot representing the change in average 1(2D)/I(G) ratio (average of 3
samples and error bars are standard deviation) with changing spot size and fluence for P = 28.0 W. (Inset in e)

Raman spectra at three different morphologies.

Taken together, our electrical resistivity measurements agree with the structural changes
observed in our Raman spectra (Figure 7 and Figure 8), which demonstrate that the first transition
(T1) is associated with the decrease in FWHM of the G and D peaks and the emergence of the 2D
peak. Relatively high FWHM in the G and D peak is typically associated with amorphous or
disordered carbon and is noted in low temperature carbonization of polyimide,[45] with an
expected high resistivity. On the other hand, smaller G peak FWHM is strongly correlated to the
degree of graphitization and defect level,[85,86] which are crucial for lower resistivity
nanocarbons. Moreover the emergence of the 2D peak is also evidence of large structural changes
in the graphitic domains between T1 and T2. Disappearance of the 2D peak and increase in the
FWHM of both G and D peaks are characteristics of the Raman spectra for fluence higher than the
second transition (T2), producing woolly fibers with large volume. From the resistance
measurements, it is clear that these complex interactions underlying fiber formation at high fluence
values result in very low conductivity LINC that is not suitable for applications as electrodes,
highlighting the importance of modulating fluence during LINC formation, i.e. too small or too

large fluence values prevent the formation of conducting LINC.
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3.12 Advantages of Fluence-based Approach and Outlook

Two analytical approaches are typically used to understand how lasers interact with
polymers. The first is the thermal approach, which focused on calculating the temperature rise in
the material.[87-89] The second is the fluence-based approach, which focuses on calculating the
delivered laser energy in the material. Thermal models require estimating material properties of
polyimide and LINC and are difficult to validate experimentally since it is difficult to measure the
temperature at the laser spot;[89,90] hence, they are generally more complex than fluence-based
models. In this work we present a fluence-based approach for understanding LINC formation,
based on Gaussian beam modeling, which is of a great utility from a manufacturing perspective.

We also focus on lasing individual LINC lines in air, instead of areas formed by
overlapping laser paths; hence, we avoid the effect of multiple lasing of some regions on the
surface, which greatly complicates the analysis and hinders extracting fundamental insights into
the process-structure relationships for LINC formation. Lasing lines also has an advantage over
lasing individual spots, because we can circumvent laser power transient effects that are associated
with laser ramping up when starting. By ignoring the initial portion of the lased LINC lines, we
ensure that steady state power is reached, when investigating the rest of the line or its end. In fact,
when lasing our LINC lines it was sometimes observed that the initial spot has a drastically
different morphology than the rest of the line, which is attributed to power transients in the laser.

In addition to elucidating the fluence-dependence of morphology, molecular structure, and
electrical conductivity of LINC, our approach also enables generating maps of resulting
morphologies as a function of accessible laser processing parameters, such as power and defocus,

which can be easily controlled.
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Figure 14: Morphology diagram mapping the ranges of laser parameters (power and degree of beam
defocusing) for creating different types of LINC (isotropic porous morphology, anisotropic cellular networks,
and aligned woolly nanofibers) for CW CO: laser (wavelength A=10.5 um) scanning at to v = 500 mm/s.

Experimentally obtained threshold fluence values for T1 and T2 are plotted as constant fluence lines (dashed).

Figure 14 shows such a morphology diagram with delineated transitions represented as iso-
fluence contours, which is enabled by the insight that transitions happen at threshold values of
laser fluence. Furnishing this fluence-based diagram is of great utility for practical purposes to
facilitate replication of experimental results across different research groups using different laser
processing systems. Moreover, our approach of plotting the morphology diagrams is useful for
studying the influence of pressure and gas environment on LINC. Hence, more insight into the

influence of these environmental factors on the evolution of both the chemistry and morphology
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of LINC can be obtained by carrying out fluence-dependent LINC formation studies under

controlled gas conditions.

3.13 Conclusion

Using CO;, laser irradiation of polyimide, we demonstrated the direct formation of a variety
of nanocarbons ranging from isotropic porous carbon, highly anisotropic cellular networks of
graphitic carbon, and aligned carbon nanofibers. We developed a fluence-based approach to
elucidate the process-structure-property relationships governing LINC formation for these
morphologies. This is achieved by mathematically modeling the effect of degree of defocus on
intensity distribution and fluence for a Gaussian laser beam. We also presented an approach for
creating fluence gradients on tilted polyimide films. Importantly, two specific threshold values of
fluence were identified that correspond to the following: first, the transition from isotropic porous
morphology to anisotropic cellular networks (T1) at a fluence value of 12 J/cm?; second, the
transition to aligned woolly nanofibers (T2) at a fluence value of 17 J/cm?2. Moreover, we show
anisotropic cellular networks have the highest electrical conductivity (= 5 S/cm) for our conditions
(laser wavelength of 10.6 um and scanning speed of 500 mm/s), due to the lateral connectivity and
the high graphitic content. Hence, our model and results provide insights into the physicochemical
processes underlying LINC formation and enabled generating a morphology diagram of laser
processing parameters.

LINC is shown to be an attractive method to fabricate porous conductive electrodes directly
on flexible substrates, which are required for a wide range of applications. As an alternative to

printing technologies from nanocarbon inks, LINC formation is more scalable and less costly.
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Taken together, our results show that material properties such as resistivity can be tuned through
morphology adjustment based on local control of laser fluence. Accordingly, the variety of LINC
morphologies achieved and the tunability of their properties make them superior to printing
techniques that require the preparation of different nanocarbon inks for writing carbon-based
electrodes with different morphologies and molecular structures on flexible substrates. Moreover
the ability to control the spatial variation of morphologies and properties on the same substrate can
be particularly useful in designing LINC for applications integrating high surface area nanocarbon

electrodes with highly conductive and dense traces, such as for electrochemical applications.
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4.0 Kinetically Controlled Laser Induced Graphene and Ablation Thresholds

4.1 Introduction

The pathway from polyimide to the diverse nanocarbon morphologies is a complex process
starting with the polyimide photothermally absorbing the laser light[68] and the cleavage of the C-
N, C-O and C-C bonds in the polymer [91,92], leading to the rapid release of gases like oxygen,
carbon dioxide and nitrogen gas[93] which interact with the viscoelastic nature of the
polyimide[94] and the eventual formation of spz graphitic carbon domains and graphene.[95] This
is all a highly non-equilibrium process because of the high temperature rates involved and the
interaction between the different physical phenomenon, making it a challenging process to
analyze.

Typically when studying laser nanocarbon synthesis, researchers correlate the resulting
property and morphology to the process through an energetic approach, by estimating the optical
energy delivered/absorbed per area, known as fluence or by simply reporting power and
speed[53,96]. The authors have previously shown that when lasing individual lines with a spatially
varying fluence gradient at a specific lasing speed (500 mm/s), discrete morphologies were
observed, which were either of porous, cellular or fiberous nature.[97] These morphologies were
correlated to chemical and structural changes, and were observed at defined thresholds of fluence,
confirming that an energetic approach to understand the process is valid at least at a fixed speed
with different laser power values, despite the non-equilibrium nature of the process.

However, is this approach valid at higher and lower speeds? The same fluence value

delivered at different values of speed can vary drastically in terms of temperature and temperature
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change with time, which can greatly affect the resulting morphology and carbonization. Can the
resulting morphologies be related to specific temperatures or temperature rates, i.e. energetically
controlled/limited or kinetically controlled/limited? How does the process energetics and kinetics
influence the chemistry and gas release in process?

In this chapter, we utilize the unique approach presented in the previous chapter to analyze
laser nanocarbon formation through lasing lines with continuously varying laser fluence at
different speeds to facilitate understanding the process kinetics. The resulting lines represent a map
of a wide range of conditions, allowing precisely identifying morphological, structural and
property changes. Through lasing at a fixed power and different speeds ranging from 100 mm/s to
500 mm/s at a power of 28W, a more complete picture including process kinetics can be derived.

Overall, this approach enables studying the evolution of nanoscale morphology and atomic
structure continuously at different fluence values on the same polyimide film to investigate the
influence of speed on morphology and structure. We integrate the experimental results with two
energetic based approaches for estimating fluence: an area averaged fluence approach and a two
dimensional fluence model to test whether a fluence based approach can explain the results.
Additionally, to get a deeper understanding of the process kinetics, we integrate the experimental
results with thermal simulation results and correlate the results with process temperatures and

temperature increase rates.
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4.2 Tunable Beam Intensity for Patterning Graphitic LINC on Polyimide

In a typical LINC process, a laser beam with power P is scanned across a polyimide sheet
at a speed v with the sample surface at a distance z from the beam waist. Here, we expose the
polyimide sheet to a spatial gradient of fluence by lasing a tilted sample of polyimide. This enables
different points on the linear lasing path to be exposed to different beam spots having different
size and fluence. A schematic of the experimental setup is shown in Figure 15 (a), showing the
polyimide sheet lased at an angle (y= 45°). The schematic shows the laser beam, assumed to be a
Gaussian beam, moving in a horizontal direction x at a speed v, the sample is tilted along the x’
direction. The spot size changes with z and it also changes as well as along the x’ direction on the
sample.

The beam profile of the continuous CO- laser (A=10.6 um) used for this study is depicted
in Figure 15 (b), estimated from beam characterization experiments described in previous work.
Beam power and profile measurements are used to estimate the laser intensity profile at the
different z values and at different spot sizes and powers. The tilting of the beam changes the beam
intensity distribution and the geometry of the beam spot, however the authors demonstrated in
previous work that for the beam parameters used here, the average fluence value for the flat case
is approximately equal to the tilted case for our values of beam parameters and the conclusions

derived from tilted polyimide experiments can be generalized to flat lasing.[97]
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Figure 15 (a) Schematic illustrating the experimental setup with laser with power P, speed v lasing a polyimide
sheet tilted by angle y. (b) Plot representing the estimated laser beam profile along the x direction, along with
the profile of the fitted Gaussian beam (c) Distribution of fluence along the y-direction at P = 28W, v =100, 500
mm/s and defocus z = 10 mm. (d) Distribution of fluence along the y-direction at P = 28W, v =100, 500 mm/s

and defocus z = 0. (e) Plot showing the influence of defocus and speed on area averaged fluence Faavg.

4.3 2D Fluence Model

The laser beam flux (1) is expressed at a point (X, y) at the laser beam focus and time (t)
using scanning in the x-direction with speed (v) according to the following expression:

A G o
I(x,y,t) =——e ox oy
TWoxWoy

(4-1)

where P is the laser beam power, wox and woy is the beam waist size, v is the beam velocity
and Ly is the lasing length in the x-direction.
To estimate the fluence at a point, the x and y-values are fixed at a point (Xo,Yo) and the

flux is integrated over time using the following expression:
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F(t) = fool(xo’yo't) dt (4'2)
0

If this value is estimated at different y-values perpendicular to the laser path, the fluence

(F) delivered across the sample can be estimated due to a single laser path.

4.4 Tunable Beam Intensity for Patterning Graphitic LINC on Polyimide

An example is shown in Figure 15 (c, d) which shows the change of fluence distribution F
(defined in the previous section) across the beam for two z values and two speed values at the same
laser power. A more focused beam has a sharper beam intensity, however it has a smaller spot size,
which decreases the dwell time of the laser spot, which corresponds to how long a point is exposed
to the laser beam. Additionally, changing the speed also changes the dwell time, with higher dwell
times at lower speeds and hence higher delivered fluence. The influence of speed on dwell time is
shown in Figure 16. The interaction between the beam dwell time and laser intensity can be used
to tune the value of fluence distribution (F) across the beam and area averaged fluence (Faavg),
which would in turn influence the temperature increase at a point. The change in area averaged
fluence Faavg With laser speed at different focusing levels is shown in Figure 15 (e), illustrating the
extent of speed influence on delivered fluence. The figure also illustrates that equivalent levels of

fluence exist at different speeds and defocus level, despite different laser conditions.
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Figure 16: Plot illustrating the influence of speed on laser spot dwell time.

4.5 LINC Morphology at High Speeds

The sample is lased at a constant power P = 28W at different beam speeds ranging between
v = 100 and v = 500 mm/s, consisting of 11 lines as shown in Figure 17. As demonstrated in
previous work, two morphological transitions thresholds are generally observed at high lasing
speeds ranging from v = 500 mm/s to v = 312 mm/s under optical and SEM imaging. Initially,
LINC lines exhibit a porous morphology as observed in SEM and optical microscopy imaging as
shown in Figure 17 (a,c). This porous morphology is also characterized with a shiny appearance
under optical microscopy Figure 17 (c) and isotropic pores on the surface observed under SEM
Figure 17 (e). With increasing fluence, the porous morphology undergoes an abrupt transition into
an anisotropic cellular networks at threshold location T1 that undergoes an area averaged value of

fluence FT1. This threshold is characterized by the loss of the shiny character of the surface (Figure
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17 (a,c)) and the transition of the surface pores into of an anisotropic LINC network as seen under
SEM imaging Figure 17 (f). With increasing fluence, a second abrupt threshold is noted at location
T2, experiencing fluence FT2. This threshold is characterized with the abrupt transition from the
cellular formations into a large volume woolly fibrous as observed under SEM and optical imaging
shown in Figure 17 (b, d). These woolly fibers formations have a distinct large volume and exhibits

nanoscale fibers Figure 17 (g) and some level of alignment between them.
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Figure 17 (a,b) SEM and optical imaging of the porous to cellular network transition at location T1 along lased
LINC line at lasing conditions P = 28W, v = 500 mm/s. (¢,d) SEM and optical imaging of the cellular network
to wooly fiber transition at location T2 along lased line. (€) SEM image before T1, illustrating isotropic pore
based morphology. (f) SEM image illustrating the anisotropic cellular network formations after T2. (g) SEM
image illustrating the wooly nanofibers forming after threshold location T2. (h) Optical image showing the lines
lased at P = 28W and speeds v = 100, 153, 218, 270, 312, 350, 384, 416, 446, 472, 500 mm/s and tilting angle y =

45 ° illustrating the locations of the transitions along the lines.

