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Abstract

Increasing demand for smart devices has spurred the development of advanced sensors
with smaller and more adaptable form factors. The integration of thin film technology into
sensors such as strain gauges has the potential to reduce their size and allow their use in flexible
applications. Laser patterning is a promising choice to replace the conventional lithography-
based method for flexible microelectronic fabrications, due to its low process complexity, short
development cycle for custom sensor designs and the ability to pattern on three-dimensional

(3D) surfaces with high structure resolution.

The laser ablation process of NiCr film was investigated in detail by the study of the
influence of laser parameters and theoretical analysis. The average power, repetition
frequency, scanning speed, and pulse overlap were found to be significant parameters in
controlling the quality and dimensional accuracy of ablated microchannels. An empirical
threshold fluence was derived from an analytical analysis of the ablation process. This
threshold value allows for predicting the geometry of the ablated structure based on the
selected processing parameters. In addition, a numerical model was created in COMSOL
Multiphysics to analyze the material removal process and the final geometry of the ablated
structure with different laser parameter sets. Generally, ablation with a higher frequency and
slower speed results in a smoother bottom surface of the ablated microchannel. The findings
can be utilized to establish a process map that allows for the selection of parameters according

to dimensional and structural requirements.

The laser patterning process was used to fabricate a 1025 Q flexible thin film strain
gauge using NiCr film. The characteristics and dynamic tensile response of the laser fabricated
strain gauge were evaluated. The strain gauges exhibit sensitivity comparable to commercially
available NiCr-based strain gauges and can reliably survive 10° cycles up to 1750 pe. Several
failure mechanisms were identified, and these findings provide a guide to diagnose thin film
strain gauge failures. Strain gauges fabricated by this unconventional technique have shown

their potential for use in long-term dynamic load sensing applications.
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Chapter 1 Introduction

1.1 Background

Industrial and consumer demand has driven the adoption of the Internet of Things (loT),
integrating sensors for real-time data capture in a wide range of applications. The ability to measure
deformation acting on a surface is useful in applications including monitoring of building and
structure health [1], monitoring human health [2], and facilitating human-machine interactions [3].
This is often done with the use of a strain gauge, a device capable of measure the strain of a surface
under force, pressure, and torque loads by converting mechanical distortion into an electrical
signal. The principal sensing mechanism comes from the dimensional change that occurs when a
strain is applied, which causes the electrical resistance of the sensor to change. With the use of a
thin film sensing layer, the size of large resistance strain gauges can be greatly reduced, meaning
the strain gauge would have negligible mechanical stiffness [4] and is minimally intrusive.
Compared to traditional rigid sensors, flexible thin film strain gauges can be applied to arbitrarily
curved surfaces such as human skin and robotic arms and can measure a larger range of

deformation.

Conventional strain gauges are typically fabricated using lithography-based techniques,
involving slow development cycles, and harsh chemicals. This fabrication process also requires a
controlled environment, and specialized training and equipment, which increases the
manufacturing complexity and cost. Although lithographic patterning offers high structure
resolution quality, its conformality is not good enough to be used on curved surfaces. Alternative
fabrication methods that can alleviate the limitations associated with conventional lithography-
based techniques are under investigation, such as additive printing [5], direct-write thermal spray
(DWTS) [6] and thin-film patterning by laser ablation [7,8]. The common drawback with other
fabrication methods is that although the complexity and cost of fabrication can be reduced, the

resolution is sacrificed.

Among these methods, laser patterning has shown great potential as a promising
alternative. This method is a single-step process that removes the material directly through solid-
vapor ablation induced by a pulsed laser, minimizing the thermal damage to the surrounding

materials. The complexity and cost of the process are greatly reduced since a mask or ink is not



required and a short turnaround time for custom sensor designs is possible. This technique is also

capable of patterning on three-dimensional surfaces with high structure resolution [9].

Process optimization for laser patterning is a challenging process, as this method is
influenced by various factors, including but not limited to laser beam properties, film and substrate
material properties, pulse energy, and scanning speed. Also, since it is an extremely fast dynamic
laser-material interaction process, it is usually hard to make in-situ observations during the
experiments. The trial-and-error process of designing experiments to find the optimal processing
parameters and strategies in existing studies is time-consuming and costly. The obtained
processing parameters are often not replicable to other sensor designs with different film
thicknesses because the required ablation depths to achieve complete galvanic insulation between
separated structures without any damage to the underlying substrate are different. Hence, the laser
ablation process needs to be further studied to better understand the process and facilitate the
selection of optimal processing parameters.

Sensitivity and reliability are two key characteristics of flexible strain gauges. Generally,
the electrical and mechanical properties of thin films are not identical to those in the bulk form
[10], such that special consideration should be taken to evaluate the properties of thin-film strain
gauges. The effect of cyclic loading on the electrical response and fatigue failure of thin film strain
gauges has not been well studied and is critical if they are to be widely implemented in industrial

and consumer applications.

1.2 Thesis objective

The objective of this thesis is to develop an alternative fabrication method for flexible thin film
sensors on polymer substrates, using pulsed laser for patterning, which reduces the complexity and
cost of fabrication and alleviates the limitations of the conventional lithography-based technique.
This thesis investigates various factors that influence the laser patterning process and evaluates the

characteristics of the laser fabricated strain gauges. The specific objectives are as follows:

1. Explore the role of laser average power, repetition frequency, and scanning speed on the
NiCr film ablation process to obtain optimal processing parameters.
2. Establish a process map that allows for the selection of parameters according to

dimensional and structural requirements.



3. Investigate the performance of laser fabricated strain gauges through sensitivity and

reliability testing.

1.3 Thesis overview

The thesis is organized into six chapters.

Chapter 2 presents a background review on the fundamentals of laser processing
parameters and mechanisms of laser-material interaction, classification and sensing mechanisms

of strain gauges, and various fabrication methods for thin film sensor fabrication.

Chapter 3 explores the effect of laser parameters on the laser ablation process through an
experimental study. The relationship between various parameters and resulting ablation depth and

width are quantified using response surface methodology.

Chapter 4 introduces two theoretical models, including an analytical method which relates
the dimension of ablated structure with incident laser fluence, and a finite element model to reveal

the material removal process.

Chapter 5 investigates the sensitivity and resistance response of the laser fabricated strain
gauge towards varying dynamic loads. The failure mechanisms of thin film strain gauges are also

discussed.

Chapter 6 summarizes the main findings presented in this thesis and proposes future work

to complement this study.



Chapter 2 Literature Review

2.1 Laser ablation

Laser ablation is the thermal or nonthermal process of irradiating a solid with an intense
continuous wave (CW) or pulsed laser beam to selectively remove materials. Ablation occurs only
when the material absorbs enough energy to be melted or vaporized. It can be used for cleaning
[11], cutting [12], grain-refining in welding [13], drilling [12], surface treatment and modification
[14] of various materials with remarkable precision in micro- and nanoscale. The history of laser
ablation began with the discovery of the first working laser, a ruby laser, by Theodore Maiman in
1960 [15]. It was discovered in 1965 that diamond drilling could be achieved by using laser
ablation mechanisms [16]. Also, the process of laser beam irradiation has been further investigated
in the mid-1960s, and it was found that electrons, ions and neutral atoms removed from the solid
surface form a glowing plasma near the surface with a temperature of 10° — 10* K [17]. From the
1960s to the 1970s, there were mainly CW or long-pulsed lasers such as CO2 and Nd:YAG laser
equipment that is typical of high-power laser systems. Laser welding technology was developed
in the 1970s, attributed to the sufficient laser power and energy density to melt metals [18]. The
application of laser equipment further expands with the development of lasers with high-energy
density and short wavelengths in the 1980s to 1990s [17], which is particularly useful for film
deposition. In laser ablation for material processing, a nonthermal effect was observed with the
enhanced laser power density and shortened pulse duration. In the 1980s, ultraviolet (UV) excimer
lasers with nanosecond or picosecond pulse width could perform many precise processing tasks,
such as drilling, etching and surface heat treatment on metallic and nonmetallic materials such as
polymers and ceramics [19,20]. The processing precision can be greatly improved with a short-

wavelength laser since the laser beam can be easily focused on a small area.

2.1.1 Fundamental process parameters

Over the years, significant advances in laser material processing technology have been
achieved due to the full utilization of the laser properties, the characteristics of the beam delivery
system and the inherent properties of the propagating coherent light. These aspects can be
classified according to the controllable parameters commonly used in materials processing, such

as wavelength, energy/power fluence, processing beam character, and spatial and temporal



properties. The optimal laser wavelength for a given use case mainly depends on the application.
Since different materials have unique wavelength-dependent absorption properties in materials
processing, the interaction between the laser and materials is different. In general, shorter
wavelength lasers facilitate the creation of small and precise features with minimal peripheral
heating, due to the smaller focused spot [21]. Therefore, laser sources with shorter wavelengths

are more suitable for precise material processing.

Considering the properties of light propagation, there are two desired characteristics of the
laser for ablation applications, which are the monochromaticity and directionality of the beam [22].
The monochromaticity means all emitted light has the same wavelength; this consistent
wavelength is very practical for the analysis of the laser-material interactions. The directionality
means the laser beams have a small beam divergence angle, which results in better controllability

and easier focusing [22].

The pulsed laser is the most widely used type of laser for the ablation process. Compared
to the CW laser, whose output is continuous once the laser is turned on, the output of the pulsed
laser only lasts for a short duration ranging from milliseconds to femtoseconds with no emission

between pulses (Figure 1).
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Figure 1. llustration of output power of a) CW laser and b) pulsed laser.

Given the same average output power, the peak output power of a pulsed laser beam is
much higher than that of a CW laser beam, which is identical to the average power. Pulse energy
(E) is a commonly used measure to evaluate the total emission of a single pulse that is the only

light emitted by the laser over the entire period and can be calculated from the average power



(Pavg) Using Equation 2-1. The peak power (P,.qk) for a pulsed laser is dependent on its pulse

energy and pulse width (7), also called pulse duration, which is the time measured across a pulse
at the beam’s full width half maximum (FWHM) and it can be determined by Equation 2-2.
Theoretically, based on the relation between parameters, short pulses and long periods may protect
the irradiated samples from being overheated by allowing them to cool down between light
emission pulses. On the other hand, even with moderate peak power, long pulses and short periods

could deliver large total energy.