49



This transition is typically associated with the thermal stability of the polyimide which is
related to its backbone chemical bonding.[98] The T1 and T2 locations for the different lines lased
at different speeds are marked in an optical image in Figure 17 (h). The T2 transition is no longer
observed at speeds lower than v = 312 mm/s with only T1 transitions observed at v = 218, 153,

100 mm/s.

4.6 Ablation Threshold Identified at Low Speeds

At slower speeds between v = 270 and 100 mm/s, the T1 transition is observed with
increasing fluence, however, with further increased fluence, a new unreported transition is
observed which is characterized with the gradual ablation of the cellular networks following the
T1 transition. While ablated morphologies have been reported before [88,96], the conditions
governed their occurrence are not completely understood and it is first reported here. This
transition is demonstrated in Figure 19 and Figure 18 (a, b) at v = 153 mm/s, which show a number
of stitched SEM images along the lasing path with false coloring marking the onset of this ablation.
Higher resolution SEM imaging show the difference between before the onset of ablation Figure
18 (c, d) and after Figure 18 (e, f). With increased ablation, a hierarchical porous network is
revealed. The gradual nature of this transition is illustrated in Figure 20 which shows the gradual
ablation of the cellular network and the reveal of the hierarchical pores structures beneath. This
hierarchical porosity, which has been observed previously by Liu [53], exhibits multiple scales of
porosity as seen in high resolution SEM imaging in Figure 21 which potentially has high surface
area than prior to the transition. When lasing LINC electrodes on flat polyimide sheets, this same

phenomenon can be observed, with the LINC electrodes exhibiting a dome shape at higher defocus
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values and an ablated crater on top after ablation onset with more beam focusing. This is illustrated

in Figure 18 (g, h), which shows cross sectional views of lased electrodes.

[a] Stitched SEMs (P =28 W, v =153 mm/s, y=45°)

g Dome with
no ablation

~.
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Figure 18: (a,b) Stitched SEM images illustrating the onset of ablation, starting at location T3 at P = 28W, v =
153 mm/s and y = 45°. (c,d) SEM images illustrating the morphology prior to the onset of ablation, exhibiting
a cellular network morphology. (e,f) SEM images illustrating the morphology after the onset of ablation,
demonstrating a hierarchical porous morphology. (f,g) SEM images showing the cross sectional view of two
LINC electrodes lased at two defocus levels, illustrating the effects of ablation on cross section and showing

formation of the ablation crater associated with the threshold.
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Figure 19: (a) SEM image illustrating ablation onset T3 at P =28 W, v = 100 mm/s along with high resolution
SEM imaging illustrating the interface between ablated surfaces and unablated surfaces and hierarchical
porosity morphology. SEM images showing the ablation onset at (b) v = 153 mm/s, (c) v = 218 mm/s, (d) v= 270

mm/s.
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Figure 20: SEM images illustrating he gradual action of ablation along the line at P = 28W and v = 100 mm/s

with increased fluence.
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Figure 21: High resolution SEM imaging illustrating the hierarchical porosity and length scales of the different

pores.

To understand if this transition is correlated with any structural or chemical difference,
Raman spectroscopy and XPS analysis is conducted before and after the onset with the results
presented in Figure 22, Figure 23, Figure 24 and Figure 25. The T1 transition from porous to
cellular networks was previously reported by the authors to reflect on the Raman spectra with the
appearance of the 2D peak [97], which would typically be non-existent in porous morphologies.
Raman spectrum conducted at point P1 and P2 (Figure 22 (a)) before and after ablation at v = 153
mm/s is shown in Figure 22 (b), showing the existence of a 2D peak for both spectra, but also a
marked decrease in D/G ratio after ablation onset. Deconvolution of the G, D and 2D peaks was

done to extract peak parameters to accurately compare differences as shown in Figure 23and Table
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1. The Raman results are summarized in Figure 22 (c-g). The results show a marked decrease in
area based D/G ratio after ablation from a value of 1.47 to 0.64. Additional decreases are noted in
2D FWHM, D’ area, D+D' area, D" area all of which indicate higher sp2 crystallinity, improved
stacking and less defects post ablation.[99] Representative XPS spectroscopy is also conducted
before and after ablation with the survey scans shown in Figure 24 (a) and atomic percentage
analysis summarized in S1 Table 2. Corresponding C1s, N1s, O1s, C KLL scans are also conducted
for in depth analysis of any chemical transitions and sp2 content analysis. The C1s core scans are
shown in Figure 24 (b, ¢), with deconvolution analysis. The deconvolution results are summarized
in Table 3. The survey scan and the atomic percentage analysis clearly indicate a decrease in O
and N heteroatom content post ablation shown in Figure 22 (h). This is also clear from the Ols,
N1s core scans with a notable increase in signal to noise ratio post ablation as shown in Figure 24
(d, e). The C1s core scan exhibits a graphitic nature, similar to HOPG C1s spectrum. The
deconvolution analysis indicates a decrease in C-OH and C-O-C area, which is confirmed by the

survey scan analysis in
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Table 2 with the drop in atomic Oxygen percentage. Additionally, C KLL analysis, shown
in Figure 25(a, b) to calculate the D parameter[100,101] indicates dominant sp2 bonding before
(D = 19.5 eV) and after ablation (D = 20.25 eV). From the Raman and XPS analysis that clear
structural changes are associated with T3, with higher graphitic crystallinity post ablation. There
is some evidence for chemical changes but can mainly be associated with the increased fluence

and not necessarily the onset of ablation.
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Figure 22: (a) SEM image including location T3 at P =28W, v =153 mm/s and y = 45° with Raman spectroscopy
locations P1 and P2, before and after T3 respectively. (b) Raman spectrum at P1 and P2, illustrating the
locations of the G, D, 2D, D’, D’’and D+D’ peaks. (c-g) Bar plots showing the difference in D/G peak area ratio,

FWHM, D’ area, D+D’ area, D’ area at points P1 and P2. (h) Bar plot showing the difference in N, O atomic

% before and after ablation threshold T3, derived from XPS survey scans.
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Figure 23: Deconvolution of the Raman peaks at point P1 (prior to ablation T3) and after ablation P2.
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Table 1: Deconvolution of peaks from raman spectroscopy

Parameter Pre ablation | Post ablation
(P1) (P2)
G peak
heﬁ’ght 0.910 0.968
G peak | G peak area 60.062 48.609
G peak
FV\‘;HM 53.025 38.525
D peak
heFi’ght 1.020 0.400
D peak D peak area 78.150 31.126
D peak
FV\';’HM 53.827 51.360
D' Height 0.117 0.110
D' peak D' Area 4,928 3.516
D' fwhm 39.500 34.360
D" Height 0.063 0.065
D" peak D" Area 10.306 5.082
D" fwhm 151.529 120.850
2D Height 0.365 0.350
2D peak 2D Area 60.000 36.379
2D FWHM 102.080 68.000
. | G/D Int 0.892 2.420
GID ratio G/D Area 0.768 1.562
D'/G D'/G Area 0.082 0.072
ratio | DG Int 0.128 0.114
D"/G D"/G Int 0.069 0.067
ratio D"/G Area 0.172 0.105
2D/G | 2D/G Int 0.401 0.362
ratio | 2D/G Area 0.999 0.748
D+D'
peak D+D'area 12.893 3.502
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Figure 24: (a) XPS survey scans before and after ablation onset at P = 28W, v = 153 mm/s. (b,c) Deconvolution

of C1s core scans before and after ablation illustrating the location of the peaks. (d) O1s core scans before and
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Figure 25: (a) C KLL auger spectrum before and after ablation at P =28W and v = 153 mm/s. (b) the derivative

of C KLL spectrum used to estimate the D parameter.
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Table 2: Atomic % analysis from XPS survey scans showing elemental analysis before and after onset of

ablation.
Atomic %
Pre-ablation Post-ablation
C 88.5338 91.6275
N 45136 3.8964
0 6.9526 4.4761

Table 3: Summary from C1s peak deconvolution

Pre-ablation
Group | Peak Position Area | FWHM
Cc-C 0 284.736eV | 0.859 | 1.070eV

C-N 1 285.200eV 0.1 1.012eV
C-OH 2 285.400eV | 0.459 | 2.277eV
C-0-C 4 286.700eV 0.1 3.153eV

C=C 3 287.600eV | 0.144 | 3.458eV
pi-pi* 5 291.000eV | 0.222 | 3.967eV

Post Ablation
Group | Peak Position Area | FWHM
Cc-C 0 284.765eV | 0.861 | 1.023eV

C-N 1 285.200eV | 0.112 | 1.382eV
C-OH 2 285.400eV | 0.338 | 2.509eV
C-0-C 3 286.700eV 0.1 3.373eV

C=C 4 287.600eV | 0.122 | 3.682eV
pi-pi* 5 291.000eV 0.15 | 2.972eV

4.7 Speed-dependent Ablation Thresholds

Using SEM and microscopy imaging, the locations of T1, T2 and T3 can be precisely
identified along with the area averaged fluence values. These values can be used to investigate

whether the occurrence of these thresholds is speed dependent and provide insight into the
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influence of process kinetics on the thresholds Figure 26 (a) shows the change in estimated area
averaged fluence (Faarea) With level of defocus and speed. Additionally, the experimental locations
(converted to z coordinate) of the T1, T2 and T3 thresholds are marked on the curves to estimate
the fluence values at which these transitions occur. Figure 26 (b) shows a plot with the values of
the fluence at the transitions for each speed value and hence illustrate the influence of lasing speed
on these thresholds. At v =500 mm/s, the threshold values are estimated to be FT1 = 15 J/cm2 and
FT2 = 20 J/cm2, similar in value to what was previously reported. At speeds between 350 mm/s
and 500 mm/s, slight increase can be observed in FT1 indicating a weak speed dependence.
However, a strong speed dependence is observed with FT2 with the transition happening at higher
values of fluence at lower speeds. For example at v = 350 mm/s, FT2 = 38 J/cm2 and FT1 = 19
J/icm2. At speeds between 100 mm/s and 350 mm/s both FT1 and FT3 exhibit speed dependence,
showing evidence of kinetics influence at lower speeds.

From SEM imaging of T3 in Figure 18 (a) and Figure 19, it is observed that the distribution
of beam intensity and hence fluence affects the T3 transition, since the transition occurs initially
at the center and extend across with increased fluence down the lasing path progressively. To
precisely map the curves marking the onset of ablation and estimate the onset threshold, we use
image processing techniques. This process exploits the change in image contrast accompanying
the onset of ablation. The process is presented in Figure 27 and Figure 28. Initially, stitched SEM
images of the transition are contrast adjusted as illustrated in Figure 27 (a) for v = 153 mm/s.
MATLAB based edge detection techniques are used to detect the edge of ablation as illustrated in
the false colored image in Figure 27 (b). To find the values of fluence associated with the transition,
a new model of fluence (F) is used to create a spatial fluence map, as shown in Figure 27 (c) and

hence an iso-fluence map that is generated and aligned with the SEM images, shown in Figure 27
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(d). The area averaged fluence Faavg Which is only a function of defocus (and hence x’) is also
shown in Figure 27(d). The values for centerline 2D fluence (F) and the area averaged fluence
Faavg are both plotted in Figure 27 (f) as a function of x* and corresponding defocus z. Using the
SEM imaging, imaging processing and the 2D and area average fluence modeling, the fluence
values at the onset of ablation can be precisely identified. For v = 153 mm/s, F2DT3=42 J/cm2
and FT3=31 J/cm2. This process is repeated for other speeds with detectable ablation, and the
results are plotted in Figure 27 (g). Similar to FT2, a speed dependence is also observed, with the
value of the F2DT3 = 52 J/cm2 at v = 100 mm/s (Figure 28) and F2DT3 = 30 J/cm2 at v = 270
mm/s. Another observation from SEM imaging is the occurrence of both ablation and fiber
formation at a speed v =270 mm/s as illustrated in Figure 29. This important finding indicates that

at certain conditions ablation can initiate prior to fiber formation and lead to the ablation of LINC

fibers.
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Figure 26: (a) Plot of estimated area averaged fluence Faavg as a function of defocus z at different speeds , with
the transition locations T1,T2 and T3 marked on the curves at each speed. (b) Plot illustrating the values of

area average fluence at T1,T2 and T3 for each speed, showing the influence of speed on the fluence at transition.
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Figure 27: Figure illustrating process to identify the fluence thresholds at onset of ablation. (a) SEM image at
P =28W and v = 153 mm/s at T3. (b) SEM image with false coloring, with the red areas marking the edge of
areas with ablated LINC, identified with edge detection methods. (c) Estimated fluence distribution (F)
corresponding to previous figure. (d) Isofluence lines at area corresponding to (b,c) with values of area averaged
fluence Faavg at equivalent locations below. () SEM image with overlaid edge of ablation, identified in (b). (f)
Plot of fluence distribution F along lasing path center line and area averaged fluence Faavg as a function of
defocus z and correspond x’ values with location of ablation onset T3 marked. (g) Plot of values of fluence and
area averaged fluence at ablation thresholds as a function of lasing speed, illustrating speed dependence and

the lack of clear ablation at speeds higher than v = 300 mm/s.
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Figure 28: (a) Stitched and contrast adjusted SEM image at P = 28W, v = 100 mm/s/ (b) Estimated edge of
ablation using computer based edge detection. (c) Estimated contour surface of fluence distribution
corresponding to SEM image. (d) Isofluence lines of corresponding area. () SEM image with overlaid edge of

ablation, identified in (b).
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Figure 29: SEM image at P = 28W, v =270 mm/s illustrating the onset of ablation and overlap between LINC

ablation and fiber formation.
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4.8 Morphology Dependent Resistivity

To test the effect of T1 and T3 transition on resistivity, LINC electrodes were lased at flat
conditions and their resistivity estimated from cross section area data at P = 28W and v = 153
mm/s and v = 270 mm/s and different defocusing values. The results are shown in Figure 30 (a,
b). The T3 transition defocus values match the values resulting from the tilted lasing. Post ablation,
a sharp drop in resistivity is observed which tends to stay constant after, with resistivity dropping

to 0.27 Ohm.cm at v = 153 mm/s and a value of 0.33 Ohm.cm at v = 270 mm/s.
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Figure 30: Plots of experimentally estimated bulk resistivity of flat lased LINC electrodes at difference defocus

levels, illustrating the effect of ablation on resistivity at speeds at speeds (a) v = 153 mm/s and (b) v =270 mm/s.
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4.9 Simulation to Explain Kinetic Effects

From the previous analysis and experiments, a number of observations can be made. From
the imaging it was observed that no fiber formations at speeds below v = 300 mm/s. Additionally,
it was observed that T1 is not strongly speed dependent at low speeds, in contrast with T2 which
is speed dependent below v = 500 mm/s indicating a kinetic influence. We identify a new threshold
for ablation of LINC along the lasing path at low speeds starting at v = 312 mm/s, revealing a
hierarchical porosity with increased ablation. The fluence at ablation conditions is also identified
revealing a speed dependence as well. It is clear that speed has a large influence on the LINC
process due to the different kinetic conditions at equivalent fluence values. To get more insight
into the influence of speed of the actual thermal kinetics, we use thermal FEM simulations of the
tilted lasing. It should be noted that polymer lasing is a complex process with laser material
interactions, phase and chemical transitions happening at different time scales and are extremely
challenging to model accurately.[73] The current model is highly simplified, however it should
provide some useful insight into the process kinetics. The objective of the model is to recreate the
lasing conditions used in the experiments and identifying the temperatures and temperature rates
at points in the simulation corresponding to the locations of the experimentally identified

thresholds.
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Figure 31: (a) Schematic illustrating the boundary conditions used to simulate tilted lasing. (b) Sample side
view of mesh illustrating the sheet thickness. (c) Sample of temperature contours at P = 28W, v = 100 mm/s at
location T1. (d) Plot illustrating simulation estimated maximum temperatures corresponding to experimentally
identified locations T1,T2 and T3 as a function of speed. (e) Plot illustrating simulation estimated temperature
increase rates at T =800 °C corresponding to experimentally identified locations T1,T2 and T3 as a function of

speed.
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A schematic of the model boundary conditions is shown in Figure 31 (a). The beam is
modeled as a translating Gaussian heat flux distribution projected along the tilted sample (y = 45°)
with speed v. The Gaussian beam parameters used are derived from the experimental beam
characterization. A sample of the mesh showing the meshing across the thickness is additionally
shown in Figure 31 (b). The material properties are modeled to be temperature dependent to
account for phase transition effects as illustrated in Figure 32. Additionally, the model takes into
account radiation and convection effects. The simulations are run at conditions corresponding to
the experimental conditions (P = 28W, v = 100-500 mm/s). For each condition, the temperature
and temperature rate at the points corresponding to T1, T2 and T3 are probed with time in the
simulation. A sample of the temperature contours is shown in Figure 31 (c) at conditions v = 100

mm/s and location T1. From these results, the maximum temperature (Tmax) IS derived.
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Figure 32: (a) Temperature dependent boundary conditions used in the simulations. (b) Sample of mesh used.
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Figure 33: Schematic illustrating the process of deriving the maximum temperature and dT/dt | T = 800 °C
from temperature at a point data at T1,T2 and T3 for two conditions (a-e) v =100 mm/s and (f-j) v = 312 mm/s

with the results for all conditions summarized in (k,I)
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Figure 34: The maximum temperature and temperature rate at different levels of defocus and speed with the

location of the T1, T2 and T3 thresholds marked.

Additionally, to get a measure for the rate of change of temperature at a point, the time
derivative of temperature at T = 800 °C is also derived for each threshold point at each speed. This
temperature is selected to represent the carbonization temperature of polyimide, which is typically
reported to be between 700 °C and 1000 °C.[76,78,93] The overall approach is summarized in

Figure 33. The results of this analysis are represented in Figure 31 (d, e) and corresponding figures
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as a function of defocus and speed are shown in Figure 34. Figure 31 (d) shows the plot for the
maximum temperature at the points corresponding to the T1, T2 and T3 for the different speeds.
Figure 31 (d) represents the temperature rates at the transitions T1, T2 and T3. From Figure 31 (d)
it is noted that the maximum temperatures for the T1 transition range between 3400 °C and 3100
°C between v =300 and v =500 mm/s and between 2300 °C and 2500 °C at lower speeds. Overall,
the maximum temperature at the threshold T1 shows little speed dependence and occurs at around
3000 °C on average. The T3 transition shows a similar trend where it occurs at slightly higher
temperatures than T1 and is between 3000 °C and 3100 °C at speeds lower than 300 mm/s.
However, for the T2 transitions, the maximum temperatures start at around 5000 °C at v = 500
mm/s and increase to a value of around 6400 °C, showing a strong speed dependence. Figure 31
(e) shows the corresponding temperature rates at carbonization for the same points. The rates at
carbonization range are estimated to span two orders of magnitude between 10° and 107 °C/s which
agree with estimated temperature increase rates of laser heating of polymers reported by
others.[67,102] From the results shown in Figure 34, it is noted that in general, higher speeds are
reflected with higher temperature rate increase but lower maximum temperatures, illustrating the
effect of lasing speed on kinetics. From Figure 31 (e), the rates at T1 vary strongly with speed,
showing an almost piecewise linear relation when viewed in log scaling, increasing from at 3e5 at
v =100 mm/s and 8e6 at v =500 mm/s. The rates at T3 are highly speed dependent, starting at 4e5
at v = 100 mm/s and 3e6 at v = 273 mm/s. The temperature rates at carbonization are less speed
dependent for T3, slightly increasing between 0.8e7 at v = 300 mm/s to 1e7 at v = 500 mm/s.
The low speed dependence of maximum temperature for T1 (transition from porous to
cellular networks) and T3 (Onset of ablation) suggests that these transitions are mainly controlled

by temperature and not necessarily by temperature increase rate, implying energetic control at
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these conditions. To further elaborate on these results, we correlate these two transitions to two
particular phenomenon: the graphitization of the polyimide (following carbonization) at T1 and
the ablation of the formed graphite/graphene at T3. Previous research has shown that graphitization
of polyimide occurs at a temperature between 2500 °C and 3000 °C.[76] This would explain the
appearance of the 2D peak at T1, which is associated with the onset of graphitization and the
increase in degree of graphitic sheet stacking[99], and the observed drop in resistivity, which was
reported previously by the authors. This also explains the increased opacity observed under optical
imaging.[97] Additionally, ablation studies for graphite usually report that at a temperature of 3300
°C significant ablation is observed, even with CW laser based heating studies.[103,104] These
temperature values are very close to the temperatures estimated by the simulations, and hence
support these conclusions. The ablation is particularly clear at lower speeds due to the longer dwell
times by the laser spot and the laser spot heat affected zone. This potentially explains why ablation
is not apparent at speeds higher than 300 mm/s.

Alternatively, the results for the T2 transition (from cellular networks to wooly fibers),
which show that the T2 transitions mainly occur at a rate around 0.8e7 and 1e7 °C/s, suggest a
temperature rate limited process at these conditions and illustrate the influence of kinetics on this
transition. It is generally been suggested that this transition to fibers is related to a number of
phenomenon associated with the rapid rate of gas released, polyimide backbone bond stability and

the mechanical properties of the polyimide.[60,97]
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Figure 35: SEM images illustrating the formation of nanospheres and webs, which suggest viscoelastic jetting

of partially carbonized polyimide at T2.
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To understand this transition and how it is different from the other transitions, it is useful
to consider the physical phenomenon involved in the process leading to the jetting. Pore
nucleation, pore growth due to reaction products, the viscoelastic nature of polyimide and the more
brittle nature of graphitic materials.

Typically, the phenomenon of jetting is studied and understood in terms of three
dimensionless numbers: the Deborah number, Ohnesorge number and Weber number.[105] The
Deborah number is defined as the ratio of the characteristic relaxation time for a viscoelastic
material (which typically decreases with increasing temperature) and the characteristic time scale
for a process, which can be the time associated with the material response.[106] When the Deborah
number is low, the material behaves more like a fluid. At a high Deborah number, the material
demonstrates a more solid like behavior In the case of fiber formation, the response is driven by
the rapid temperature increase (due to the shorter dwell times) and hence pressure increase in the
pores due to the gases released during the process. At rapid temperature increases and higher gas
release pressure, driven by a chemical reaction threshold which is likely governed by polyimide
backbone stability, the Deborah number is likely to be very low. This is due to the shorter
relaxation time of the polyimide and high pressure increase and release driven by the high
temperature rates and short laser dwell times. At the low Deborah number and incomplete
carbonization of the polyimide and gas release, the phase transitioning polyimide is likely to jet
out, leading to fiber formations. The size and shape of the resulting jetting material are typically
governed by the Ohnesorge number and Weber number.[105,107] The Ohnesorge number
represents the ratio between the viscous forces to inertial and surface tension forces. The Weber
number represents the ratio between kinetic effects and surface tension effects for a droplet. These

numbers, combined with other non-linear effects, decide whether the ejected material will form
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filaments/fibers or droplets as well as the size of the fibers. It is interesting that the LINC fibers
exhibit filamentous shapes and interconnected webs with spherically shapes in between as shown
in Figure 35, which has also been observed in nonlinear viscosity jets seen with polymeric
flows[108] and sneeze jets[109]. This phenomenon likely don’t occur at the earlier transitions due
to higher Deborah numbers, low gas release pressures and longer dwell times (Figure 16) that
graphitize the polyimide before the beam coincides with a point. If the dwell time is long and the
heating rates are low, the material is likely to graphitize and lose its viscoelastic properties due to
the phase change and hence no jetting would occur. This conclusion is further supported by the
Raman spectrum of the nanocarbon fibers reported previously by the authors which are
characterized by the disappearance of the 2D peak[97], implying that the nanofibers are
incompletely graphitized polyimide that are jetted prior to graphitization. Interestingly, this kind
of analysis have similarly been used to study jetting and fragmenting non-Newtonian fluids.
Examples are the study volcanic magma bubble formation and fiber fragmentation[106,110],
sneezing[107,109], ink jet printing[111], polymer fluids[112], some of which at certain conditions,
can generate interconnected filaments like the nanofibers observed after the T2 transition in

LINC.[108,112-114].

4.10 Conclusions

Using our unique tilted lasing approach, we shed insight into the fundamentals of the
process of laser induced carbonization of polyimide using continuous CO2 lasers. This unique
approach allows identifying the morphological transformations of LINC and correlating them with

fluence values, furthermore, we investigate the effect of lasing speed and hence process kinetics
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on these morphological transitions. In addition to identifying how the fluence values at
morphological transitions are affected by speed, we develop a unique approach to incorporate the
experimental results with thermal simulations to get more insight on the process and identify
whether a transition is energetically driven or kinetically driven. Using the simulation results
combined with Raman and XPS analysis, we identify that the two transitions, the transition from
a porous to cellular morphology and the onset of ablation are likely to reflect two physical
phenomenon: the graphitization of polyimide and the ablation of the graphitized polyimide
respectively. These transitions are shown to be temperature dependent and the results agree with
experimentally reported temperatures for these phenomenon. The cellular to fiberous networks
transition is found to be mainly driven by the rate of temperature increase and we propose that it
is the results of a decreased Deborah number combined with the rapid release of gas associated
with the thermochemical stability of the polyimide. The resulting morphology is the result of the
jetting of the incompletely carbonized polyimide, which acts like a non-Newtonian fluid jet which

manifests with the formation of filaments and webs of nanocarbons.
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5.0 Low Impedance Laser-induced Graphene Microelectrodes with Relase-speed-

Dependent Properties

5.1 Introduction

The flexibility of the LINC process in addition to the functionality of the carbon materials
enable a wide range of applications like heaters for efficient boiling applications[115], wearable
electronics [116], sensors [117], microfluidics [49,58,118], drop manipulation [119], battery
applications[120] and actuators[121]. Additionally, the porous nature of LINC based electrodes
and their electrochemical sensitivity make it highly suitable for biosensor based applications
[49,98,122,123] LINC based sensors have been used for sensing biomolecules like dopamine
[98,123,124], uric acid [49] and interleukin [125]. LINC based biosensors are typically fabricated
by laser rastering areas of LINC on flexible polymers like polyimide. To enhance LINC sensing
performance, the precursor polymer can be doped [98] or materials like metal nanoparticles [126]
or conductive polymers like PEDOT [124] can be integrated within the LINC material. In this
work, we focus on the synthesis of single line mircro-electrode based sensors (in contrast to area
based LINC sensors), to minimize electrode size, towards miniaturizing the technology, which is
a necessary condition for implantable microelectrode based sensors. Additionally, single line
lasing allows us to fully understand the effects of the laser parameters on electrodes without the
influence of laser pass overlap or proximity effects, which dominate area rastering. Moreover, we
focus on enhancing device performance through reducing electrode electrical resistivity and

controlling surface morphology.
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Efforts for enhancing electrode electrical conductivity take multiple approaches like
increasing laser power and lowering speed [63], design of experiments and machine
learning,[127,128], lasing with multiple passes[84], overlap [129]. Some of these approach
optimize LINC properties based on areas and use sheet resistance as a measure of resistance, which
assumes a thin film of LINC and isn’t practical for electrode applications.