E="29 (2-1)
f
E
Ppeak ~ ; (2-2)

Besides the parameters of the laser system, the shape and quality of laser beams also play
important roles in ablation. A laser beam’s diameter, often defined at the 1/e? width of the beam,
is directly related to laser fluence and has a significant impact on the ablation process. The fluence
is a quantitative measure of total laser energy over the area represented by the focal spot size and
is typically measured in J cm2[22]. Hence, a smaller beam diameter would lead to a higher energy
density. The intensity distribution of the laser beam not only controls the laser pulse duration and
beam diameter, but also determines the formed structure on the ablated sample material. Two
common beam profiles are Gaussian and flat-top beams (Figure 2). Realistically, no laser can
produce a perfectly Gaussian or perfectly flat-top beam whose beam profile matches its
characteristic function perfectly, since there are always some fluctuations inside a laser. The
difference between a laser’s actual beam profile and that of an ideal beam is often described by the

beam quality (M?) factor, which is defined as:

M2 = "“;09 (2-3)

where w, is the beam waist, 8 is the divergence angle of the laser and A is the laser wavelength.
An M? factor of 1 represents an ideal Gaussian beam, while an M? factor greater than 1
corresponds to deviation from an ideal Gaussian beam and a factor less than 1 cannot be achieved.

The M? factor can also be used to estimate the actual radius of the beam as it propagates by



replacing the theoretical laser wavelength with the wavelength multiplied by the M? factor in the

Gaussian beam propagation equations [23].
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Figure 2. Experimental irradiance profiles of a laser beam with a Gaussian beam profile (left)
and flat-top beam profile (right). [24]

In addition, the position of the laser focus on the sample material would also influence the
ablation efficiency, ablation shape and morphology of the formed structure on the surface [25].
Wang et al. compared the effect of two typical focus positions, and it was reported that the
convergent beam results in better surface quality of the ablation shape than that ablated by the
divergent beam [26].

2.1.2 Laser-material interactions

The laser-material interaction is an interdisciplinary and complicated subject [27] and it
greatly relies on the time scale of the laser pulse duration, which is also a common way to classify
laser source. The pulsed lasers are classified into millisecond (102 s), microsecond (10 s),
nanosecond (107 s), picosecond (107*? s) and femtosecond (107° s) lasers. Different laser pulse
duration would differ the interactions between laser and target material and so ablates material

based on varying mechanisms.

Several physical processes are involved when a laser irradiates the target surface, such as
reflection, dispersion, absorption and transmission. As shown in Figure 3, Py, Pg, P;, P are the
total incident energy, the reflected energy, the transmitted energy and absorbed energy,
respectively. These energy components can be related as follows based on the energy conservation

rule:



PO = PR + Pﬁ + P{ (2'4)

or
R L —R+B+¢= 2-5
P, Py P, pre (2:5)

where R is the reflectivity, £ is the absorbance, ¢ is the transmittance, respectively. Typically, the
laser ablation phenomenon occurs when the energy absorbed by the target reaches a specific value
(ablation threshold).

P

Figure 3. Physical processes involved during laser irradiation, including reflection, absorption,
and transmission. [17]

There have been various proposed mechanisms for explaining the laser ablation process,
which is a special interaction between laser radiation and matter that is not only affected by laser
parameters (output power, wavelength, etc.) but also depends on the physical properties of the
material (e.g., optical properties such as reflectivity, absorbance, and thermal properties such as
thermal conductivity and specific heat capacity). For CW and long-pulsed (ns) lasers, when it
irradiates on a target, most of the laser energy is accumulated on the surface and part of the energy
is absorbed by a thin layer under the irradiated surface which causes a continuous increase of the
surface temperature. Simultaneously, the energy further penetrates into the target and so the
thickness of the heated region increases. The temperature gradient gets smaller and gradually
decreases the heat conduction rate until zero as the thickness increases. That is, the laser heat
energy can only penetrate to a certain thickness of the target, and it is defined as the thermal

diffusion depth [28]. If the laser energy density is high enough, the excited electrons will transfer



energy to the lattice through collisions and result in the target heating up. Hence, the thermal
motion of some atoms in the lattice is accelerated and these high-energy atoms can overcome the
attraction of their neighbors, causing physical phenomena such as melting, vaporization, or boiling
to occur, which indicates the beginning of ablation. The vapor formed above the irradiated surface
contains atoms, molecules, some clusters, micrometer-sized droplets and solid particles, which
continuously absorb laser energy until ionization takes place and a plume is produced near the
surface [17]. The temperature of the irradiated surface is mainly affected by the vaporization
mechanism. In brief, the CW and long-pulsed laser ablation is dominated by photothermal reaction
(Figure 4a), however, the actual physical process of the interaction between the laser and the target
is much more complex than the process described above. Other complicated processes happen
simultaneously such as electron excitation effects, photoelectronic effects and atom or cluster
emission, etc. [29,30]. In addition, for long-pulsed laser ablation, the threshold is greatly affected
by dopants and various defects in the lattice because of the dependence of the avalanche ionization

and so the ablation threshold is different for different materials [17].
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Figure 4. a) Long pulse and b) ultra-short pulse laser interaction with target material. [31]

The physical mechanism of femtosecond laser ablation is quite different from nanosecond
laser ablation due to the effect of ultrashort pulse duration (Figure 4). The impact of the relaxation
time of electron-phonon interaction, which is on the order of a picosecond, needs to be considered
in the case where the pulse duration time is less than a picosecond [32]. The initial phase of the

ablation process is similar to long-pulsed laser ablation, when the femtosecond laser focuses on



the surface of the target, the electrons absorb the photon energy and accelerate, leading to a
dramatic increase in temperature. However, during the short pulse, there is no time for electrons
to transfer the obtained energy to the lattice. Therefore, the temperature of the lattice subsystem
keeps relatively low, while the electron subsystem has very high energy, in which ionization is
dominating for material removal instead of vaporization, resulting in a ‘cold’ ablation. Compared
to long-pulsed laser ablation, the femtosecond laser ablation process produces electrons primarily
by multiphoton ionization or tunneling ionization mechanisms [17]. Also, in this case, the doped
impurities and defects only have a small impact on the generation and recombination of electron
and vacancy pairs, hence, the ablation thresholds for different materials are similar for

femtosecond laser ablation [33].

2.1.3 Advantages of UV laser micromachining

The laser wavelength is one of the critical factors to be considered when choosing the laser
source for a specific field of application. In general, long-wavelength lasers are not suitable for
metal ablation, as most of the incident laser energy will be reflected by the metal surface. Thus,
short-wavelength lasers are more efficient to ablate metals or other energy-reflective materials.
One of the good candidates for metal ablation is a short-pulsed UV laser with a short wavelength.
There are two main types of UV lasers. The first type is the solid-state laser with special crystals,
such as neodymium-doped yttrium aluminum garnet (Nd: YAG) and neodymium-doped yttrium
orthovanadate (Nd: YVO4) to change the infrared 1064nm wavelength to the ultraviolet
wavelength. The other type is the excimer laser, which emits fast electrical discharge in a high-
pressure mixture of a rare gas and a halogen gas [34]. In contrast to solid-state laser, the excimer
laser has the advantages of higher pulse energy, shorter pulse duration and shorter wavelength.
However, since the optical modes of excimer lasers are worse than the solid-state laser and their
repetition frequency is also much lower, the beam diameter and resulting heat-affected zone are
relatively larger. Hence, it is difficult to fabricate high-precision patterns by focusing excimer laser
beams directly. Fine patterns with high resolution can be achieved with the aid of a pattern mask

and a special optical system to homogenize the excimer laser beam [35].

Besides photothermal ablation, UV lasers can modify the surface of a material through

direct chemical bond breaking [36]. When the absorbed photon energy by the material is greater
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than the chemical bond energy of the material, photochemical ablation occurs and so minimizing
the heat effects on the surrounding material. The energy of the laser beam can be calculated as:

_hc

) (2-6)

E

where E is the photon energy, h is the Planck constant (6.626x103* J s), ¢ is the speed of light
(3x108 m/s) and A is the laser wavelength. The photon energy increases as the wavelength
decreases. This feature makes UV laser micromachining very attractive for ablating polymeric
materials, and small-feature patterning applications, as thermal damage to the non-processed area
can be dramatically reduced and so produce tiny features with sharp and clean edges that would
be melted away by thermal processing. Another distinct advantage of UV lasers over longer-
wavelength laser sources is the superior spatial resolution. Since the minimum spot size of a
focused laser beam increases with longer wavelengths and deterioration of beam quality, UV lasers

with high beam quality can be used to fabricate small features at the micron and submicron scale.
2.2 Fundamentals and fabrication of strain gauge

2.2.1 Classification and strain sensing mechanism

Strain sensors are a class of electronic devices, which transduce external mechanical stimuli
into output electrical signals. It is widely used to measure the amount of distortion in a component
under loading. There are many types of strain sensors including but not limited to resistive,
capacitive, and piezoelectric [37,38]. However, most conventional strain sensors are resistive, they

are well developed and used commercially.

Two major types of sensing materials are metallic (including metals and metal alloys) and
semiconducting. Metals were first studied and then expanded to semiconductors with evolving
fabrication techniques. Both materials convert mechanical strain into a change in electrical
resistance. When they deform, the electrical resistance changes as a function of the applied
mechanical strain. After releasing strain sensors from tensile/compressive strains, the resistance
recovers to its initial value and this process is reversible so the deformation state can be easily
measured by recording changes in the electrical resistance of resistive strain sensors. However,

these two types of materials have different mechanisms for resistance change.
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Metal-based resistive strain sensors were first introduced in the early 1940s, which consist
of a nichrome wire bonded to a paper backing [39]. The typical design of the resistive strain gauges
used today differs little from earlier iterations of the sensor, typically consisting of a wire or metal
foil as the strain sensing element in a meandering pattern (Figure 5). The metallic strain gauge
shows great linearity and stability over time for both static and dynamic strain measurements of

up to 5%, such as small deformations in composite materials and rigid bodies [40].

a) b)

Figure 5. The characteristic design of a metal-based strain gauge with a) wire and b) etched foil
measuring grid (a-carrier material, b-measuring grid, c-connections, d-effective grid length).
[39]

It is common to express the strain gauge’s sensitivity in terms of the relative change of
resistance, this quantity is known as the gauge factor (GF) and is generally given by the following
equation,

AR/R
- _ AR/R,
&

(2-7)

where R is electrical resistance and ¢ is the applied strain. For metals, the variation in resistance is
primarily due to the dimensional changes in the device. When materials are stretched, they tend to
elongate along the direction of stretching and contract in the transverse direction based on
Poisson’s ratio. According to the equation of electrical resistance (Equation 2-8),

pl
i 2-8
R (2-8)

where p is the electric resistivity of the material, [ is the length and A is the cross-sectional area;
when the strain gauge is subjected to a tensile load, its length would increase and the cross-

sectional area would shrink, leading to an increase in resistance. Since the resistance change of
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metal strain gauge is primarily geometry dependent, the gauge factor equation could be expressed
as a function of Poisson ratio (v), described in Equation 2-9. The gauge factors of metal strain

sensors usually range from 2 to 6 [41].