Here, we enhance the electrode electrical conductivity by controlling the laser speed and
relase speed when fabricating the electrodes. This is advantageous in two aspects: controlling
graphitization levels of the LINC electrode and controlling the surface morphology of materials
through ablation of the electrode. Overall this approach allows controlling electrode surface and
bulk morphology, conductivity, crystallinity/atomic structure. Additionally we demonstrate the
effect of relasing on the neural testing capability of functional LINC electrodes. Under this
approach we reveal a more comprehensive picture of the process of LINC formation and the
structure of surface and inner morphology and we shed light onto factors influencing the effective

conductivity, electrochemical sensitivity and the effect of relasing.

5.2 Relasing for Controlling Surface and Inner Morphology of LINC Electrodes

In a typical LINC line fabrication process, a laser beam with power P lases a polyimide
sheet with speed vi. The sample surface is at a distance z from the beam waist (assumed Gaussian)
which decides beam spot size 2w. A schematic of the experimental setup is shown in Figure 36
(@). A continuous CO> laser (A=10.6 um) is used for this study which has been characterized to
estimate its beam parameters in previous work. The laser profile is shown in Figure 36 (d). Upon
beam exposure, the polyimide absorbs the laser light wavelength A=10.6 um strongly .[68] This is
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followed by a temperature increase in the material which thermally drives the carbonization of the
polyimide. After this first lasing pass, a second lasing process is followed with speed v at the same

power P as presented in Figure 36 (b) until it is fully relased.
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Figure 36: Schematic illustrating the first lasing step at speed vi1 (a) and speed vz (b). (c) SEM image of interface
between line lased at P = 12.5 W and z = 9 mm and v1 = 269 mm/s and the remaining line section relased at v
= 49 mm/s. (d) SEM image illustrating the influence of the relasing on surface morphology with higher
resolution imaging in panel (e) and ((f). (g,h) SEM images of cross section of single lased LINC lines at vi = 269
mm/s. (i,j) SEM images of cross section of relased LINC lines at vi = 269 mm/s and relase speed v2 =49 mm/s.

(k) Bar chart illustrating the influence of relasing on electrical resistance reduction.
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=218 mm/s, v; = 49 mm/s

m/s vi =105 mm/s, v,= 49 mm/s

Figure 37: SEM images of LINC lines lased at P =12.5 W, z =9 mm (a) vi = 269 mm/s , (b) v1 =218 mm/s, (c)
vi1 =155 mm/s and (d) v1 = 105 mm/s and then relased at v2 = 49 mm/s showing the interface between the lased

segment and relased segment.
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To illustrate the effects of relasing, the second lasing process is halted during the process
and imaged using SEM at the interface. These lines are lased using laser conditions P = 12.5 W
and different v1 ranging between 269 mm/s and 105 mm/s and a fixed v2 = 49 mm/s. The SEM
images are presented in Figure 36 (c) and Figure 37. Figure 36 (c) demonstrates the interface
between LINC lines resulting from a single lase and the relased and demonstrates the effects of
the relasing step: ablation of the porous surface of the LINC lines and an increase in the surface
size and width of the LINC lines. The single LINC lines resulting from a single lase at vi = 269
mm/s demonstrates a porous surface morphology as shown in SEM image Figure 36 (f). The
ablation reveals cellular network features as demonstrated in Figure 36 (e).

Figure 37 (a, b, c, d) shows the influence of the second lasing step on LINC lines lased at
slower speeds, in which the surface morphology transitions from a porous surface morphology
into a cellular morphology and an ablated morphology at even lower speeds. The relasing pass
generally results in ablation on the top layer of the LINC lines and the increase of the width of the
lines, an effect which decreases as vi approaches va. It is also clear from the SEM images that the
extent of ablation in the relased lines is more extensive at lower vi speeds. Cross sectional SEM
imaging of the LINC lines reveals the inner morphology of the LINC lines and the influence of
relasing. SEM imaging of the cross sections of LINC lines lased at vi = 269 mm/s and another line
lased at the same vi and then vo = 49 mm/s are shown in Figure 36 (g, h) and Figure 36 (i, j)
respectively. The images demonstrate the increase in cross section size and change in shape of the
LINC lines after relasing. The lines are originally dome shaped with a porous outer shell, upon
relasing the line width increases and an ablation crater is revealed on top of the line as well as

some change to the inner morphology.
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vy =269 mm/s

Figure 38: SEM showing mechanically fractured LINC lines lased at conditions (a) vi =269 mm/s and (b) v1 =

49 mm/s, v2 = 49 mm/s illustrating the inner structure of LINC lines.
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v1 = 269 mm/s, v,= 49 mm/s

Figure 39: SEM showing mechanically fractured LINC lines lased using conditions P = 12.5 W v1 = 269 mm/s
and vz = 49 mm/s illustrating the inner structure of LINC lines and the nanoscale thickness of the inner pore

walls.
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High resolution SEM imaging of the cross sections of mechanically fractured LINC lines
are also imaged to reveal more detail of their inner morphology in Figure 38 (a, b).

The images reveal that the volume of the cross sections of LINC lines are mostly empty
and are composed of cells/pores with very thin walls. Some difference in the inner morphology is
noted between the cross section of the lines lased at vi = 269 and the lines at vi = 49 mm/s and v
=49 mm/s. In the first case the cell features aren’t clearly directional and feature more wrinkles
and a porous outer wall structure with fiberous features underneath. On the other hand, the relased
case reveals anisotropic features with a lot of the cell walls having a vertical alignment and an
ablated top. Additional high resolution SEM imaging in Figure 39 reveals that the thickness of the
cell walls range between 20-50 nm. In addition to the surface morphological changes due to
relasing, there is also a clear resistance per length drop due to the relasing step, illustrated in Figure
36 (k), with resistance per length drops going from a value of 80% at v1 =269 mm/s, v2 = 49 mm/s

and 40% at vi1 = 49 mm/s and v2 = 49 mm/s.

5.3 Relasing Speed is a Key for Lowering LINC Electrical Resistivity

While relasing affects the line electrical resistance, does it affect the effective electrical
resistivity of the material? How low can the effective resistivity be without excessively damaging
or cutting the electrodes? To answer that question another study with fixed vi1 and changing v is
conducted. To select v1, a single pass speed study is completed first with the results shown in
Figure 40 (a, b). Figure 40 (a) demonstrates the effect of the lasing speed on the resistance per
electrode length at fixed power P = 12.5 W and z = 9 mm. The onset of damage through excessive

electrode fracture and cutting is denoted in the figure. The resistance per length (R/L) is noted to
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drop from a value of 43 Q/mm at vi = 105 mm/s to a value of around 14 Q/mm at vi = 49 mm/s.
The trend shows that resistance per length can potentially be lower, however the line would

eventually be excessively damaged due to fracture or cutting.
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Figure 40: (a) Plot illustrating the influence of lasing speed on resistance per length values for LINC electrodes
at P =125 W, z =9 mm. The onset of electrode damage at low speeds is illustrated. (b) Plot of corresponding
effective resistivity of LINC electrodes in (a). (c) Plot illustrating the influence of relasing speed on resistance
per length values for LINC electrodesat P =125W,z=9mm,vi=49 mm/sand P =18.3 W, z=9 mm, vi1 =49
mm/s. (d) Plot of corresponding effective resistivity of LINC electrodes in (c). (e,f,g) SEM images illustrating
the cross sections of LINC electrodes at P = 12.5 W, z = 9 mm and different lasing speeds. (h) SEM image

illustrating the cross sections of LINC electrodes at P = 12.5 W, z =9 mm and vi = 49 mm/s and vz = 49 mm/s.
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Through measuring the cross sectional areas of the electrodes using SEM imaging, the
effective resistivity of the electrodes can be estimated. While it is not equivalent to the bulk
resistivity of LINC due to its porosity, this measure can potentially give a strong indication of the
change in bulk porosity and is a practical measure of electrode resistivity. The corresponding
effective resistivity values to Figure 40 (a) are shown in Figure 40 (b) and show a similar trend in
electrical resistivity decrease but with slower rate of decrease at lower vi. The value of the effective
resistivity ranges between 0.47 Q.cm at vi1 = 155 mm/s and 0.14 Q.cm at vi = 49 mm/s beyond
which the electrodes are excessively damaged. To investigate the effect of relasing, the first lasing
speed is fixed at vi = 49 mm/s while v> is changed between 155 mm/s and 29 mm/s. R/L values
are shown for P = 12.5 W and P = 18.3 W with v1 = 49 mm/s in Figure 40 (c). The corresponding
effective resistivity values at P = 12.5 W are shown in Figure 40 (d). The R/L values range from
13 O/mm to 5 Q/mm for v, values between 155 mm/s and 29 mm/s respectively with a decreasing
trend. The corresponding effective resistivity values are noted to drop from around 0.14 Q.cm to
0.08 Q.cm. The relasing doesn’t seem to affect the resistivity at v2 = 155 mm/s but has a stronger
decreasing effect as v, approaches vi. However, as v; is decreased below v, excessive damage is
noted in the electrodes. Overall, this shows that relasing is an effective technique to reducing the
resistivity of LINC electrodes beyond the limits of single pass lasing. The effective resistivity also
demonstrates a strong speed dependence which we will further investigate through other
characterization techniques later. SEM imaging of some LINC electrode cross sections is shown
in Figure 40 (e-h) to demonstrate the effect of lasing and relasing speed on cross section shape and
show the extent of top surface ablation. Figure 40 (e) and Figure 40 (f) demonstrates the transition
from wrinkled and porous surface morphology with a small cross sectional area to a more dome

shaped cross section with some indications of ablation on the top of the dome when v1 decreases
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from 155 mm/s to 105 mm/s. Figure 40 (g) shows the influence of further decreasing the v1 to 49
mm/s: the ablation of the top dome of the electrodes, revealing some of the internal cells of the
material. Figure 40 (h) clearly show the effect of relasing on the cross section, with even more
amounts of top surface ablation creating a U shaped upper surface and exposing even more of the

internal morphology of the LINC electrode.

5.4 Influence of Relase Speed on Electrode Graphitic Crystallinity and Surface Chemistry

To understand the driving factors behind the decrease in the electrical conductivity of LINC
electrodes and its speed dependence and whether the relasing affects the crystallinity and surface
chemistry of the material, we use Raman spectroscopy and X-ray photoelectron spectroscopy
(XPS). Additionally, to understand the changes in the inner LINC morphology, X-ray diffraction
and Transmission Electron microscopy are performed on scrapped off LINC material.

Initially, the Raman spectra of lines generated using different lasing speed v, are analyzed.
The influence of relasing is then investigated by fixing v1 at 49 mm/s and changing the v2 between
155 mm/s to 28 mm/s at a fixed power P = 12.5 W and defocus level z =9 mm. The results of the
Raman analysis are shown Figure 41 (a, b, ¢, d) and Figure 42. The Raman spectra for the lasing
study is shown in Figure 41 (c) and the Raman spectra for the relasing study is shown in Figure 41
(d). The I(D)/I(G) ratio for both studies is shown in Figure 41(a) and Figure 41 (b). The I(D)/1(G)
ratio is a metric that is generally highly correlated with the sp> carbon graphitic crystallite size,
with a decreasing ratio correlated to increasing crystallite size according to the Tuinstra-Koenig

correlation and is also correlated with defect levels in the material.[99] In both studies, the
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I(D)/1(G) is noted to decrease with decreased speed. At a line lased at a speed of v1 =105mm/s the

I(D)/1(G) ratio average to 0.65 which drops to 0.44 at vi= 105 mm/s as noted in Figure 41 (a, c).

0.75

0.75 = T T T T
o7 [ o7l Vi=49mmls 4] | v, =49 mm/s
0.65 0.65[ . ; !
—~06| g 06} 2
Qossf & . o8 £ v=155mms__J\__|
=05} 8 05} 8
Qo45 $ @& 0451 8 i J\A
— 04} 5 04 =5
035 & 035 & % o v, =105 mm/s /L__
0.3 03}
0.25 0.25f
0.2 0.2 2
o @ RSPRS00 P P D REPR ] v, = 86 mm/s
mn:'\ /s U Vz mm7s]\ ENGEN >‘_§_ 2 /\_.—
G [ |5
(=]
= ¥ g Vo = 69 mm/s j\
v; =105 mmis A\ | e
=
_é" —“;h vy =69 mm/s VAN - v, = 49 mm/s A
o | =
é _g’_/\k v; = 49 mm/s /\ k
e B Vo = 31 mm/s /\
_éJ\JL vi=3tmmis N
J\A v; = 28 mm/s /\ ‘ vw=28mmis A
Y k 4
1000 1400 1800 2200 1 2600 3000 1000 1400 1800 2200 21600 3000
Raman Shift [cm™] Raman Shift [cm™]

Figure 41: (a) Plot illustrating the influence of lasing speed on the I(D) to I1(G) ratio for LINC lines at lased at
P =125 W, z = 9 mm with each point representing the mean of 5 measurements and error bars representing
sample standard error. (b) Plot illustrating the influence of lasing speed on the I(D) to I(G) ratioat P = 12.5 W,
z =9 mm and vi = 49 mm/s with each point representing the mean of 5 measurements and error bars
representing sample standard error. (c) Representative Raman spectra illustrating the effects of lasing speed
atP=12.5W, z=9 mm. (d) Representative Raman spectra illustrating the effects of relasing speed at P = 12.5

W, z=9 mm and vi = 49 mm/s.
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The relasing demonstrates that the value can be reduced further to an average ratio of
around 0.26 (which can be as low as 0.1) at a relasing speed of v2 = 31 mm/s as shown in Figure
41(b, d). Furthermore, it is noticed that the 1(2D)/I(G) ratio decreases with decreasing speed as
shown in Figure 42. The I(2D)/I(G) ratio is typically associated with graphitic layer stacking.
These results highly suggest that the observed speed dependence of the resistivity might be
correlated to increased graphitization of the graphitic domains of the material, which is driven by

the increased dwell time of the laser beam when speeds are decreased.
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Figure 42: Plot of 1(2D)/1(G) of LINC lines lased using conditions P = 12.5W, z =9 mm, v1 = 49 mm/s.

These conclusions are also supported by XRD analysis. XRD profiles of scrapped LINC
lines lased at vi = 105 mm/s, v1 = 49 mm/s .and lines lased vi = 49 mm/s and relased at v, = 105
mm/s and v2 =49 mm/s are shown in Figure 43 (a). Using the XRD profiles, the graphitic crystallite
size along the thickness as well as the interlayer spacing and number of layers are analyzed and

derived. The analysis is presented in Figure 43 (b, c), Figure 44 and Figure 45. The analysis is
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performed by the deconvolution of the (002) peaks into Lorentzian peaks and using the main peak
locations and peak FWHM to derive the crystallite parameters as illustrated in Figure 44 and Table
4. The peak shapes are presented in Figure 43 (b, ¢) and Figure 45. The (002) peaks are generally
observed to be asymmetric at the lowest lasing speed (v1 = 105 mm/s) where the data is noted to

have high noise to signal ratio and a weak (100) peak.
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Figure 43: (a) XRD profiles of scrapped LINC lines at P = 12.5 W and z = 9 mm at different lasing and relasing
conditions. (b) Bar chart illustrating the effect of lasing and relasing condition on L. (c) Bar chart illustrating
the effect of lasing and relasing condition on doo2. (d) Plot showing the change in percentage atomic content of
carbon derived from XPS survey spectrum of the surface of LINC lines at lased at P = 12.5W and z = 9 mm.
(e) Plot showing the change in percentage atomic content of oxygen derived from XPS survey spectrum at
different lasing speeds. (f) Plot showing the change in percentage atomic content of nitrogen derived from XPS
survey spectrum at different lasing speeds. (g) Plots showing C1s core scans spectra at different speeds. (h)
Plots showing C1s core scans spectra at different relasing speeds at P = 12.5W, z =9 mm and vi1 = 49 mm/s.
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With decreasing speed and relasing the asymmetry is noted to decrease, with improved
signal-to-noise ratio. The analysis shows that lines lased at v1 = 105 mm/s have an average L size
of around 3 nm with an interlayer distance doo2 of 3.418 A and 9 graphitic layers. This changes to
an average L. = 5 nm with dooz = 3.418 A and 15 layers when the lasing speed is reduced to vi =
49 mm/s. Line lased at vi = 49 mm/s and relased at v = 105 mm/s show some change in the
parameters with Lc = 5.5 nm with dooz = 3.402 A and 16 layers. At an even lower relase speed v
= 49 mm/s, more significant changes are noted as the average Lc = 6.5 nm with dooz = 3.407 A and
19 layers.

The results indicate clearly that relasing definitely drives more graphitization in the LINC
lines. The results and analysis of the XPS analysis of LINC surfaces is shown in Figure 43 (d, e,
f, g, h), Figure 46 and Figure 47.

The elemental composition of the surface for the lasing study for carbon, oxygen and
nitrogen derived from XPS survey scans is shown under different lasing speeds vi is shown in
Figure 43 (d, e, ). Expectedly, with decreasing lasing speed the heteroatom content is noted to
decrease. At vi = 218 mm/s the % atomic percentage of carbon is around 73% which increases to
a value of 92% at a speed of 49 mm/s. The C1s core scans are presented in Figure 43 (g, h) showing

the evolution of the shape of the C1s peaks with changing lasing and relasing speed.
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Figure 44: Plot of deconvolution of (002) peak in XRD profiles of LINC lines lased using conditions P = 12.5W,
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Figure 45: Bar plots demonstrating the change in the (a) crystallite size, (b) spacing and (c) no. of layers of

graphitic domain of different LINC lines generated at different laser conditions with P =12.5Wandz =9

mm.

Table 4: Summary of XRD deconvolution and derived crystallite parameters.

vi [mm/s] 105 49 49 49
V2 [mm/s] 105 49
26 [deg.] 26.034 26.034 26.154 26.114

FWHM | 2653 | 1550 | 1463 | 1.266
[deg.]
L.[A] | 30381 | 51.993 | 55.103 | 63.682
doo[A] | 3419 | 3419 | 3403 | 3.408

The deconvolution of C1s peaks into its different components is presented in Figure 47 and
Table 5. The results show that with relasing the sp> C1s peak is the dominant species of carbon

without significant change in shape of C1s and heteroatom content with decreased relasing speed.
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Figure 46: XPS survey scans of LINC lines created using laser condition P = 12.5W, z = 9 mm and different

lasing speeds v1.

To get more insight on the molecular structure of LINC, TEM imaging of LINC flakes is
conducted to confirm if there is any noticeable difference in the size of the graphitic domains in
the material as shown in Figure 48(a, b, ¢, d). TEM images in Figure 48 (a, b) shows that LINC
lased at v1 = 105 mm/s show small graphitic domains around L. = 3 nm that are highly disordered
with respect to each other with large pores between them as well. Figure 48 (c, d) demonstrates
the effect of relasing with larger and more ordered graphitic domains with Lc up to 9.3 nm in size
and more stacked graphene layers. These results support the observations from Raman and XRD

analysis.

96



Table 5: Summary of Cls peak deconvolution

vi =218 mm/s

vi =49 mm/s, v2 = 153 mm/s

Peak Name | Position (eV) | Area | FWHM (eV)
C=C sp2 284.7 1.101 1.178
C-N 285.4 0.166 2.069
C-0 285.9 0.255 2.213
C-0-C 287.925 0.18 2.514
Pi-Pi* 291.06 0.295 3.162
vl =49 mm/s, v2 = 105 mm/s
Peak Name | Position (eV) | Area | FWHM (eV)
C=C sp2 284.7 1.103 1.187
C-N 285.4 0.141 2.01
C-0 285.9 0.275 2.152
C-0-C 288.048 0.201 2.73
Pi-Pi* 291.2 0.286 3.134
v1 =49 mm/s, v2 = 49 mm/s
Peak Name | Position (V) | Area | FWHM (eV)
C=C sp2 284.7 1.154 1.325
C-N 285.4 0.1 2.076
C-0 285.9 0.445 2.215
C-0-C 288.341 0.217 2.398
Pi-Pi* 290.985 0.197 2.6
vl =49 mm/s, v2 = 31 mm/s
Peak Name | Position (eV) | Area | FWHM (eV)
C=C sp2 284.7 1.123 1.257
C-N 285.4 0.193 2.184
C-0 285.9 0.317 2.346
C-0-C 288.816 0.211 3.361
Pi-Pi* 291.723 0.1 2.687
vl =49 mm/s, v2 = 29 mm/s
Peak Name | Position (eV) | Area | FWHM (eV)
C=C sp2 284.7 1.298 1.382
C-N 285.4 0.131 2.038
C-0 285.9 0.166 1.886
C-0-C 287.179 0.153 2.616
Pi-Pi* 290.551 0.123 2.649

Peak Name Position (eV) Area | FWHM (eV)
C-H (ODA) 283.8 0.75 1.2
C-H (PMDA) 284.2 0.304 1
C=C sp2 284.7 0.246 0.8
C-N 285.1 0.441 1.56
C-0 285.55 0.528 1.36
C=0 288.17 0.311 1.42
Pi-Pi* 290.5 0.285 2.95
vl =153 mm/s
Peak Name Position (eV) Area | FWHM (eV)
C-H (ODA) 283.972 0.829 1.506
C=C sp2 284.7 0.987 1.531
C-N 285.815 0.278 1.2
C-0 286.051 0.297 2.113
C=0 288.434 0.422 2.55
Pi-Pi* 291.124 0.259 2.554
vl =105 mm/s
Peak Name Position (eV) Area | FWHM (eV)
C-H (ODA) 283.88 0.159 1.346
C=C sp2 284.7 1.05 1.191
C-N 285.4 0.1 0.995
C-0 285.9 0.615 1.992
C=0 287.88 0.287 2.2
Pi-Pi* 290.65 0.33 2.95
vl =49 mm/s
Peak Name Position (eV) | Area | FWHM (eV)
C-H (ODA) 283.88 0.132 1.342
C=C sp2 284.7 1.057 1.148
C-N 285.401 0.1 1.074
C-0 285.901 0.454 2.059
C-0-C 288.524 0.292 3.042
Pi-Pi* 291.233 0.166 2.132
vl =49 mm/s, v2 = 218 mm/s
Peak Name Position (eV) | Area | FWHM (eV)
C=C sp2 284.7 1.114 1.252
C-N 285.4 0.1 2.029
C-0 285.9 0.218 2.166
C-0-C 287.798 0.218 2.778
Pi-Pi* 290.641 0.181 2.373
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Figure 47: C1s core scans of LINC lines lased using laser conditions P = 12.5 W and different lasing and relasing

conditions

98



Figure 48: (a) TEM image of LINC at P = 12.5W, z =9 mm and v1 = 105 mm/s lasing conditions. (b) HRTEM
image showing different Lc sizes at .v1 = 105 mm/s condition (c) TEM image of LINC at P = 12.5W, z =9 mm

and vi1 = 105 mm/s and vz = 49 mm/s lasing conditions. (d) HRTEM image showing Lc size at .vi =49 mm/s and

v2 =49 mm/s condition.
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5.5 Relased Electrodes as Sensing Neural Electrodes

To test the electrochemical capability of these electrodes and the influence of relasing on
their performance, we fabricate a set of electrodes using three laser conditions using continuous
COz laser (A=10.6 um) on polyimide sheets (Dupont KHN, polyimide thickness: 127 microns),
with P =125 W, z= 9 mm: (a) vi= 105 mm/s, (b) v1 =49 mm/s and (c) vi1 = 49 mm/s, v> = 49
mm/s with three replications created for each condition. After insulating the electrodes to control
the working electrode area, SEM imaging is used to measure the electrode surface area. SEM
imaging of the electrode areas are presented in Figure 49 and shows that the electrodes exhibit a
diversity of surface morphologies. The first lasing condition results in electrodes having a dome
shape with minimal effects of ablation on the top Figure 49 (a). The second lasing condition results
in electrodes demonstrating some ablation on the top (Figure 49 (b)) while the final lasing

condition features large levels of ablation on top of the electrode as shown in Figure 49 (c).

5.5.1 Packaging of Electrodes

After fabrication of the electrodes, nitrocellulose based transparent nail polish
(7417045109) is applied as an insulation layer to define the working electrode area which is
controlled to be a specific length = 1.2 mm. The electrodes were externally connected with
conductive flat jaw alligator clamps (McMaster Carr, 7236K27) which clamp onto silver paint
(PELCO® Conductive Silver Paint, Ted Pella, Inc 16062) applied to the end of the electrode. The
silver paste and alligator connection are also insulated with the nitrocellulose based insulation for

full insulation. The packaging method is illustrated in Figure 50.
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Figure 49: SEM images of LINC neural probes electrodes after packaging for different laser conditions P =
12.5W, z=9 mmand (a) vi = 105 mm/s, (b) vi =49 mm/s and (c) vi = 49 mm/s, v2 = 49 mm/s. showing illustrating

the insulation and the surface morphology.

5.5.2 Electrochemical Testing of the Electrodes

Two electrochemical testing methods were used to test the electrodes: Electrochemical
Impedance Spectroscopy (EIS), to determine the electrical properties of the system over a large
frequency range, and Cyclic Voltammetry (CV), to quantify the electrode capacitive charging,
testing.

Electrochemical Impedance Spectroscopy (EIS) were performed in 1x phosphate buffered
saline (PBS, composition: 11.9 mM Na2HPO4 and KH2PO4., 137 mM NaCl., 2.7 mM KCI, pH
7.4) applying a sine wave (10 mV RMS amplitude) onto the open circuit potential while varying
the frequency from 1 to 105 Hz. EIS was carried out using a potentiostat/galvanostat (Autolab,
Metrohm, USA) connected to a three-electrode electrochemical cell with a platinum counter
electrode and an Ag/AgCl reference electrode. During the CV tests, the working electrode potential
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was swept between 1.2 and —1 V (vs Ag/AgCl) with a scan rate of 100 mV/s. The charge storage

capacity (CSC, mC/cm2) was calculated as CSC=(/di dt)/(geometric area) in an entire CV cycle.

LINC Electrodes
lased at v4 then v,

[6] Silver paint

Transparent
nitrocellulose based
insulation

Exposed LINC
electrode

Figure 50: (a, b, ¢) Schematics illustrating the steps for fabrications and packaging of LINC electrodes for

neural sensing applications. (d,e) SEM imaging showing the device packaging

102



The results, presented in Figure 51, Figure 52 and Figure 53 demonstrates that the LINC
that the relasing influences the impedance and electrochemistry on the LINC electrodes, either due
to the surface area enhancement to the material or due to the enhanced graphitization or a
combination of both.

The relased LINC electrodes presented a lower impedance across the entire frequency
range (1-10°Hz). The normalized impedance magnitude values at 1 kHz, relevant physiological
frequency for neural single unit activity, are reported in Table 6. The normalized electrochemical
impedance (at 1 kHz) of the relased samples is 2-3 times lower than the LINC obtained with the
other laser conditions.