(14 2v)e

GF =(1+2v) (2-9)

For semiconductor materials, their resistance is mainly dependent on the piezoresistive
effect, which is a change in the electrical resistivity when strain is applied. When a strain is applied,
the change in interatomic spacing would alter the bandgap of the material, which changes the
excitation energy needed for an electron to travel from the valence to the conduction band. This
results in a change in charge carrier concentration, thus affecting the resistivity of the material
[42].

Equation 2-10 describes the total resistance change for semiconductors. In this case, the
change of resistivity is dominating, while the resistance change due to geometry variation is below
2% of the total [39]. Semiconductors show a wider range of gauge factors than metals, which can
be over 100 [43].

SR (2-10)
Ry o Ao po

Besides sensitivity, linearity is also one of the most frequently used parameters to
characterize strain sensors. The linearity of a strain sensor is quantified by the coefficient of
determination (R?) obtained from a linear regression of a sensitivity graph [44]. It describes how
close the slope of the sensitivity graph is to a straight line. It is desirable for the strain sensors to
have a linear response over a large strain range since the nonlinearity adds complexity to the
calibration and data processing of the output signal. Metal strain sensors generally have excellent
linearity (R? ~ 1) [45] because their gauge factors only depend on the Poisson’s ratio (Equation
2-9). For semiconductors, their linearities are usually lower than metals, because of the different
sensing mechanisms. Temperature also poses an effect on the sensor’s linearity. Since the
resistivity of metals changes proportionally with temperature, and such a proportional relation was

not found for semiconductors, it shows a relatively low degree of linearity for semiconductors.
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A strain sensor is expected to be reliable, which could provide consistent normal function
without degradation. The reliability can be affected by many factors, such as environmental
influence including operating temperature, magnetic fields and humidity, and cyclic stability of
the sensing material. Temperature is the most common factor influencing sensor performance. The
sensitivity to temperature changes is a useful parameter for choosing the most suitable strain
sensors based on the environmental conditions and calibration of the output signal. The
temperature coefficient of resistance (TCR) describes the change in resistance in parts per million
for each degree change in temperature, while the temperature coefficient of gauge factor (TCGF)
illustrates the change in sensitivity to temperature [46]. A comparison between the metal foil and
semiconductor strain sensor is shown in Table 1. Although semiconductors provide strain sensors
with higher sensitivity than metals, their performance is often significantly affected by
temperature. Due to its large TCR and TCGF values, semiconductor strain sensors often require
recalibration after environmental temperature changes [42]. The cyclic stability of a strain sensor
represents the long-term consistency of the electrical response under repetitive loadings, which

can be observed by comparing the sensitivity plots after different loading/unloading cycles.

Table 1. Properties of sensors based on metal-foil and silicon. [46]

Strain Gauge Type  Gauge Factor TCR (ppm/°C) TCGF (ppm/°C) Stability
Metal-foil 2-6 20 20-100 Excellent
Silicon 50-200 400-2000 2000 Good

Due to the demand for wearable electronics, the structure of resistive strain sensors has
shifted from brittle material to a stretchable format. The development of flexible and robust strain
sensors to replace traditional rigid sensors has drawn great research interest due to its wide range
of applications. With advancements in flexibility, the strain sensor can be applied to arbitrarily
curved surfaces such as the human body to detect a variety of human physiological activities,
including large bending movements of hands, arms, and legs, as well as smaller movements of
breathing, swallowing, muscle vibrations during vocalization, and blood pressure [47,48]. They
can be attached to the clothing or even directly on the human skin for real-time monitoring with

minimum discomfort [49]. On the other hand, flexible strain sensors have also shown great
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potential in soft robotics as sensory skins, enabling robots to actively interact with the surrounding

environment including humans [50].

Flexible strain sensors are typically composed of a layer of active sensing material
combined with flexible and stretchable supporting substrates [51]. Generally, the active materials
are in the form of conducting micro-/nanomaterials-polymers composites, thin films, or conductive
yarn/fabrics. This conductive layer acts as a resistor under an applied voltage. Most flexible
substrates are made from polymers, and they are often available in transparent or opaque forms.
In addition to a wide range of mechanical properties, they also show good dielectric properties and
are relatively cost-effective to produce. There are two main factors for choosing polymer
substrates, which are the thermal and chemical robustness. These factors are important because the
commonly used microelectronic production processes are based on lithography and chemical
etching, which usually involves a heating process, and the use of etchants which limit the selection
of suitable substrate materials. The most common flexible insulating backings are made of
polyimide (PI) [52], glass-fiber-reinforced epoxy-phenolic [5], or polydimethylsiloxane (PDMS)
[53].

For flexible thin film strain gauges, copper-nickel (Cu-Ni) and nickel-chromium (Ni-Cr)
alloys are commonly used in recent decades as the sensing layer. The common material
composition of Ni-Cr alloy is Ni 80%:Cr 20% and its resistivity is about twice that of the Cu-Ni
alloy. This larger resistivity makes the Ni-Cr alloy a suitable material for small volume resistance
strain gauges. The properties of the nichrome ally can be greatly improved by supplementing with
small quantities of other metal elements. For this purpose, trace elements, such as aluminum, iron,
and copper, have been added into nichrome alloys. Among these, the Ni-Cr-Al-Fe alloy (also
known as Karma/Evanohm) is adopted as the main sensitive material for high-precision resistance
strain gauges. This alloy is suitable for the production of very small strain gauges for applications
requiring a large resistance value, because of its high resistivity of more than 130 Ohm/cm.
Another advantage of Karma alloy is its relatively low TCR value (10 ppm/°C) [54].

2.2.2 Conventional fabrication method

Thin film sensing layers are typically deposited using a physical vapor deposition (PVD)

technique called sputtering. Another commonly used type of PVD process such as thermal
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evaporation is not suitable for alloys such as NiCr, because each component has a different
evaporation temperature. Sputter deposition is based on ion bombardment of source material and
takes place under vacuum conditions. This process generally uses a magnetron source in which
positive ions in a magnetically enhanced glow discharge plasma bombard the target [55]. The high
energy bombardment knocks out target atoms that deposit on the substrate surface. The process
can be induced in various ways, ranging from direct current (DC) for conductive targets to radio
frequency (RF) for nonconductive targets [55]. The properties of the deposited film such as
morphology and resistivity are greatly influenced by the deposition parameters chosen during the
sputtering process. It was reported that a proper vacuum environment is important in thin film

deposition to avoid impurities in the deposited films and achieve the target composition [56].

Pattern generation for deposited films can be achieved in a variety of ways. A simple
patterning method is to use a stencil called a shadow mask to selectively deposit materials in a
defined area to form a pattern. However, the resolution of this method is limited. To achieve
smaller and complex features, photolithography is widely used to pattern thin films. This process
could be performed in two ways, etching or liftoff. Both methods involve the application of a
photoresist, a photosensitive polymer that either becomes developable in alkaline solutions when
exposed to sufficient doses of UV light (positive photoresist) or becomes crosslinked and resistant
to development in alkaline solutions (negative photoresist). For an etching process, the film is
deposited over the entire substrate, followed by coating a layer of photoresist. Then a UV light is
used to selectively expose certain areas of the coated substrate using a photomask. After
development in an alkaline solution, the patterned photoresist can be used as the etching mask for
the thin film, which can be done by wet chemical etch or dry etch. Finally, the photoresist is
removed to reveal the desired pattern. The fabrication process shown in Figure 6 is an example of

patterning a thin-film strain gauge using an etching method.

16



- 2 & &

==
Pl NiCr Cu DFR Adhesive Coverlay

Figure 6. Fabrication process of NiCr strain gauges using lithography method [57].

The liftoff process is slightly different which starts with a layer of photoresist coated on the
entire substrate, followed by patterning and developing. Then the film material is deposited over
the photoresist coated substrate. The underlying photoresist is then dissolved away, which also
removes the film on top of the photoresist and only the patterned thin film is left on the substrate.
The advantage of the liftoff process is that it can deposit arbitrary materials without the
consideration of etchant chemistry for removal [58]. In this process, the use of photoresist is similar
to the shadow mask used for patterning during deposition. Hence, some disadvantages of the liftoff
method include a worse attainable resolution during patterning and the inability to deposit films at
temperature beyond the decomposition temperature of the photoresist.

Although a lithography-based fabrication process provides high resolution for small feature
size, it involves slow developmental cycles, use of toxic chemicals for etching, and requires
controlled environments. In addition, this process offers little flexibility in terms of customized
designs for small production volumes, due to high fixed costs and long lead times.

2.2.3 Alternative fabrication methods

Other fabrication methods that can alleviate the limitations associated with conventional
lithography-based techniques are under investigation, such as additive printing [5], direct-write
thermal spray (DWTS) [6] and thin-film patterning by laser ablation [7,8]. Traditional additive
printing processes such as screen, and inkjet are utilized for fabricating sensors and electronics,
which are more advantageous as compared to conventional lithographic method because of its roll-

to-roll (R2R) capabilities, which significantly improves production throughput and thus lowers the
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manufacturing cost [59]. Two different assemblies of a screen printer, flatbed and rotary, are
commonly used for R2R manufacturing described in Figure 7a&b. The nominal values of common
print resolution are between 50 to 100 um with a wet thickness of a few microns [59]. For inkjet
printing (Figure 7c), it provides more flexibility in terms of sensor design but has lower throughput
compared to screen printing. Both printing methods offer low pattern resolution in the range of 20-
50 um, due to the spreading of solution on the target substrate. In addition, postprocessing is

required to cure the printed ink, which limits the selection of substrates.
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Figure 7. a) Flatbed screen printing with planar substrate; b) Rotary screen printing with
moving substrate; c) Inkjet printer. [59]

Thermal spray is commonly used to apply protective coatings on sensors for applications in
harsh environments, hence strain sensors fabricated by this technique are expected to be equally
reliable [60]. A special feature of this direct-write approach is that the sensor design can be
customized on a part-by-part basis simply by adjusting the material deposition toolpath. However,
challenges remain in improving accuracy for fabricating small feature size patterns using this

method, since the minimum feature size of thermal spray technology is around 100 pum [60].

2.2.4 Thin film patterning by laser ablation

In the last decades, material processing using pulsed laser has been extensively studied for
selective patterning of thin films, which is a promising alternative to lithography for
microelectronics applications such as strain gauges [8,61], solar cell [62], antenna [63],
temperature [64] and pressure sensors [65]. This approach is based on using laser ablation to
remove certain areas of the conductive film to achieve functional structures. Ideally, ablation is
done selectively to accomplish complete galvanic insulation between separated structures without

any damage to the polymer substrates.
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The direct laser approach reduces the complexity of the patterning process into a single step,
as no postprocessing is required. Consequently, the choice of substrate material can be extended
because chemical robustness no longer needs to be considered. Also, the sensor geometry could
be directly adopted from a computer model, which offers great flexibility for customized design
with a short development cycle.

In addition, conventional and alternative fabrication methods are all limited to a planar
surface. Laser patterning has demonstrated the ability to pattern film sensors on 3D-shaped
surfaces [66,67], which has the potential for many novel applications of thin film strain sensors,
such as direct patterning on drive shafts or complex machine components. The patterning on
arbitrary surfaces is achieved by utilizing a dynamic laser beam modulator based on the incidence
angle to compensate for the spot size effect and reflectivity changes on a tilted surface. Figure 8
shows an example of the laser patterned strain gauges on a curved surface and both sensors are
electrically isolated from the body of the component. The processing time for each strain gauge is
less than 20s [67]. A spatial resolution of 30 um can be patterned on a 3D surface and around 10

pm for a planar surface with a focused laser beam [66].

Figure 8. Thin film strain sensors on a complex surface: a) The 3D scanning trajectory
visualized in a CAD program and b) results of laser patterning process on a component surface.
[67]
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Chapter 3 Effect of laser parameters on the ablation process of NiCr films on

polyimide

3.1 Introduction

Literature has reported that the quality and dimensional accuracy of laser patterning is not
only affected by laser beam characteristics (beam profile, wavelength, fluence), but also by
repetition frequency, pulse overlap and many other factors such as substrate material and material
properties [68,69]. This makes the optimization of process parameters a challenging process. In
this chapter, NiCr thin films on flexible polyimide substrate were used to investigate the
relationship between various laser parameters including average power, repetition frequency and
scanning speed on the ablation width and depth for flexible thin-film sensors manufacturing. The
laser ablation process could be optimized to obtain high-quality thin film sensors that have the
potential to offer custom sensor production at a low cost with short lead times.

3.2 Materials and methods

Figure 9 illustrates the UV laser system used for thin film patterning. A diode-pumped
solid-state (DPSS) Nd: YVO4 UV pulsed laser (Samurai Desktop 3500) with a wavelength of 355
nm assembled with a 103 mm f-theta lens was used for the experiment, exhibiting a focused beam
diameter of 10 um. The energy distribution is in TEMoo mode with a beam quality factor of less
than 1.25 as declared by the laser manufacturer. The maximum pulse energy and pulse repetition
rate of the laser system are 33 uJ and 100 kHz respectively, and the pulse duration varies with the
repetition frequency ranging from 20 ns to 80 ns. The studies were conducted in air at room
temperature and atmospheric pressure on 5-um thick Evanohm (80%Ni, 20%Cr) films, which were

made by hot-pressing on polyimide substrates.
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Figure 9. Schematic diagram of the experimental setup.

The detailed laser parameters used in this study to ablate a straight line with a length of
500 pum on NiCr film are summarized in Table 2. The surface morphology of the laser-ablated
lines was evaluated using an Olympus BX51M optical microscope and the width of the lines
ablated using different parameters was measured in ImageJ by taking an average of 8
measurements at different locations along the ablated lines. For measuring the ablation depth, an
optical profiler is the most ideal technique as it does not make direct contact with the sample,
however, due to the poor reflectivity at the ablated area, the stylus profiler provides more accurate
measurements. Hence, in this study, the depth and the cross-section profile for each line were
obtained with a DektakXT stylus surface profiler.

Table 2. Summary of laser parameters used in this study.

Factors Values

Power (W) 0.2;0.4;0.6;0.7;0.8;0.9; 1
Scanning Speed (m/s) 0.1;0.2;0.3;0.4;0.5
Frequency (MHz) 0.03; 0.05; 0.075; 0.1

To quantify the effect of laser parameters on ablation width, a response surface
methodology was implemented for this analysis using Develve software. It is a statistical technique

to explore the relationships between several explanatory variables (power, speed and frequency)
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and one or more response variables (ablation width and depth). To identify the process parameters
that have a significant impact on the measured ablation width, the parameter with the largest p-
value was removed, and the remaining p values were re-examined. This process was repeated until

only significant (p < 0.05) parameters remained.
3.3 Experimental results and discussion

3.3.1 Ablation width

A comparison of the impact of the laser average power, repetition frequency and scanning
speed on the ablation width is shown in Figure 10. Each data point represents the average of a
range of line widths created at that parameter level. The laser power and repetition frequency were
major factors in determining the amount of energy passed onto the thin film, hence, they have a
more significant effect on the ablation width. Based on the definition of pulse energy (Equation 2-
1), an increase in power boosts the energy per pulse and widens the ablation width (Figure 10a).
As mentioned previously, the pulse width varies with repetition frequency; a higher frequency
would result in larger pulse width. Hence, according to Equation 2-1 and Equation 2-2, an increase
in frequency not only decreases the energy per pulse but also lowers the peak power, resulting in
narrower ablation widths. The ablation width could be doubled if the frequency is decreased from
100 kHz to 30 kHz (Figure 10b). The scanning speed has a less pronounced effect, although a
slight decrease in width is observed with faster scanning speeds, which can be attributed to less

overlap between ablated spots.
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Figure 10. The effect of a) power, b) frequency, and c) scanning speed on ablation width with
error bars representing standard errors.
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The relationship obtained between laser parameters (average power - P,,,4, frequency - f,

and speed - V) and ablation width (W) using a second-order polynomial model is shown in Table
3 with model statistics shown in Table 4. This model fits the measured ablation width data with a
high degree of accuracy, and this is quantified with the high correlation coefficient value for the
model (R?=0.913) and the standard deviation between the predicted and actual values (S) is 1.038
um. Based on the obtained model, the ablation width could be predicted by substituting the process
parameters using Equation 3-1. As shown in Figure 11, the actual and predicted values of the
ablated width are distributed uniformly along the identity line, which further verifies the accuracy

of the model.
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Figure 11. A comparison of actual and predicted ablation width using the response surface
model.

A last R? method is performed to quantify the effect of each parameter. It is implemented
by determining the change in R? when excluding each parameter from the model, representing the
individual contribution of each parameter to explain the variance of the experimental data [70].
According to the last R? value, frequency is found to be the most critical factor on the ablation
width, while power has the second greatest influence. These correspond well with the data
presented in Figure 10. The negative coefficient for frequency and speed followed the expected

relation to the thermal effect during laser ablation.

W = 3.71 X Py, — 12854 X f —3.31 X V + 28.18 X Py X f + 16.51 (3-1)
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Table 3. Response surface model results for ablation width.

- Standard Error of ,  Model

Coefficient Coefficient T-value p-value LastR Fit
Constant 16.51 0.594 27.807 <0.001 -
Power (W) 3.71 0.813 4,557 <0.001 0.182 B
Frequency (MHz) -128.54 8.248 -15584  <0.001  0.704 1.038
Speed (m/s) -3.31 0.487 -6.801 <0.001 0.024 R®=0.913
Power (W) x 28.18 11.793 2.39 0.018  0.03
Frequency (MHz) '

Table 4. Statistics for ablation width model in Table 3.

Analysis of variance Degrees of Sums of Mean squares E-value value
(ANOVA) freedom (Df) squares (SS) (MS) P
Regression 4 1705.78 426.45 395.98 <0.001
Error 151 162.62 1.08

Total 155 1868.4

3.3.2 Ablation depth

Similar analysis is conducted on the depth of ablated lines measured by a stylus

profilometer. Figure 12 summarizes the influence of individual factors on the ablation depth. In

general, the effect of these three parameters resembles that of width, but with larger variations.

The depth is tripled when the power increases from 0.2 to 1 W. The scanning speed is shown to

have a more important influence on the ablation depth compared to width. The depth of the line

scanned by 0.6 m/s is only half of that scanned by 0.1 m/s due to the larger distance between

adjacent pulses. There is a noticeable transition as the speed increases from 0.3 to 0.4 m/s, because

at the speed of 0.4 m/s, the distance between pulses is close to the diameter of the laser beam which

means there is no overlap between them. Therefore, the resulting cut is shallower due to single

pulse exposure at the irradiated area. The reduction in speed or frequency can expand the

overlapped area, resulting in multiple exposures at the same area and greater depth.
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Figure 12. The effect of a) power, b) frequency, and c) scanning speed on ablation depth with
error bars representing standard errors.

Equation 3-2 below represents the relationship between the three laser parameters and the
ablation depth (D). The details of the model and its statistics are summarized in Table 5 and Table
6 respectively. There are more factors involved when predicting the ablation depth based on the
obtained experimental results. It is interesting to note that similar to width, which is significantly
affected by the frequency, the frequency squared term has the largest contribution among the
factors and the depth is not linearly dependent on frequency in the range studied. Since the ablation
depth has an inverse relationship with speed, the coefficient of speed and the product of power and

speed terms are negative as expected.

D = 458 X Py —9.55XV — 6.9 X Pppyg XV 4 66.25 X f x V — 386.18 x f?

(3-2)
+7.92%xV? +2.66
Table 5. Response surface model results for ablation depth.
Standard
Coefficient error of T-value p-value Lagt Mo_del
- R Fit
coefficient
Constant 2.66 0.391 6.796  <0.001 i
Power (W) 4.58 0.448 10.222 <0.001 0.158 -
Speed (m/s) -9.55 1.828 -5.222 <0.001 0.159 0.539
Power (W) x Speed (m/s) -6.9 1.106 -6.236  <0.001 0.052 R2=0.79
Frequency (MHz) x Speed 66.25 10.769 6.152 <0.001 0.065

(m/s)
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Frequency (MHz)?
Speed (m/s) 2

-386.18
7.92

32.981
2.029

-11.709 <0.001 0.345

3.902 <0.001 0.011

Table 6. Statistics for ablation depth model in Table 5.

Anal_y3|s of Degrees of freedom Sums of Mean squares
variance (Df) squares (SS) (MS) F-value p-value
(ANOVA)
Regression 134.97 22.49 77.57 <0.001
Error 124 35.96 0.29
Total 130 170.93

This response model also has a high degree of accuracy for correlating the laser parameters

with the ablation depth, which has an R? value of 0.79. Due to the shape of the Gaussian beam, the

resulted structure generally has a tapered shape and so the ablation depth may not be uniform along

the ablated line. Especially for the samples with shallower cuts, a small variation in the

measurement location might lead to a value less than the actual maximum depth. Since the model

is based on experimental values, under-measured data would cause the model to underpredict the

ablation depth at the shallower cut region. Overall, the predicted and measured depth lies closely

along the 45° line (Figure 13) and hence further proves the accuracy of the model.
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Figure 13. A comparison of actual and predicted ablation depth using the response surface

model.
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3.3.3 Surface morphology

Although as mentioned previously, the scanning speed has limited influence on the width
of the ablated line, it has a more pronounced effect on the edge shape and surface morphology of
the resulted geometry due to the difference in pulse overlap factor (y). This can be calculated
using Equation 3-3 [71],

_v/f _Ip
2Xw, D

Y (3-3)

where v is the scanning speed, f is the frequency, wy is the laser beam radius, Lp is the distance
between adjacent pulses, D, is the diameter of the laser beam. A 1p = 0 means the two pulses are
completely overlapped and y > 1 represents no overlap between pulses. Hence, faster speed
would lead to a larger overlap factor and so less overlap between two pulses. To reduce edge

roughness, pulse overlaps above 90% (i < 0.1) are commonly used in the literature [72].