The resistive contribution of the electrode-interface conductivity to the overall electrode
impedance is estimated from the impedance measured at the high frequency, where the
contribution to the impedance due to the charge transfer at the electrode-tissue interface is not
significant. Over the 10°-10° Hz frequency domain, the LINC exhibit a near-resistive phase
(approaching 0°) and an impedance modulus that is almost entirely solution resistance. The
normalized electrochemical impedance of the relased samples in this frequency range is 2-4 times
lower than the LINC obtained with the other laser conditions (Table 6), revealing the higher
conductivity of the relased LINC.

CV in the presence of 1x PBS presents an approximately rectangular current response in
the -1/1.2 V vs Ag/AgCl potential window (Figure 52 (a)), suggesting predominantly double-layer
capacitance governed response during the charging and discharging process [130,131]. Only for
the relased microelectrodes, it is possible to observe a small faradaic oxidation peak at ca. 0.3V
(Figure 52 (b)), similarly to what observed in high graphitized graphene electrodes.[132] It is

worth noting that LINC microelectrodes show a wide water window, with no hydrolysis reactions
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occurring between -1V and 1.2 V, making them optimal candidate for electrical micro-stimulation,

where the electrodes are required to inject relatively large currents while minimizing electrode

degradation due to faradaic effects.
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Figure 51: (a) Plot representing area normalized averaged EIS results for electrodes created using different

laser conditions. (b) Plot representing area normalized averaged EIS results for electrodes created using

different laser conditions.
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Figure 52: (a) Plot representing area normalized averaged CV results for electrodes created using different

laser conditions. (b) Zoomed in CV plot illustrating the prominent peak associated with relasing.
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Figure 53: (a-c) Electrochemical impedance spectroscopy plots generated for individual LINC electrodes at

different laser conditions. (d-f) CV plots generated using LINC electrodes at different laser conditions
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The total charge storage capacity (CSC) values for the LINC obtained with the different
laser conditions are reported in Table 6. The CSC were calculated as the time-integral of an entire
CV cycle between -1 and 1.2 V.

High surface area carbon materials with controlled morphological structure have been
shown to be promising candidates for neural electrode materials, at the purpose of, presenting
excellent electrochemical performances and superior electrochemical stability [132,133]. The
electrochemical results highlight the potential of the LINC electrodes to be miniaturized and used
as superior materials for implantable devices for different neural applications, such as

neurochemical sensing, electrical micro-stimulation and electrophysiological recording.

Table 6: Average area normalizaed impedance and CSV values for the electrodes

v1 [mmis] Vo [mm/s] 'mpel‘fjj‘ge @ 'mfggalflji @ Y
105 102.14+24.90 85.57+19.41 2.68+0.29
kQ/cm2 kQ/cm2 mC/cm2
49 134.00+£19.86 125.88+14.44 1.84+0.24
kQ/cm2 kQ/cm2 mC/cm2
49 49 45.,10+3.95 37.88+2.91 1.46+0.14
kQ/cm2 kQ/cm2 mC/cm2
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5.6 Conclusion

Using the relasing approach, we manage to enhance the conductivity of LINC materials
without compromising the electrode mechanically. We explore the underlying physics behind this
enhancement. This has revealed more into the fundamentals of LINC formation and more insight
into the control of surface morphology. Additionally, we demonstrate the influence of relasing on
the surface morphology and its electrochemical capability and demonstrated its potential for neural

sensing.
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6.0 Sequential Self-Folding of Shape Memory Polymer Sheets by Laser Rastering toward

Origami-Based Manufacturing

In this chapter, we propose a scalable approach for controlled self-folding of shape memory
polymers based on laser rastering. Localized heating is achieved by moving laser to deliver
controlled energy across the rastering path. This is in contrast to prior work on using a stationary
laser spot with a rectangular shape described earlier as illustrated in Figure 3. Our approach allows
the accurate control of the spatiotemporal delivery of heat as a function of laser power, speed and
number of passes along designed paths on the polymer, which enables control of fold angle and
quality. Our results demonstrate that this approach can used to create complex three-dimensional
shapes. Hence, it paves the way for developing unique manufacturing capabilities in creating

functional parts that require complex 3D geometries and high surface quality.

6.1 Materials and Methods

6.1.1 Shape Memory Polymer

Commercially available sheets of pre-strained polystyrene sheets are used in this study
(Grafix® Black Shrink Film, thickness 0.3 mm, bi-axially contract 55% approximately when
heated above the glass transition temperature (Tq = 103°C) were used in this study. These sheets
are known to have shape memory properties. This is achieved by heating the polymer above its
glass transition temperature (Tg), stretching, and then cooling below Ty to preserve its shape. When

the material is heated above the Tg, the preserved stresses are released. These sheets were used in
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previous work for studying self-folding using different stimuli, and their properties are described
in detail in other work. [19,23,27,29,134]

The sheets were cut down to sample sizes of 10 x 20 mm using a ruler and scissors. A
protractor and ruler were used to measure the bending angle of the sheets after subjecting them to
laser heating. Masking tape and Kapton tape were used to secure the samples to the laser platform,

as shown in Figure 54 (a, b).
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Figure 54: (a) Photograph of the laser processing setup, showing the laser objective lens and the sample with
annotation for lasing direction, laser beam, and camera view for videography results shown in this work. (b)
Schematic of the folding process showing the gradient of shrinkages, which results from the viscoelastic
relaxation across the thickness of the pre-strained sheet having a gradient of temperature. (c) Experimental
points representing the estimated laser beam profile along the lasing direction x using the knife edge technique,
along with the profile of the fitted Gaussian beam illustrating the divergence of the beam away from the beam
waist. The resulting beam spot in the x direction is estimated to be 2wox = 251.6 um. (d) Estimated optical flux
along the x direction at constant power (P = 22.5 W), showing the change of beam intensity with z (i.e. with

changing spot size by defocusing the beam).
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6.1.2 Laser System

The laser used is a continuous wave (CW) CO: laser system (Full Spectrum Laser Pro-
Series 20 x 12, 1.5-inch focus lens) with 10.6 um wavelength and 35 W power from the laser. The
black polystyrene used in this study is highly absorbing to 10.6 um laser light. The laser power
can be adjusted by changing the laser current through pulse width modulation. We measure the
laser power at different currents using a CO> laser power meter (HLP-200, Changchun Laser
Optoelectronics Technology Co., Ltd.). The beam radius was measured based on (1/e?) of the
maximum intensity (wy, Wy) at different distances (z) from the beam waist using the knife-edge
method [64], where we assume single mode operation (TEMO0O) with a Gaussian beam profile.
Using this technique, the beam radius at the beam waist (Wox, Woy), based on a Gaussian beam
assumption, was determined to be 125.8 um in the x-direction and 84 um in the y-direction. The
experimental beam radius in the x-direction and the estimated beam shape is shown in Figure 54
(c). Using the beam size and measured laser power, the flux at different defocus values is shown
in Figure 54 (d).

Additionally, the laser is equipped with an air assist system, which is an air nozzle that is
aligned with the laser beam that blows air onto the sample. The function of the air assist is to
prevent overheating of the sample and to clear the lasing path from any debris or smoke.

A power (P) ranges of 0.14 - 28 W was used in our experiments in order to control the
folding process. A speed (v) range of 108 - 508 mm/s and a fixed spot size (w) of 1 mm were used
as well. Within this range of parameters, we were able to control how much energy and fluence
were applied to the sample during folding.

The prepared samples were placed on an aluminum grating within the laser system as

illustrated in Figure 54 (a, b). The samples were secured by using a piece of masking tape or
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Kapton tape to hold the sample in place during the experiment. When the laser is subject to laser
heating, the polymer strips would bend with an angle (0), as illustrated in Figure 54 (b), that is
measured with a protractor with respect to the sheets original position. To control the energy
delivered for folding, we can control laser power (P), speed (v), number of lasing passes. Upon
completing a forward path, the lasing head would decelerate, switch direction and conduct a return
path till the number of passes is completed. Additionally, we test the influence of turning the air
assist on or off, since the blown air would create some forces on the bending strips while lasing

and also cool off the lased lines.

6.1.3 In Situ Videography and Ex Situ Imaging

Microscope cameras (Celestron Handheld Digital Microscope Pro) were used for imaging
of the samples and videography during the lasing process. SEM images of the folds were
completed on a Zeiss SIGMA VP Field emission scanning electron microscope. The samples were

sputter coated with platinum and then imaged with a beam with an accelerating voltage of 2kV.

6.1.4 Multi-physics Simulation

To gain qualitative insight into the laser folding phenomenon, we develop a 3D FEM model
of the laser driven folding. ANSYS APDL was used to run the model with SOLID227 elements,
which can couple the thermal and mechanical fields and handle material non-linearity like
viscoelasticity, hence can be used to model this problem.[135] We utilize the material parameters
used in previous simulation efforts,[136,137] which use a generalized Maxwell model and the

Williams—Landel-Ferry equation to account for viscoelastic effects and temperature dependence
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as illustrated in Table 7 and Table 8. The polystyrene is modeled as an elastic-viscoelastic material
The polystyrene sheet initial geometry has a length of 17 mm a width of 8.5 mm and a thickness
of 0.4 mm. The problem is divided into two parts, the first being a thermal programming step to
develop the pre-strain and the second being a local heating step to induce the folding as illustrated
in Figure 55. In the thermal programming step, volumetric heating (Qgen=0.25 W/mm?, 0.45 s) is
applied to the entire geometry, heating it up to a temperature higher than the PS glass transition

temperature Tg. Convection boundary conditions are active at the sheet boundaries (h= 2.2e-5

W/mmz2 °C , T.=22 °C). After the heating is completed and the sheet temperature exceeds the T,

a pressure P is applied to the upper sheet surface and ramped to a value of 25 MPa in 8 seconds,
compressing the sheet, and then the load is held constant. The sheet dimensions after compression
had a length of 22 mm a width of 11 mm and a thickness of 0.3 mm. While the pressure is held
constant, negative volumetric heating (Qgen= -0.15 W/mm?, 0.45 s) is applied to cool the sheet to
below the T4, hence maintaining the pre-strained state. The model is then heated at the upper
surface center by programming the surface flux boundary condition to reflect the laser heating with
Power (P = 2.5W. 4.5W, 6.5 W, 85 W, 10.5 W), speed (v = 250 mm/s) and defocus level (z =8
mm) with a Gaussian profile to drive the folding. We monitor the temperature, axial strain and
folding angle across the center of the sheet during and after the heating process for the five power
cases. Tetrahedral elements are used to mesh the geometry as shown in Figure 55 (c) with a total
element number of 14000 elements. The element number is decided using a convergence study as

illustrated in Figure 55 (d).
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Figure 55: Boundary conditions for the folding simulations

Table 7: PS thermal and mechanical material propeties

PS WLF C1 17.44
PS WLF C2 51.6 K
PS Glass
transition 103 °C
temp.
PS Young’s
Modulus 1.78e9 Pa
PS Specific
Heat 1300 J/kg K
PS Poisson’s
Ratio 0.33
PS Thermal
Conductivity 0.14 W/m K
PS density 1050 Kg/m?®

Table 8: Prony coefficients for viscoelastic PS model

Branch # 1 2 3 4 5 6
g (i) 0.2089 0.3654 0.3037 0.1011 0.01243 | 0.004661
(i) (5) 1.182 14.77 114.8 402 3096 25680
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6.2 Results and Discussion

6.2.1 Influence of Power and Speed with Air Assist On

In this experimental study, the influence of power and speed with the air assist on is tested.
In the experiment, a power range (P = 0.1 - 9 W) with a speed range (v = 107 - 500 mm/s) were
investigated at a fixed spot size (2wx = 1 mm) for 9 passes. Multiple passes are conducted in rapid
succession, wherein the lasing head abruptly decelerates upon completing a forward path and
switch direction to conduct a return path at the same speed (v). The stopping time is estimated to
be small compared to the lasing time. The resulting folding angles are shown in Figure 56. Folding
started at powers ranging from 1.4 W to 2 W, depending on the lasing speed. The results generally
show a quick increase in folding angle between powers 1 — 2 W. With higher speed, it is noted that
the transition occurs more slowly. In addition, in the lowest speed case (v = 107.5 mm/s), the
folding increases and then drop at powers beyond 3 W, indicating that excessive deformation or

cutting damage has occurred.
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Figure 56: The resulting folding angles generated from different power and speed combinations for the laser
with the air assist on. All samples were subject to 9 lasing passes. Error bars indicate standard error based on

seven replications.

One advantage of using the air assist is that since the airflow has a cooling effect on the
polymer samples, a larger power range can be explored, and a higher range of high-quality folds
can be achieved. For example, when the samples are subject to excessive laser fluence, folding can
occur, but it is accompanied by excessive deformation and distortion to the fold geometry locally
at the hinge. These undesired effects might lead to issues of reduced repeatability and
compromised structural integrity of the resulting 3D structures. A juxtaposition of different fold
geometries is shown in Figure 57, illustrating that there is a wide range of shapes of folds that

occur at the different combinations of power and speed.

115



Good folds with mmlmal undesirable deformatlons

P=35W, v=107 mm/s P=8W, v =350 mm/s

Figure 57: Side view and top view images indicating the influence of laser conditions on fold distortion and
quality , where too much heating leads to excessive deformation manifested as highly distorted hinges. (P = 3.5
W, v =500 mm/s, 2wx =1 mm, n = 9) and (P = 3.5 W, v = 107 mm/s, 2wx = 1 mm, n = 9) were imaged using

SEM as well.

While some lasing conditions lead to large angle folding, some of the folds are too
distorted. This is why characterizing the quality of the fold by optical imaging is an important
complement to the measurement of fold angle. Importantly, it is noted that from our observation,
we find that some conditions can achieve both large folding angles and minimal distortion to fold
geometry, as shown in Figure 57.