The difference in the surface morphology with varying scanning speeds can be observed
in the microscopic images as shown in Figure 14. Regardless of applied pulse energy, the cut edge
is straighter with a larger overlap factor, since with insufficient overlap, the shape of the laser pulse
would contribute to the wavy edge. In addition, the heat generated due to laser irradiation would
accumulate in the overlapped region, which leads to more discoloration in the surrounding area.
At the speed of 400 mm/s, the distance between two pulses is close to the actual beam diameter,
hence the resulted ablation line consists of a row of circles adjoining each other. Above this speed,
the overlap factor exceeds 1, hence un-ablated gaps between pulses can be found in Figure 14e &
f. At lower pulse energy (Figure 14g-1), the energy input is not high enough to evaporate all melted
material, and so the melted material would be pushed outwards by the vapor pressure and solidifies
around the border of the circular pulse where the temperature is the lowest, resulting in the
formation of channel ridges. This makes the un-ablated area between pulses is less obvious (Figure

14k & I) compared to the resulting channels with lower frequency (Figure 14e & ).
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Figure 14. Comparison of surface morphology of the ablated channels by different scanning
speeds and different pulse energy. a-f) 6.67 uJ; g-1) 2.67 pJ.

The effect of pulse energy on formed structures is further compared in Figure 15. It was
found that the pulse energy also had a significant effect on the geometry of ablated microchannels.
With the constant average power, increasing frequency has the same impact as decreasing scanning
speed, which results in a smaller overlap factor (Equation 3-3). It is noticeable that among these
four different repetition rates, the channel made at 30 kHz have the largest width and depth for all
power levels. In addition, more discoloration is observed at lower frequencies, especially at a high
input power of 1 W (Figure 15a & e). According to the equation of pulse energy (Equation 2-1),
with lower frequency, each pulse contains more energy and so more heat is generated on the target

surface after laser irradiation, leading to a larger heat-affected zone.

The average power has an intuitive influence on the ablated channels, as the larger emission
energy intensifies the material removal process. At an average power of 1 W, the irradiation energy
is sufficient to ablate through the film. As the energy reduces to 0.8 W, due to smaller energy
distribution at the pulse edge, there are residual strings left in the channel (Figure 15i & j), which
is not ideal for applications that require complete galvanic insulation between separated structures.
As the energy is further reduced (0.6 W), the input power is only sufficient to ablate through the
material at the center of the pulse where the energy is the maximum, and unable to remove all the

irradiated material at 0.4 W.
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For some of the ablated channels such as in Figure 15m & n, an inconsistency in depth is
observed, which may be attributed to the imperfection of laser power stability. Among all the
parameter sets, the combination of 1 W, 75 kHz and 100 mm/s produces the cleanest and straightest

channel with minimal discoloration.

29



30 kHz 50 kHz 75 kHz 100 kHz

1w
100 mm/s

1w
300 mm/s

0.8W
300 mm/s

0.6W
300 mm/s

Figure 15. Microscopic images of laser ablated channels with various average power,
frequency, and scanning speed.
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3.3.4 Cross-section profile

Figure 16 shows representative two-dimensional cross-section profiles of ablated channels
made at different scanning speeds and constant pulse energy of 9.33 pJ. It can be observed from
the profile image that the microchannels are ablated by the Gaussian beam and the round shape of
the crater in Figure 14 confirms the good beam quality. Although there is no remarkable difference
in ablation width due to varying speed as shown in Figure 14, the ablation depth is greatly affected
by the speed. An increase in speed from 100 to 600 mm/s only resulted in a width reduction by
around 15% (from 12.65 pm to 10.59 um with a pulse energy of 6.67 WJ), whereas the depth
decreased by 75% from 3705.8 nm to 558.2 nm. This could be explained by the faster heat loss at

the surface and more energy accumulation in the vertical direction.
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Figure 16. Comparison of the ablated channels’ cross-section profile with pulse energy of 9.33
uJ and different scanning speeds.

There are channel ridges formed on both sides of the microchannels. It was proposed by
various researchers that for high laser energy density (~100 J/cm?), the resulting recoil pressure
due to the formed vapor above the sample surface would be extremely high, which induces a shock
wave and generates a hydrodynamic melt motion on the liquid melt pool [73,74]. As a result, the
liquid metal is ejected out from the laser-material interaction region and its temperature drops
dramatically. When the surface temperature drops below vaporization temperature, the recoil

pressure no longer influences the molten material. At the end of a laser pulse, the surface tension
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and gravity drive the liquid metal back to its original position [75]. Due to the self-quenching effect
and fast cooling rate, the liquid material instantly solidifies and forms a liquid pile around the laser-
material interaction zone. Thus, it can be observed from Figure 16 that at slower speeds, as more

vaporization and melting occur, the resulting ridges are larger.

3.4 Summary

The average laser power, repetition frequency, and scanning speed are found to be
significant parameters of laser patterning process in controlling the quality and dimensional
accuracy of ablated microchannels. The size of the microchannels is strongly dependent on laser

pulse energy and pulse overlap. High pulse overlaps are desired to fabricate good-quality channels.

These parametric results can be used to develop process maps that allow for the selection
of parameters based on required feature sizes in thin film sensors. In practical use, a lower bound
to the operating space is set by selecting parameters with sufficient overlap between adjacent

pulses, while parameters that form large heat-affected zones provide an upper bound.
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Chapter 4 Theoretical analysis of pulsed laser ablation process

4.1 Introduction

A clear theoretical understanding of the impact of the process parameters on the material
removal rate can improve the efficiency of laser energy utilization and enhance the ablation rate.
In this chapter, two approaches are implemented for further investigation of process optimization.
An analytical method is used to find an empirical threshold fluence based on the experimental
results discussed in Ch. 3, which can be used to predict the dimensions of the ablated channel by
various processing parameter sets. In addition, a finite element model is designed using COMSOL
Multiphysics to simulate the geometry ablated by a moving laser source and establish a guideline
for selecting processing parameters based on the desired dimensions.

4.2 Analytical method

Process optimization for laser patterning is a challenging process because of the various
factors involved in the process. The trial-and-error method of optimization is often time-
consuming and not applicable to diverse sensor designs with different film thickness. Hence, an
analytical method is utilized to describe the behavior of pulsed laser ablation process of NiCr films
to assist the development of optimized process parameters to achieve required functional structures

without damage to the underlying substrate material.

4.2.1 Theory

The Bouguer-Lambert-Beer absorption law, also known as Beer's law, is an essential
component of many laser ablation models. It relates the attenuation of light to the properties of the

material which the light is traveling through:
I, = 1,10™% (4-1)

where I; and I, are the intensities of the light beam before and after transmission through a layer
of material with thickness [, and « is the absorptivity of the material at the given wavelength [76].
If one assumes that laser ablation is a two-step process, which includes initial energy absorption
followed by material ablation, then Beer’s law can be utilized to calculate the ablation depth of a

single laser pulse:
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Ee = Fine e ¥ (4-2)

where E, is the attenuated laser fluence at depth x into the material and F;,,. is the incident pulse
fluence [77]. Since the laser ablation phenomenon generally occurs when the energy absorbed by
the target reaches a threshold value (F;;), F, needs to be equal to F;;. When this is true, the incident
fluence must be increased over the threshold fluence by a factor of e®* so that ablation occurs at
the desired depth x. The factor e**compensates for the exponentially decreasing energy density

as the beam penetrates the material.
Fip = Fipce™®* (4-2-1)
Fine = Fep e%* (4-2-2)

By rearranging Equation 4-2-2, the formula for single pulse ablation depth (L) can be
obtained (Equation 4-3). This expression has been utilized in one form or another in many studies
[76-78].

1 F inc

L =—1
s an(Fth

) (4-3)

On the other hand, for a laser source with a Gaussian beam profile, the spatial and temporal

distribution follows the equation below, when neglecting beam diffraction:
—2r? —t?
I(r,t) = I, exp ) eXP (=) (4-4)

where [, is the peak intensity, p and 7 are the spatial and temporal radius at the 1/e intensity
contour, r is the radial coordinate of distance from the propagation axis and t is the time variable
[79]. According to the definition of the laser beam, p is also the theoretical beam radius (w) of the

focused laser source. Then the spatial distribution of the energy fluence is given by:

w2

oo ) o2
ko) = [ aei0 =Vadens () = Foeww( —or ) s)

where F, is the peak fluence at the center of the beam and is equal to \/Erlp. Based on the method

proposed by Liu [79], which defines the ablation threshold fluence (F;;) as the local fluence
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corresponding to the rim of the ablated crater with a radius equal to R, Equation 4-5 can be
rewritten as follows,
2R?
Fo = Fenexp | — (4-6)

By taking its logarithm, this expression can be transformed into a linear relationship
between the ablation threshold fluence and the diameter (D) of an ablated crater as expressed by
Equation 4-7. The diameter of the ablated geometry is equal to the diameter of the Gaussian beam
at the threshold fluence as shown in Figure 17. This method is particularly simple and

advantageous as it does not require full knowledge of laser beam characterization and can be used

to estimate the laser spot size on the target surface regardless of the specific optical arrangement.

F,
D% = 4R% = 2w? In (F—O) (4-7)
th

F

Radius r

NiCr Film

Figure 17. A circular Gaussian beam profile creates an ablated spot with a diameter of d if an
ablation threshold F;;, < F, exists.

Hence, the empirical ablation threshold fluence can be estimated, which can be utilized for

predicting the depth and width of the ablated crater with selected process parameters.
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4.2.2 Effect of laser fluence

The general definition of the fluence of a laser pulse is the optical energy delivered per unit
area. There are various approaches to evaluating fluence. According to the Equation 4-3 and
Equation 4-7, the fluence is a critical factor in determining the threshold fluence for laser ablation.
In the following section, experimental results of ablation width and depth are evaluated using

several different fluence definitions.

The most commonly used method for calculating fluence is using the total energy of a single
laser pulse, which is equal to the product of the pulse’s peak power and pulse duration () or the

average power and pulse period (1/f), divided by the effective focal spot area,

F:PpeakXT:Pavg/f (4-8)
Tw? Tw?

Using this definition, the ablation depth and width obtained experimentally are plotted in
Figure 18 against the corresponding fluence in the base e scale. Each dataset is divided into four
groups based on the repetition frequency. Generally, higher laser fluences produce the expected
wider and deeper craters. According to Equation 4-3 and Equation 4-7, both relationships between
the depth versus fluence and width versus fluence are expected to be linear on the semi-log plot.
However, for the depth plot, there is a large variation in the high fluence region, and no clear linear
trend can be observed. In addition, in both plots, each fluence value has multiple corresponding
depth and width values. This is because this definition of laser fluence does not consider the effect
of scanning speed, it only varies with the average input power and repetition frequency. In the
experiment, a continuous line is ablated instead of a single spot exposure on the NiCr surface.
Hence, the definition of the fluence needs to be adjusted to incorporate the scanning speed.
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Figure 18. a) Ablation depth and b) ablation width squared versus the laser fluence calculated
from Equation 4-8 with different frequencies.

To add the impact of scanning speed into the definition of fluence, the area covered by the
laser beam is reconsidered. In the previous equation (Equation 4-8), the laser beam is assumed to
only irradiate on a circular area that is equal to the size of the laser beam. However, the actual area
that the laser beam travels during a cycle is larger than the size of the beam, since a portion of the
distance traveled is spent in the off state. As illustrated in Figure 19, the total area exposed by one
laser pulse is the sum of half the beam area and a rectangular region which depends on the scanning
speed and frequency. Hence, the definition of fluence is adjusted as shown below,

_ Pavg/f
T Tw? N 2wV (4-9)

2 YT

Distance Travelled in 1 Cycle

< >
[ |

2w

Figure 19. Illustration of area exposed by the laser in one cycle.

With the adjusted fluence definition, the depth and width are replotted as shown in Figure

20. The trend is more apparent in both plots compared to the previous ones (Figure 18). However,
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the data points are separated by frequency in both depth and width plots, hence, the frequency is
not sufficiently considered in this fluence definition. Further improvement on the fluence equation

is needed to incorporate the effect of all the processing parameters.
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Figure 20. a) Ablation depth and b) ablation width squared versus the fluence calculated from
Equation 4-9 with different frequency.

Since the depth and width are measured from the ablated channels, it is necessary to consider
multiple pulses in the fluence definition. Assuming there is a finite number of pulses (n), the total
energy would become n times the pulse energy and the total covered area is the sum of the
semicircle and n numbers of rectangles (Figure 21). As the n approaches infinity, the area of the
semicircle would be negligible and so the n and f terms in the numerator and denominator can be

canceled out. Hence, the equation can be simplified as shown below.

Pavg
Fotim— s ) P (4-10)
n—oo TW?2 + 2wV> 2wV
2 T\
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Figure 21. Illustration of area exposed by multiple laser pulses.
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In addition, since the laser source used in the experiment of Ch. 3 is a ns laser, as a result,
the area of the actual exposed surface is much smaller than the area that the laser travels in one
cycle. To improve the accuracy of the model, a new factor, duty cycle, should be included, which
is the ratio of pulse duration and pulse period. It represents the fraction of time in which the laser
is on. In this definition, the actual area irradiated by the laser is equal to the product of the duty
cycle and the total area traveled by the laser. Equation 4-12 represents the final equation proposed

for finding the empirical threshold fluence.

T

Duty Cycle = —=1 4-11

y Cy 1/F f (4-11)
Pavg

- 2wVXTf (4-12)

Figure 22 shows the ablation depth and width versus the fluence calculated by the final
equation that takes into account the actual exposed area and shows best-fit lines calculated using
Equation 4-3 and Equation 4-7 respectively. The best-fit parameters for the linear relationships, as
well as the R? and normalized root-mean-square error values are summarized in Table 7 for the
depth model and Table 8 for the width model. With the further developed fluence equation, the

relationship between fluence and the size of the ablated channel is more clearly shown in the plots.
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Figure 22. a) Ablation depth and b) ablation width squared versus the fluence calculated from
Equation 4-12 with different frequencies.
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The obtained threshold fluence using experimental depth values is close to that from width
values. The difference between the threshold fluence might be caused by measurement error due
to difficulties measuring nonuniform channel depths in cases where there is low pulse overlap,
which leads to a smaller measured value than the actual depth. Hence, the empirical threshold
fluence is slightly larger when calculated using experimental depth values and is likely more
accurate when calculated using the experimental width values. This also explains the higher R?
value for the model when using the width data. The calculated beam radius by fitting Equation 4-
7 to the experimental width (5.18 um) is almost identical to the value declared by the laser

manufacturer when the beam is properly focused (5 pum), supporting the validity of the model.

Table 7. Fit parameters for laser fluence and ablation depth relationship.

Fit Parameters Model Summary
Form a (um7) Fp, (3/mm?) R? NRMSE
Equation 4-3 1.203 14.108 0.62 0.1542

Table 8. Fit parameters for laser fluence and ablation width relationship.

Fit Parameters Model Summary
Form w (Um) F., (3/Imm?) R? NRMSE
Equation 4-7 5.176 8.466 0.82 0.1108

4.2.3 Effect of pulse overlap

Literature on laser studies has reported that many materials show an incubation effect, i.e.
the threshold fluence also depends on the number of pulses applied [80,81]. In general, the
threshold fluence decreases when the number of pulses is increased. The decrease of the threshold
fluence for multi-pulse irradiation is attributed to the accumulation of laser-induced chemical
and/or structural changes in the material [82]. The physical mechanism of incubation is still
controversial. One most likely hypothesis is that after multi-pulse irradiation, the surface
roughness would increase due to ripple formation and accumulation of surface defects, which
enhance the absorption of the next coming laser pulses and so increase the material removal rate

[80]. This phenomenon could be expressed in the incubation model proposed by Jee et al. [81]
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Fen(N) = Fpp(1) N5 (4-13)

Equation 4-13 relates the multi-pulse threshold fluence, F;, (N), to the single pulse ablation
threshold, F;;, (1), by introducing the so-called incubation coefficient S in a power law. However,
this incubation model is only developed for stationary laser ablation, as all the pulses are irradiated
at the same location. In this study, a moving laser source is used, which results in an ablated
channel rather than a single crater. Hence, instead of studying the effect of the number of pulses
on the threshold fluence, the influence of pulse overlap is analyzed. The depth and width datasets
are classified into three groups, overlap distance larger than pulse radius (¥ < 0.5), overlap less
than half of pulse size (0.5 < <1) and no overlap (y > 1), with some examples of pulse overlap

and the corresponding numerical value shown in Figure 23.

Figure 23. Illustration of different pulse overlap conditions.

Figure 24 presents the experimental depth and squared width values versus fluence with
the best-fit lines calculated using Equation 4-3 and Equation 4-7 respectively. The fluence values
when the depth and width values are zero is corresponding to the threshold values and are

summarized in Table 9.
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Figure 24. a) Ablation depth and b) ablation width squared versus the fluence calculated from
Equation 4-12 with different pulse overlap conditions.

Table 9. Comparison of the empirical threshold fluences for different pulse overlap conditions.

Overlap P<05 05<y<l P>1
F;- Depth 16.771 12.5377 5.8607
Fyp- Width 9.408 8.9705 3.0167

It was found that the pulse overlap factor has an opposite effect compared to the number
of pulses; as the overlap between pulses gets smaller, the threshold fluence decreases. For both
depth and width, the threshold value is tripled changing from no overlap to more than half overlap.
This could be attributed to the formed cluster consisting of particle and/or plasma and/or vapor
shielding the target surface after the first pulse irradiation, which scatters and absorbs a portion of
the laser energy of the subsequent pulses. It was reported by Niso et al. that when ablating stainless
steel in a frequency range from 50 kHz to 400 kHz, an increase of the ablation threshold is observed
for both pulse duration of 650 fs and 10 ps, which can be ascribed to shading effects [83]. However,
for repetition rates higher than 400 kHz, a decrease in the ablation threshold is found, which is
attributed to the heating of the sample by heat accumulation that could overbalances particle
shielding at higher repetition rates. In this case, the effect of heat accumulation at high frequency

is similar to the multi-pulse irradiation, both of them reduce the ablation threshold.
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In addition, Ancona et al. presented a comparison study on the number of pulses required
to ablate through stainless steel and copper as a function of frequency at high pulse energy (30 pJ
- 70 pJ) [84]. It was found that for stainless steel, an increase in the number of pulses is observed
when the frequency increases from 50 to 400 kHz for pulse energies of 30 uJ, and a decrease is
observed at an even higher frequency [84]. This is the same as the trend reported by Niso et al.
[83] for stainless steel. However, for copper, the number of pulses to drill through is close to
constant, which is independent of the repetition frequency [84]. In this case, the particle shielding
and heat accumulation both have a negligible influence on the ablation efficiency of copper. This
is likely due to the high thermal conductivity and thermal diffusivity of copper, preventing the heat
accumulation effect interfere with the process at high frequency. Also, since the heat could be
dissipated quickly in copper, the formation of a superheated layer could be reduced. As a result,
the emission of particles originating from the superheated layer due to phase explosion caused by
homogeneous nucleation could also be reduced [85]. Because NiCr has a thermal conductivity
close to stainless steel [86] and the experimental values are obtained with a repetition frequency
of 30 to 100 kHz, the particle shielding is expected to have an effect on the ablation rate, leading

to an increase in threshold fluence similar to the steel.

On the other hand, as mentioned in Ch. 3.3.3, after laser irradiation, there is molten material
solidified and built up at the rim of the ablated spot. As a result, when pulses overlap, the second
and subsequent pulses need to remove not only the material under the surface but also those ridges
formed after the previous pulse. Therefore, more energy input is required to achieve the same depth

or width at larger overlaps.

To further quantify the effect of pulse overlap on threshold fluence, an formula similar to
the incubation model is proposed to relate the threshold values, F;; (V), with scanning speed (V)
through a base fluence F,. Figure 25 presents the scanning speed versus threshold fluence with the
fit of Equation 4-14. The fit parameters for the relationship following a power function are shown
in Table 10. The obtained F, value from depth and width measurements are similar, as well as the

S values, hence the same relationship is valid for both width and depth.

Fq(V) = Fy VS (4-14)
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Figure 25. Threshold fluence as a function of scanning speed for experimentally obtained depth
and width.

Table 10. Fit parameters for threshold laser fluence and scanning speed relationship.

Fit Parameters Model Summary
Form Fy S R? NRMSE
Depth 4.3985 -1.0429 0.9826 0.0587
Width 4.6289 -0.8042 0.9751 0.0663

4.3 Finite element simulations

Due to the extremely fast dynamic laser-material interaction process, it is usually hard to
make in-situ observations during the laser ablation experiments. Therefore, finite element analysis
is implemented to better comprehend the physical phenomenon of the interaction process between
the UV pulsed laser and NiCr film and provide insight into the interpretation of experimental

results presented in Ch. 3.

4.3.1 Governing equations

During the laser ablation process, the material undergoes a phase change (solid to liquid to
vapor or directly from solid to vapor) as temperature rises. In addition, the heat (latent heat of
fusion and evaporation or latent heat of sublimation) consumed or released during the phase

change significantly affects the surface temperature and melt pool size. Therefore, the temperature-
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dependent material properties of NiCr, such as density, thermal conductivity and specific heat are

incorporated into the computational model to improve the accuracy.