In addition to optical imaging, we use scanning electron microscopy (SEM) to further

investigate fold surface quality and local distortion. Our SEM images show the effect of over-
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heating (at conditions of lower laser speed) on compromising fold quality as shown in Figure 58

(a,b). The local shrinkage and excessive material flow are visible.

P=35W, v=107 mm/s

Figure”578: (a) SEM image of fold with minimal hinge distortion illastrating the folding and shrinkage pattern
at the edge and at the fold (P = 3.5 W, v =500 mm/s, 2wx =1 mm, n = 9) . (b) SEM image of fold with excessive

fold distortion (P = 3.5 W, v=107 mm/s, 2wx =1 mm, n = 9).
6.2.2 Influence of Power and Speed with Air Assist off

We also investigate the influence of power and speed in the absence of air assist, by varying
laser power and speed while maintaining a constant spot size, with the air assist off. In this study,
a power range (P= 0.1 - 5 W) is tested with a speeds ranging from 107.5 - 500 mm/s and a fixed
spot size (2wx = 1 mm) for 9 passes. With the air assist off, the polymer samples were subject to
higher fluence for a small power range, as compared to the air assist mode. Moreover, turning of

the air flow also eliminated the resistance force pushing down on the sample.
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Results shown in Figure 59, indicated that folding started at P = 0.1 W at the lowest speed
(v =107.5 mm/s), much lower than with the similar conditions with air assist on, demonstrating

the effect of the lower air pressure and no air cooling on the folding.
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Figure 59: The resulting folding angles generated from different power and speed combinations for the laser
with the air assist off. All samples were subject to 9 lasing passes. Error bars indicate standard error based on

seven replications.

In the cases with lasing speeds v = 107.5 mm/s and 245.5 mm/s, folding angles are noted
to drop beyond P = 1.5 W and 3.5 W respectively, indicating excessive heating that cause too much
flow of material or melting of the polymer in some cases. At higher speeds, little change is noted
between the folding angle at different speeds. In these cases, folding starts at 1.5 W lasing power,
which transitions with increasing power till an average folding angle of 90° is reached at a power

of 5 W.
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6.2.3 Influence of Number of Lasing Passes

To explore the effect of the number of passes on the folding angle, the number of passes
was varied between 1 to 10 passes at two levels of power (P =2.4 W and P = 5.8 W) and a fixed
speed (v = 350 mm/s), fixed spot size and air assist on.

Real-time monitoring of folding angle after each pass is achieved by employing in situ
videography. Results where images of the folding are recorded with number of passes are shown
in Figure 60. It is noteworthy that after one lasing pass there is little folding, but with subsequent
folds, the folding angle increases incrementally until it reaches an average value of around 30° at
these conditions (P = 3.5 W, v =430 mm/s, 2wx = 1 mm). This indicates that the cumulative effect
of incrementally adding small energy doses can gradually increase the temperature at the hinge to
activate the folding without excessively damaging the hinge. The quantitative results for folding
angle dependence on number of passes are presented in Figure 61. For the low power case in Figure
61 (a), it is noted that no folding occurs for less than 5 lasing passes. This implies that the
temperature was not high enough to trigger folding until after the 5 pass. With increasing number
of passes, the folding angle reached an average value of 8°. Eventually, the angle starts to drop
after 9 passes. For the higher power, shown in Figure 61 (b), folding starts after 2 lasing passes.
Also, the fold angle increases up to an average of 90° which drops after the 8™ pass. The nature of
the process prevents lasing beyond 90° since the beam will be blocked by the folded side of the
polystyrene sheet. The drop in angle is caused by excessive heating and material flow, as will be
discussed later. As noticed from the optical and SEM imaging (Figure 57 and Figure 58), over-
heating leads to melting and excessive hinge deformation, which are undesirable. In addition to
excessive material flow, more passes lead to excessive relaxation across the whole sheet and hence

lower strain gradients and smaller folding angles.
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Figure 60: Image frames from in situ videography showing the progression of folding with increasing number
of lasing passes at conditions of P = 3.5 W, v =430 mm/s, 2wx = 1 mm, air assist on. The sliver moving part is

the laser head plunger, which is used for focusing/defocusing the laser beam on the sample before rastering.

Elm r " " 10 " " r "
[_i P=2.4W,v=350mm/s| 1 IE §P=24W, v=350mm/s P
9 90| §P=5.8W,v =350 mm/s
—8f } 1 80t
o) —_
Q7 » 70
s, ; { g ool
zb 2. 60
o 5T } 1 £50
[@)] 5]
S4r 1 o 40f
< 2
3 1 < 30}
2r T 20t
d 1 10f 3 . s o= o=
0 -——a—8—a—! h h 0 * —a—n—a—n—1 L
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Number of passes (n) Number of passes (n)

Figure 61: (a) Plot showing the effect of number of passes at fixed power and speed (P =2.4 W, v =350 mm/s,
2wx =1 mm). and (b) (P = 5.8 W, v =350 mm/s, 2wx = 1 mm). Error bars indicate standard error based on ten

replications. At 8 passes for P = 5.8W, v = 350 m/s the standard error is 0.37.
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6.2.4 Influence of Laser Power and Speed on Single Pass Folding

To gain more insight into the process fundamentals, we lase the pre-strained polystyrene
for only a single pass (n = 1) at different values of power and speed. We also estimate the
corresponding fluence at the different laser conditions to see how fluence is correlated with folding
angle. The relationship between power and average fluence is shown in Figure 62 (a) at 2wx = 1
mm. The average fluence is calculated based on Gaussian beam modeling by multiplying the

average estimated optical energy flux (as shown in Figure 54 (d)) with the laser dwell time

(ta=2wy/v).
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Figure 62: (a) Plot showing how laser power and speed affect laser fluence. (b) Folding angle at different speeds

and powers. (Errors bars are the standard error for sample size of 5) (c) Influence of laser fluence and speed
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The plotted results show that the laser fluence scales linearly with power, with a higher rate
of fluence increase at lower speeds. The resulting fold angles at different laser power and speed
are shown in Figure 62 (b), with the corresponding fluence values illustrated in Figure 62 (c). The
avg. fluence (Favg) at which folding starts is plotted as a function of lasing speed in Figure 62 (d)
as well as the dwell time for each laser conditions. For all conditions, folding doesn’t start at P <
8 W and Fayg < 5.2 J/cm?, implying that the temperature across the material resulting from these
lasing conditions is not high enough to initiate folding (i.e. does not reach the glass transition
temperature). It is also noted that the fluence at the initiation of folding is different for each lasing
speed. At the lowest speed (v = 250 mm/s), the fluence at which folding starts is at Fayg = 5.4 J/cm?,
while at the highest speed (v = 500 mm/s), the fluence at which folding starts is at Fayg = 8.2 J/cm?.
For the lowest speed (highest dwell time), an increasing trend is noticed with fluence till a
maximum of 25° at a Fayg = 13 J/cm? after which the folding angle drops with increasing fluence
till no folding is observed after Fayg = 17 J/cm?. At v = 340 mm/s, the folding initiates at Fayg = 6.8
Jlem?, and is followed by a monotonic increase in folding angle with average fluence with a
maximum average folding angle of 37° at a fluence of Fayg = 12 J/cm?. Further increase of fluence
wasn’t experimentally achievable due to laser maximum power limitations. It is expected that
beyond a certain fluence values, the resulting folding angle will start to decrease, similar to the
results obtained at v = 250 mm/s (due to overheating as explained below). At the highest speed,
the fluence needed to initiate folding is highest at F = 8.1 J/cm?. Higher fluence couldn’t be
delivered due to the maximum laser power limits.

As mentioned earlier, the shrinkage of pre-strained polystyrene films is dependent on the
material temperature exceeding the glass transition temperature (Tg), leading to the viscoelastic

relaxation locally, which causes the folds. In this case, the resulting fold angle and speed of folding
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are dependent on multiple factors. The temporal and spatial temperature distribution (which
depend on the laser parameters and material properties) combined with temporal viscoelastic
effects (the rate of stress relaxation is also temperature dependent) dictate the observed folding.
for low lasing speeds, high fluence and long laser dwell time can lead to low or no folding, because
these conditions lead to full stress relaxation of the pre-strain across the polystyrene sheet without
gradient of shrinkage across the thickness (hence, no folding is observed for higher power points
shown in Figure 62 (b)). We observe this effect experimentally at laser scanning speed at v = 250
mm/s, where the folding angle increased with fluence and then dropped subsequently. Excessive
heating can also lead to polystyrene melting and excessive material flow, preventing high quality
folding. Future research to elucidate these interactions will focus on thermo-mechanical
simulations to study how the lasing conditions interact with the viscoelastic properties of the

materials and how they influence the folding dynamics.

6.2.5 Simulation Results

The results of the simulation demonstrate that this approach successfully captures the laser
folding behavior with the thermal programming step followed by the laser heating step. Thermal
and strain results from the P = 6.5W case are presented in Figure 63. Figure 63 (a, b) demonstrate
the thermal gradients across the sheet thickness. Figure 63 (c) demonstrates the steady state strain
gradients across the cross section of the sheet driving the folding after laser heating. To help
understand the mechanics and kinetics of the process, we plot the change in folding angle with
time, the top and bottom surface temperature and strain at the sheet center and the temperature and

strain across the thickness at the center of the sheet. The results are presented in Figure 64.
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Figure 63: (a) Thermal contour plot at t = 0.137s for the P = 6.5W, v =250 mm/s, z = 8 mm case. (b) Thermal
contour plot at the center cross section demostrating the thermal gradients across the cross section at t =0.137
s. (¢) Strain contour across the central cross section at steady state for the P = 6.5W, v =250 mm/s, z = 8 mm

case.

Figure 64 (a, b, c, d) give a full picture of the kinetics driving the process by monitoring
the folding angle during and after the laser heating at the sheet center. At time t;=0, we notice that
both the bottom and top of the sheet are in a state of tensile pre-strain at a value of 0.25,
demonstrating the success of the thermal programming step. During the laser pass, the upper
surface exceeds the T4 temperature leading to the shrinking of the top surface as observed between
t1 and to. This is accompanied by the folding of the sheet to an angle of 40°. The lower surface
temperature eventually exceeds Ty at to, due to the laser heat conducting through the sheet. The
lower face of the sheet also undergoes some shrinkage as well as noted at time t3 in Figure 64 (a,
¢). This shrinkage leads to the reduction of the resulting folding to a value of around 30° due to
the change in compression strain gradients along the thickness. The change in strain at the upper

and lower surface is different from the center due to the convection cooling and asymmetric
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heating that happened/is happening at the solid-air interfaces. This drives the piecewise linear

shape of the strain curves noted at Figure 64 (c) at ts, t4, ts and ts. Eventually, at steady state the

strain at the bottom surface is tensile while at the upper surface it is compression, suggesting that

the process didn’t completely relax the pre-strain across the cross. The net strain led to a folding

angle of 35°. No further folding occurs since eventually there are no thermal gradient across the

thickness.
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Figure 64: (a) Plot demonstrating the folding angle and strain for the top and bottom of the fold for for the P =

6.5W, v =250 mm/s, z = 8 mm case with t1 = 0 marking the start of lasing. (b) Temperature at the top and bottom

of the fold, with the glass transition temperature Tg illustrated. (c) Plot illustrating the strain acoss the thickness

for the different times ti marked in (a). (d) Plot of the temperature distribution across the thickness at different

times during the simulation.
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Figure 65: (a) Plot illustrating the steady state folding angle for different lasing power cases for v = 250 mm/s
and z = 8 mm. (b) Plot illustrating the steady state strain distributtion across the thickness of the sheet for the

corresponding power values in (a).

To get a bigger picture on the influence of power on the steady state folding angle, we
evaluate the steady state folding angle and strain distribution resulting from different lasing power
values. The results are presented in Figure 65. The results show that initially, with increasing
power, the steady state folding angle (Oss) increases till it reaches a value of 35° beyond which the
folding angle drops rapidly beyond P = 8.5 W as observed in Figure 65 (a). This is similar to the
trend observed experimentally in Figure 62 (b), which shows a similar trend for v = 250 mm/s
albeit for different power values. The results in Figure 65 (b) explain this phenomenon. At lower
powers (P =2.5 W, 4.5 W), the laser heating doesn’t lead to significant strain gradients of strain
across the thickness, with only tension strain across the cross section, leading to lower folding
angles. Beyond a certain power value, the heating leads to steady state tension on the bottom
surface and compression on the upper surface, which results in the highest net folding effect at P
=6.5W, 8.5 W and largest strain gradients across the thickness. Beyond these values, the excessive
heating leads to only compression strain across the thickness, due to thermal mismatch, not the
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pre-strain. Additionally, the strain gradients across the thickness get smaller as well. Overall this
approach is an effective technique to understand the fundamentals of this folding process and
potentially optimizing the laser conditions for maximizing folding angle. Future work, would be
programming the laser scanning for multiple passes, which would enable gradually relaxing the

top surface strain without over-relaxing the pre-strain in the bottom surface.

6.2.6 Applications of Complex 3D Geometries

After demonstrating the ability to control both fold angle and quality of fold based on
varying laser power and rastering speed, we have also shown that sequential delivery of energy
through multiple lasing passes can also be used as a powerful knob to control the localized folding
angle. We have combined cutting with folding to illustrate the capability of our approach to create
complex 3D geometries like vertex connected triply periodic minimal surface structures which are
attractive geometries for mechanical metamaterial applications [138], as shown in Figure 66. This

highlights the potential of integrating origami and Kirigami [8] principles in manufacturing.
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Figure 66: (a)Demonstration of complex shapes such as vertex connected triply periodic minimal surface
structures ,created with combining cutting with the laser self-folding approach described in this work. (b)

Ilustration for the sequence of lasing, with lasing paths and fixation points shown.