The heat transfer model solves for Equation 4-15 derived from the principle of conservation
of energy, which represents that the variation of internal energy in time is balanced by convection
of internal energy, thermal conduction, radiation, dissipation of mechanical stress and additional

heat source [87].

aT ds
pC, (E + Utrans ° VT) +V-(q+q,) = —aT—+Q (4-15)

where p is the density, C, is the specific heat capacity, T is the absolute temperature, w4y is the
velocity vector of translational motion, q is the heat flux by conduction (Equation 4-16), g, is the
heat flux by radiation (Equation 4-17), « is the coefficient of thermal expansion, S is the second

Piola-Kirchhoff stress tensor and Q is the additional heat source.
q=—-kVT (4-16)
qr = e0(Thp, — T (4-17)

In the case of laser ablation, thermoelectric effects in the solid are not considered.
Therefore, the first term on the right-hand side of Equation 4-15 can be neglected. The only
additional heat source comes from laser irradiation. The average laser power density in Gaussian
distribution can be expressed by Equation 4-18 [75].

E

P, =A|—2— exp
g 3
PW(ZDZ)

(x_xr)z
=2 w19

where A is the absorptivity, E, is the pulse energy, P, is the pulse width, D is the laser beam

diameter, x,. is the reference point to represent the center of the laser beam, and @ is the standard
deviation of the Gaussian laser beam. In order to incorporate the effect of scanning speed (V) and
multi-pulse irradiation on the resulted geometry, a moving laser source is implemented instead of

a stationary heat source. Hence, here the reference point of the laser beam center is defined as,

Xr=x9+Vt (4-19)
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Since the heat source is a pulsed laser, during the application of a single pulse, the laser is
on for a specific time equal to the pulse width followed by cooling until the end of a pulse. To
simulate this, an analytic function (£, Equation 4-20) is used, which includes a rectangular function
to set the laser turn-on time (lower and higher limits of O and B,, s, respectively) and a mod function

to control the repetition period (frequency, f), that returns the total number of pulses in time t,

B = rect(mod (t, 1)) (4-20)
f

4.3.2 Finite element model setup

A two-dimensional and time-dependent computational model, which incorporates heat
transfer and deformed geometry is developed. The model is used to analyze the temperature
variation in the NiCr film over time, while also including the heat of sublimation and the resultant
material removal rate, and the final geometry of the ablated structure when the surface is subjected
to various laser machining conditions. The initial geometry used in the heat transfer model is

presented in Figure 26.

Y
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Figure 26. Two-dimensional geometry for the computational model.

Several assumptions are made in this model. First, to simplify the computation, only those
materials that go directly to the gas phase are considered. In this case, it can be assumed that the
material is being heated in such a way that its surface reaches its maximum temperature and that
there is no internal heating that may result in a gas-filled interior of the solid. Hence, the
sublimation should occur at the material’s top surface. In addition, an assumption is made that the

material is no longer thermally significant and does not interact with the laser source once it
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transitions to the gas phase because the laser system is equipped with a ventilation system and the

surrounding gas flow carries the vaporized material away.

Table 11 summarizes the material properties of NiCr and the laser processing parameters
used in the model. Since the thermal properties of NiCr have not been well studied in the literature,
the properties of Ni are used instead for approximation. The governing equation and various
boundary conditions employed in this model are also summarized in Table 12. One important
boundary condition is that the temperature in the solid material cannot exceed the vaporization
temperature, because when the material is at its vaporization temperature, its state changes to gas
and is removed from the modeling domain. This rate of mass loss from the irradiated surface is
governed by the material density and the heat of sublimation (Equation 5 in Table 12). To
incorporate this limit, ablative heat flux is introduced to the model as represented by Equation 6 in
Table 12, where g, is the heat flux due to material ablation, T, is the vaporization temperature,
and h, = h,(T) is a temperature-dependent heat transfer coefficient that is zero for T < T, and
increases linearly as T > T,,. The slope of the curve of h, could be arbitrary but it needs to be very
steep to enforce the temperature of the solid material cannot markedly exceed the vaporization

temperature.

The Deformed Geometry interface in COMSOL is used to model the material removal. A
prescribed zero displacement is set at the bottom surface of the material to enforce no deformation
and a normal mesh velocity defined by Equation 5 in Table 12 is set at the top surface to apply the

material removal rate.

Table 11. Material properties of NiCr and laser processing parameters.

Property Nomenclature Value (units) References
Latent of sublimation H, 7.06 (kJ/g) [88]
Ambient temperature Tamb 293.15 (K) -

Heat transfer coefficient h 10 (W/ (m? K)) [89]
Density p 8300 (kg/m®) [86]
Vaporization temperature T, 3186.15 (K) [90]
Emissivity € 0.88 [86]
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Stefan—Boltzmann

constant o 5.67x10-8 (W/m? K% [87]
Absorptivity A 0.6 [91]
Beam diameter D 10 (um) -
St cenmin e o 2apm) -
Average Power Povg 0.2,0.4,0.6,0.7, 0.8 (W) -
Frequency f 30, 50 75, 100 (kHz) -
Pulse duration B, 24, 31, 47, 78 (ns) -
Scanning speed \Y 0.1,0.2,0.3,0.4, 0.5 (m/s) -
Laser start position Xo 20 (um) -

Table 12. Boundary conditions of the heat transfer model.

No. Boundary condition Equation Boundary
number
. . oT 0°T 9°T Whole
1 Governing equation pCy (E) =k 32 + a—yzl Geometry
Laser heat flux, T 4
2 natural convection k day PPy + MTamp =T) + €0 (Tamp 4
cooling and radiation —T%
3 kaT—h(T T) + ea(TH T* 2,4
Natural convection oy~ amP eo(Tams ) '
cooling and radiation oT
4 _ka = h(Tamb -T)+ SO-(T;mb - T4) 3
P,
5 Material removal Vg = ALy 1
p Hs
6 Ablative heat flux Qo = hy (T —T,) 1

In order to avoid the mesh size affecting the results, a mesh sensitivity analysis was carried
out for four different mesh sizes and the optimal mesh size was used for computation. To reduce
the computation time, the geometry domain is divided into two sections with different mesh sizes

(Figure 27). Since the resultant ablation depths are expected to be smaller than 10 um based on the
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experimental measurements presented in Ch. 3.3.2, the top half of the geometry, where the
deformation occurs, has the finest triangular meshing with a maximum element size of 1 um and
minimum element size of 0.005 um to obtain the most accurate result that is comparable with the
experimental values. The mesh of the bottom half section is set to physics-controlled extra fine

mesh.

Figure 27. Free triangular mesh of the NiCr film.

4.3.3 Results and discussion

The ablation characteristics including temperature field and ablation morphology are greatly
affected by the processing parameters. Figure 28 exhibits simulation results of an ablation process
at different time nodes and the relations between cross-sectional profile and maximum ablation
depth versus the number of pulses are plotted in Figure 29. As the repetition rate is 75 kHz, the
single pulse width is 47 ns and there is a 13.29 ps cooling time after each pulse. Since the power
intensity within the laser spot is Gaussian-distributed, the higher intensity in the central part
resulted in a deeper ablation depth. Hence, the ablation pit by a single pulse has a tapered shape
(Figure 28a). At time 47 ns, when the laser turns off during the first pulse, a pit with a depth of 1.1
KM is generated at the starting point (x=40 um). Because of the short pulse duration, the heat flux
does not diffuse far and so only the region around the ablation pit has a high temperature gradient,
while the temperature of most of the region remains at room temperature. At the end of the first
pulse (Figure 28b), the whole film is completely cooled down and the ablation depth is unchanged.
After the second laser irradiation at time 13.38 ps, the ablation pit depth increased to 1.49 pum due
to the effect of pulse overlap and the heat concentrated in the area underneath the irradiated surface
as shown in Figure 28c. The film is cooled down to ambient temperature again at the end of the

second pulse (Figure 28d).

After the third pulse, the maximum ablation depth reaches a plateau at 1.55 pm and so the
ablated geometry is only extended in length and the depth remains constant after the fourth pulse

(Figure 28g). The ablation depth gradually increases during single pulse irradiation. As can be
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observed in Figure 28f (t = 40.044 ps, i.e., during laser-on time) and Figure 28g (t = 40.091 ps,
i.e., after laser-on time), there is a small increase in depth as more heat passed onto the surface.
The geometry after the fourth pulse has the same shape as the final geometry presented in Figure
28h.

Although numerically the ablation depth stabilizes after the third pulse, as shown in Figure
29a, the cross-sectional profile of the ablation geometry becomes identical after 9 laser pulses, and
the peak-to-peak distance is equal to the distance between consecutive pulses. The variation in
shape for the first few pulses (third to eighth pulses) is expected to be caused by relatively poor

convergence at the beginning of the computation.
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Figure 28. Ablation morphology att = a) 47 ns, b) 13.301 ps, ¢) 13.39 ps, d) 26.665 ys, €) 26.74
us, f) 40.04 ps, g) 40.09 ps and h) 399.97 ps with B,,,,= 0.7 W, f = 75 kHz, P, = 47 ns, V=300
mm/s.
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Figure 29. a) Cross-sectional profiles of the ablation geometry after different number of pulses;
b) The simulated maximum ablation depth versus number of pulses.

As reported in Ch. 3.3.3, the pulse overlap has an important influence on the ablation
morphology. To investigate the effect of pulse overlap, the univariate approach is applied, i.e., the
other processing parameters are kept constant while the scanning speed is increased from 300 to
600 mm/s. As a result, the pulse overlap factor is doubled compared to the previous model (Figure
28). The ablation pit formed after the first laser remains the same with a maximum depth of 1.1
pum (Figure 30a vs. Figure 28a), because the pulse energy is constant regardless of the scanning
speed. However, due to the faster speed, the distance between consecutive pulses is increased to 8
pum, and so the ablated spots overlap only a small area. Hence, after the second laser pulse, the
maximum ablation depth is not affected, instead, there is a residual island between two ablation
pits, which has a depth of around 0.5 um. The temperature distribution is similar to the previous
case, as the largest temperature gradient occurs near the surface and most of the region is almost
unaffected (Figure 30b & c). In addition, the film is able to cool down to room temperature at the

end of each pulse.
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Figure 30. Ablation morphology att = a) 47 ns, b) 13.34 ps, c) 13.39 us and d) 53.29 ps with
Payg=0.7W, f = 75 kHz, B, = 47 ns, V = 600 mm/s.