We demonstrate the robustness of the produced folds by applying a compressive load on
them, as shown in Figure 67. We show that for a load of 1 N does not damage the folds obtained
at the lasing conditions of P = 3.5 W, v = 500 mm/s, 2wyx =1 mm, n = 9. In this experiment, a load
is applied on top of the vertex of the fold as illustrated in Figure 67 (a), while the sample is mounted
on a mass balance. Results show that the fold withstand the load, which the polystyrene elastically
deform, and returned to its original configuration upon unloading (Figure 67 (b)) without any
damage to the folds. Hence, the resulting geometries obtained by our laser-based folding approach
are promising as a building blocks in a repeating architected structure for origami-based energy

absorption applications [139] and origami-based cellular metamaterials [140].
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Hence, our approach is promising for fabrication of lightweight polymer structures with
high surface finish, which is a major advantage compared to common additive manufacturing
alternatives. The reason that surface finish is much more superior in our laser-based origami
approach compared to 3D printing methods is that the surface finish is dependent on the process
of fabricating 2D sheets, which is a rather cost-effective and mature technology. For example, a
single 8 x 11°° sheet of smooth pre-strained polystyrene costs less than 0.4$. Our folding
approach is also faster than typical additive manufacturing approaches such as fused deposition

modeling and stereo lithography, which also generating minimal waster material.

(o]

Load:a Unloaded

Figure 67: Demonstration for the mechanical robustness of the folds. A compressive load of 2 N was placed on

the folds (a). After unloading (b), the fold is shown to be intact without failure.

Our rastering-based approach also invites leveraging computational design tools for control
of the spatiotemporal evolution of temperature for achieving desired curves and folds. Combining
laser heating, which has the advantage of offering rapid energy delivery with precise control of
fluence dose and location of heating, with rastering underscores the versatility of our technique.
Among folding-based methods, our approach uniquely allows optimizing the folding angle and
minimizing hinge distortion when compared to less abrupt heating methods [19,20]. Another
advantage for our approach is that folding happens as a results of a single-step direct-write process,

eliminating the need for ink printing. However, further process development is needed to achieve
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more complex 3D geometries[26], since shadowing effects can potentially limit the maximum
achievable folds and block the laser when lasing large structures. These issues can potentially be
remedied by using different scanning methods like using mirror galvanometers to deliver the laser
energy fast-enough before shadowing can occur. The approach of directed self-folding based on
localized heating can be combined with modern cybermanufacturing infrastructure in order to

achieve mass customization in 3D fabrication at on-demand stations or kiosks [141,142].

6.3 Conclusion

In this chapter, we present a new approach for sequential self-folding of polymer sheets,
based on laser rastering. The approach is shown to be versatile, allowing direct precise delivery of
energy at the hinges, without the need for ink jet printing to sequentially fold the pre-strained
polymer sheets. This approach is well suited for creating complex shapes that are difficult to create
with 3D printing techniques. From the parametric study results, it is noted that varying the number
of lasing passes is a powerful way to achieving high quality folds with desired angles. Additionally,
it is observed that power and speed are a direct method for controlling the folding angle with
maintaining the quality of the fold. Our findings indicate that there exists optimal conditions that
insure both minimal distortion in fold geometries and high precision in the resulting folding angle.
Further investigations are needed to correlate the lasing parameters with the spatial variation of
fluence and temperature, as well as with the viscoelastic stress relaxation behavior that underlie
folding. Additionally, we develop a multi-physics approach to simulate the process, revealing more
insight into the process. Taken together, our results highlight the potential of this approach for

manufacturing 3D lightweight structures.
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7.0 Ongoing and Future Research Directions

In this chapter, we present ongoing and future research directions related to this thesis. This
includes designs, applications and developments related to the previously presented LINC

research.

7.1 Environmental Control for LINC-based Processes

To study the influence of pressure and gas environment on LINC development, we design
a special chamber to control the pressure and environment inside the sample chamber. This is
achieved through designing the chamber with KF flange standard parts (typically used in vacuum
technology) and a special fabricated ZnSe window (which is transparent to 10.6 um light).

This allows lasing through the window, while the chamber is held under vacuum or special
gas conditions. This would allow introducing doping gases and revealing more about the process
fundamentals. 3D CAD models of the design are shown in Figure 68 (a, b). The assembled system

is shown in Figure 68 (c). An additional fused silica window is available for fiber lasers.
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Figure 68: (a,b) 3D CAD model of the laser chamber. (c) Photo of the system installed in the CO2 laser.

7.2 LINC for Contact Angle Control

Another potential application for LINC is surface engineering of commercial polymers.
We elucidate the effects of tuning laser processing parameters on the achieved nanoscale
morphology and the resulting surface hydrophobicity or hydrophilicity. Our results show that by
varying lasing power, rastering speed, laser spot size, and line-to-line gap sizes, a wide range of
water contact angles are possible, i.e. from below 20° to above 150° as seen in Figure 69
Combining water contact angle measurements from an optical tensiometer with LINC surface
characterization using optical microscopy, electron microscopy, and Raman spectroscopy enables
building the process-structure-property relationship. Our findings reveal that both the value of
contact angle and the anisotropic wetting behavior of LINC on polyimide are dependent on their

hierarchical surface nanostructure which ranges from isotropic nanoporous morphology to fibrous
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morphology. Results also show that increasing gap sizes lead to an increase in contact angles and
thus an increase in the hydrophobicity of the surface. Hence, our work highlights the potential of

this approach for manufacturing flexible devices with tailored surfaces.
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Figure 69: (a, b) Image and schematic illustrating the experimental setup for creating LINC areas for contact
angle control. (c-e) Sample of optical sample and contact angle measurements resulting in wicking and

hydrophonic surfaces.

7.3 LINC-Based Heaters

One potential application for the approaches described in this work is LINC based spatially
patterned heaters. These heaters are the key to many applications in the areas of
thermotherapy[143-145], efficient boiling [115] and thermally driven polymer actuation [146—

149]. Here we describe different methods for fabricating low cost, facile, flat and flexible thermal
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heaters capable of generating distributions of temperature. Through the process of direct write
laser carbonization of flexible polymers, spatial distribution of laser graphene morphologies are
realized which also demonstrate spatial distributions of resistivity. When the patterns are
connected to a current/voltage source, the spatial distributions generate a spatial distribution of
temperatures.

In the first method, we exploit a phenomenon in the laser carbonization of polyimide:
discrete morphological transitions at specific fluence values described in Chapter 3.0. This feature
combined laser defocusing through topographically shaping the flexible substrate for creating
continuously lased lines exposed to a spatially continuous range of fluence as illustrated in Figure
70 (a-g). This continuum of fluence leads to a corresponding transition of laser graphene
morphology when crossing the threshold value of fluence. The topographical shaping of the
substrate allows creating patterns of laser graphene with a corresponding pattern of resistance and
hence generated thermal energy that drives the temperature gradients.

In the second approach, the gradients of resistivity in the laser graphene are achieved
through relasing as presented in Chapter 5.0. When existing laser graphene is relased, it graphitizes
the laser graphene. This subsequently reduces the resistivity of the laser graphene. When connected
to a voltage/current source, the drawn current would be distributed based on the patterned spatial

resistance gradients leading to thermal gradients as illustrated in Figure 70 (h-k).
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7.4 LINC Neural Sensors

To demonstrate the bio-sensing capability of LINC, we fabricated heteroatom-doped graphene
electrodes. Accordingly, we leverage this laser-induced polymer-to-doped-graphene conversion
for fabricating electrically conductive microelectrodes with efficient utilization of heteroatoms (N-
doped, F-doped, and S-doped).[132] Tuning laser fluence enabled achieving electrical resistivity
lower than ~13 Q sq* for F-doped and N-doped graphene. The resulting microelectrodes exhibit
superior performance for electrochemical sensing of dopamine, one of the important

neurotransmitters in the brain as demonstrated in Figure 71.
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Figure 71: Dopamine sensitivity with three different doped LINC fabricated at P = 12.5 W, v =49 mm/s (laser
fluence = 170 J cm™?). (a) Schematic of the FSCV waveform used, with holding potential 0.4 V, swhitching

potential 1 V at 400 V s, 10 Hz (left) and schematic of the two-electrons and two-protons DA reaction (right).
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(b) FSCV background current in PBS (lines) and in presence of 500 nM DA (scatters) for N-LINC (black), F-
LINC (red), and S-LINC (blue) respectively; (c) corresponding background subtracted CVs, highlight the
dopamine oxidation peaks and dopamine-o-quinone reduction peaks. Representative background subtracted
CVs for 10, 100, 250, 500 nM and 1 uM bolus of DA injection collected using (d) N-LINC, (e) F-LINC, and (f)
S-LINC, respectively. Inset: representative background subtracted FSCVs for 10 nM DA concentrations. (g)
Calibration curves (10 nM-1.0 uM concentration range) of DA in PBS using N-LINC (black), F-LINC (red),

and S-LINC (blue), respectively. Data were calibrated from 7 replicates (n = 7).

Compared with carbon fiber microelectrodes, the gold standard in electrochemical
dopamine sensing, our F-doped high surface area graphene microelectrodes demonstrated 3 order
of magnitude higher sensitivity per unit area, detecting dopamine concentrations as low as 10 nM
with excellent reproducibility. Hence, this approach is promising for facile fabrication of
microelectrodes with superior capabilities for various electrochemical and sensing applications

including early diagnosis of neurological disorders.

7.5 Fiber Laser Based LINC

LINC processing is inherently a one sided process (i.e. carbonization on only top side),
mainly, due to opaqueness of the polyimide to IR lasers, especially for CO> laser (A = 10.6 um).
This limits the architectures of possible LINC devices to planar circuits on one side of the film.
Here we develop a novel way to expand the capability of the process by developing a technique
enabling selective and simultaneous direct writing of LINC on both sides of the film. One key
aspect to this proposed process is the transparency of polyimide films to lasers with smaller

wavelength (e.g. 1 um fiber laser).[68] Combining this transparency with adding a thin layer of
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laser absorbing material on either or both sides of the film enables selective carbonization on either
or both sides. This process is further enhanced by the increase in opagqueness of polyimide in the
heat affected zone ahead of the laser, making the downstream points on the path of a scanned laser
opaque, a phenomenon demonstrated for other transparent materials.[74] Preliminary results
obtained using a fiber laser (1 um wavelength) with commercial black permachrome ink as an
initiator confirm this selectivity of LINC formation as shown in Figure 70. Future work will
investigate the effect of initiator material and thickness on the absorptance of polyimide using UV-
vis-NIR spectroscopy in transmission/reflection mode. Moreover, optical properties of initiators
will be correlated to resulting LINC atomic structure, morphology, chemistry, and electrical
conductivity (as described earlier). Using a Master Oscillator Power Amplifier (MOPA) laser
which enables pulse width and frequency (in addition to power and speed) can enable precisely
tuning the thermal kinetics.[150,151] This approach could also be key for one-step fabrication of
through-film interconnects, as shown in Figure 72. This novel approach will allow unprecedented
ability to create complex 3D architectures of LINC having a circuit on the top, another circuit on
the bottom, and a through-film interconnect between them. Moreover, this idea can be extended to
multilayer films toward more complex 3D flexible electronics. Another mechanism that can be
leveraged is non-linear absorption which could trigger multi-photon absorption at specific internal

locations across film thickness.[152]
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Figure 72: Illustration and SEM images demonstrating different approaches for selective lasing of LINC on

polyimide as well as a method for creating LINC based electrical interconnetcs across the polyimide film.

The small spot size of the fiber laser allows fabricating thin electrodes that are 40 um thick.
These electrodes can be leveraged for implantable neural sensing electrodes on flexible polyimide.
As an example a set of microelectrode arrays are made using the fiber laser as demonstrated in

Figure 73.
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8.0 Conclusions

Laser processing of polymer is a versatile process that enables a plethora of manufacturing

process that enable the fabrication of 3D shapes and functional flexible devices, all under the same

platform. Throughout this thesis we investigate the fundamentals of two of these processes: laser

induced carbonization of polymer and laser based self-folding of shape memory polymers. By

using experimental, analytical and numerical methods, we reveal many insights into the processes

as summarized in the following section.

1)

2)

3)

4)

5)

6)

8.1 Contributions

Developed framework to study and analyze the energetics and Kinetics of laser induced na
nocarbon based electrode formation and how it connects to the resulting the morphology,
molecular structure and chemistry of LINC using analytical, SEM, XRD, XPS, TEM and
Raman spectroscopy methods.

Developed a thermal model to study the process kinetics using the finite element approac
h to explain experimental results of LINC formation at different speeds.

Developed phenomenologically based hypothesis explaining the fundamentals of formatio
n of the different LINC morphologies.

Developed methods for optimizing laser conditions for LINC conductivity and electroche
mistry for heater, surface engineering and bio-sensing applications.

Designed and assembled an environmental chamber that allows creating a vacuum enviro
nment and gas environments to aid in investigating the effect of changing lasing environm
ent on the laser morphology and properties.

Developed novel techniques for lasing 30 um LINC electrodes using a 1.06 um pulsed fib
er laser with a smaller spot size, which typically generates laser light that isn’t absorbed st
rongly by polyimide.

141



7)

8)

9)

Developed methods for surface texturing for developing superhydrophobic and hydrophili
¢ LINC surfaces.

Developed a method for achieving laser based self-folding of shape memory polymers an
d optimizing the process parameters for high quality folds.

Developed a multi-physics thermal model of the folding process to understand the driving
phenomenon behind the process.
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