To further analyze the impact of scanning speed, the cross-sectional profiles for five different
speeds are plotted together in Figure 31a. As the speed decreases, the bottom surface of the ablation
channel tends to be flatter. This is due to the insufficient pulse overlap at a fast speed, which results
in an unablated island between two pulses, hence, leading to a large variation in ablation depth.
The largest variation is at 600 mm/s, whose depth varies by around 0.5 um. This also explains the
large difference between experimental and simulated ablation depth at 600 mm/s as shown in
Figure 31b. Since the experimental depth is measured in the direction perpendicular to the ablated
channel, it is possible that the measurement is taken at the pulse overlapped region where the
residual island structure formed, instead of the center of a pulse, where the depth is maximum. The
distance between these two locations is less than 4 um; hence, the depth value might be measured
at the pulse overlapped region, which is close to the simulated island height (0.5 um). At the speed
of 200 mm/s, the simulated depth is larger than the value measured experimentally. This lower

value might be caused by the shading of ejected particles after previous pulse irradiation, which
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reduces the energy delivered to the target surface by the subsequent pulses. Since this effect is not

considered in the simulation, the predicted depth is larger than the measured value at 200 mm/s.

It is interesting to note that the profile for the first pulse is consistent and independent of the
speed as expected. For a speed of 500 mm/s and 600 mm/s, the maximum depths are almost the
same (around 1.1 um), which also equals to the first pulse depth reported in Figure 28a.
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Figure 31. a) Cross-sectional profile of the ablation geometry at 0.7 W, 75 kHz with various
scanning speeds; b) Comparison of experimental and simulated maximum ablation depth at
different scanning speeds.

Another parameter controlling the overlap factor is the repetition frequency; therefore, the
impact of the frequency on the ablation morphology is also investigated. As presented in Figure
32a, the cross-sectional profiles for four different frequencies are compared. The effect of
frequency is similar to the effect of speed. The ablated channel has a smoother bottom surface at
a higher frequency, attributed to the large overlap between consecutive pulses. Since the pulse
energy varies with frequency, the first pulse depths are also different regardless of the pulse overlap
distance. Compared to the experimental values, the largest variation is found at 30 kHz, this might
also be due to the measurement location being a little off from the pulse center, where the power
intensity is the highest. At 30 kHz, the depth is simulated to vary from 0.5 to 2.615 um, therefore,

a small variation in measurement location could lead to a large difference in the measured depth.
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Figure 32. a) Cross-sectional profile of the ablation geometry at 0.6 W, 400 mm/s with various
frequencies; b) Comparison of experimental and simulated maximum ablation depth at different
frequencies.

To verify the accuracy of the simulation model, the obtained maximum ablation depths from
the models are compared with the experimental depth values reported in Ch. 3 for 34 parameter
sets (Figure 33). Generally, the simulation seems to be able to accurately predict the depth similar
to the experimental measurements for an overlap factor larger than 0.5 and overpredicts the depth
for overlap factors smaller than 0.5. Since the particle shielding has an important effect at large
pulse overlap conditions and this effect is not considered in the simulation model, the simulated
depth is often larger than the measured value for an overlap factor less than 0.5. On the other hand,
these differences might be due to variations in measurement location. The measurement is
expected to be taken at the center of a pulse where the deepest ablation occurs, however, it is
difficult to measure exactly at the center point to get the actual maximum depth. Hence, the

measured depths are smaller than the predicted values.

In addition, the variation between the experimental and predicted values could be reduced if
more accurate material properties are available. Due to insufficient studies on the thermal
properties of NiCr, the properties of pure Ni are used for approximation, which would affect the

accuracy of the model when compared with the experimental results.
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Figure 33. Simulated versus experimental maximum ablation depths.

To further compare with the experimental results, the equation that relates the ablation depth
with incident fluence (Equation 4-3) is fitted to the simulated depth data and the best-fit parameters
are summarized in Table 13. The obtained threshold fluence from simulation results (8.42 J/mm?)
is essentially identical to the empirical threshold value reported in Ch. 4.2.2 (8.47 J/mm?).
Furthermore, the simulated absorptivity of NiCr (1.257 pm™?) is also the same as the value derived
from experimental depth values (1.203 pum™). Hence, the simulation result shows a good

agreement with the experimental data.

Table 13. Fit parameters of laser fluence and simulated ablation depth relationship.

Fit Parameters Model Summary
Form a (um?) Fyp, (I/mm?) R? NRMSE
Equation 4-3 1.257 8.4195 0.43 0.1891

4.4 Summary

The ablation depth and width are shown to have a logarithmic relationship with the incident
laser fluence. A definition of laser fluence that considered the effect of various processing
parameters including power, frequency, scanning speed and pulse duration is derived to obtain an

empirical ablation threshold fluence from the experimental results presented in Ch. 3. This
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threshold value is useful for predicting the geometry of the ablated structure based on the
processing parameters. In addition, it was found that pulse overlap has an important influence on
the ablation threshold value. The threshold value could be tripled with the smallest overlap due to

the particle shielding effect, only partial pulse energy is delivered onto the target surface.

A finite element model is created in COMSOL to reveal the material removal process. For
slower scanning speed, the maximum ablation depth gradually increases, which is attributed to
larger pulse overlap. The simulation results show that the maximum depth reaches a plateau after
three pulses at a speed of 300 mm/s. For fast speeds, the maximum depth is equal to the first pulse
depth. Generally, ablation with a higher frequency and slower speed results in a smoother bottom
surface. Overall, the findings from the simulations are consistent with the experimental
observations and can be used to estimate a processing window according to the machining

requirements.
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Chapter 5 Dynamic response of laser fabricated strain gauge

5.1 Introduction

In previous two chapters, the laser ablation process on NiCr film has been detailly studied
through the investigation on effect of laser parameters and the theoretical analysis. This process
could be utilized to fabricate various flexible sensors. As an example, the application of laser
ablation to fabricate NiCr-based strain gauges on flexible polyimide substrates to achieve
comparable gauge resistance to a commercially available strain gauge is presented in this chapter.
The sensitivity and resistance response of the strain gauge towards varying dynamic tensile loads

are investigated. Additionally, several failure mechanisms of thin film strain gauges are discussed.
5.2 Materials and methods

5.2.1 Strain gauge fabrication

The thin-film strain gauges were fabricated using the steps shown in Figure 34, starting
with a flexible polyimide substrate with a thickness of 75 um. This was followed by a physical
vapor deposition (PVD) step — performed by Angstrom Engineering, Canada — in which a 500 nm
thick Evanohm (NiCr) layer is deposited on the substrate. The Evanohm layer is then patterned by
laser ablation into the shape of a strain gauge. A UV laser system is used for patterning, with a 1
W laser, a wavelength of 355 nm, and a pulse width of 40 ns. A pulse energy of 11 pJ and an
energy density of 0.23 J/mm? were selected for the patterning process. Since the development of
strain gauges with more compact designs and smaller feature sizes are demanded, a high-precision
laser system is required for microfabrication. Compared to CO: laser systems with longer
wavelengths, which are widely used in manufacturing processes and rely on the photothermal
effect, UV laser systems can reduce thermal damage to the patterned material and achieve smaller
feature sizes due to a larger contribution from the photochemical effect [92,93]. The strain gauge
pattern is designed to obtain a nominal 1025 Q resistance, with curvature added to contact pads
and traces to reduce the effect of sharp corners on fatigue life. The overall size of the strain gauge

is 1.4 mm by 3.2 mm with a gage length of 1 mm.
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Figure 34. Schematic of the flexible thin-film strain gauge fabrication process. a) the flexible
polyimide substrate; b) PVD deposition of the metallic NiCr layer; c) laser patterning of the
strain gauge, d) laser fabricated thin-film strain gauge, and e) photo of fabricated strain gauge
array.

5.2.2 Mechanical testing setup

To verify the sensitivity of the fabricated strain gauges, the gauge factor was measured and
compared with a commercial strain gauge using a cantilever setup assembled on an Instron tensile
tester (Figure 35a). A 5052 H14 tempered aluminum alloy beam with dimensions of 60 mm x 10
mm x 0.7 mm was used as the cantilever. One end of the beam is fixed on the lower grip fixture
of the tensile tester and the other end is free to move. The fabricated strain gauge was attached to
the top surface of the cantilever, 11 mm away from the fixed end. The upper grip of the tensile
tester applies a continuous range of tensile strains on the cantilever at a constant displacement load
of 1 mm/min. An Agilent 34401A digital multimeter is used to monitor and record the electrical
resistance of the strain gauge as the upper grip descends. The electrical connection between the
mounted strain gauge’s contact pads and lead wires was soldered with a tin/lead rosin core solder
wire (63% Sn, 37% Pb).
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During gauge factor testing, the strain experienced at the gauge’s location was calculated
from the extension data returned by the tensile tester. This was done starting with Equation 5-1,
which relates the deflection of the beam (8) at a distance (x) from the fixed end when a known
force (F) is applied at a distance (a) from the fixed end, using the beam material’s modulus of
elasticity (E') and moment of inertia (I). The equation can be rearranged and solved for the force
at position x = a using the displacement results obtained by the tensile tester as shown in Equation
5-2. This expression for the force can then be substituted into the equation for the bending moment

at location x (Equation 5-3).

—Fx?
= — 5-1
) cEl (3a—x) (5-1)
o _ T38EI 52)
3
36,E1
M=-F(a—x) = a3 (a —x) (5-3)
a

The stress at location x on the top surface of the beam can be expressed as shown in
Equation 5-4, in terms of the bending moment, half the beam thickness (c¢) and the moment of
inertia. This expression can then be substituted into the equation for strain, as shown in Equation
5-5. The benefit to this approach is that it does not require knowledge of the beam’s properties (E),
and only requires reading of the displacement (§,) at position a, the position of the strain gauge

on the beam (x), and half of the beam thickness.

M 36, E
g =< =20 C(a—x) (5-4)
I a3
o 36,c
E=F=—3 (a —x) (5-5)

Long-term cyclic fatigue testing was conducted by applying dynamic bending loading on
the test beam. The test beam is prepared in a similar manner as the gauge factor test, then installed
on a cyclic testing fixture (Figure 35b) with cams of different sizes to apply different deflections.

The cam is driven by a DC stepper motor to apply a cyclic tensile strain at up to 4.36 Hz. As the
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cam rotates, the metal beam will be pushed downward and the deflection of the beam will transfer
to the strain gauge, resulting in a change in its resistance. Due to the shape of the cam, one full

cam rotation results in three beam bending cycles.
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Figure 35. Schematic of experiment setup for a) gauge factor testing and b) dynamic testing.

5.2.3 Characterization

The microstructure and morphology of the strain gauge were characterized using scanning
electron microscopy (SEM, Zeiss Leo and Zeiss Ultra Plus). The electrical properties of fabricated
strain gauges were measured by a four-point probe (Keithley 4200-SCS), specifically to identify
defects and causes of sensor failure by measuring and comparing the resistance of each conductive

trace.
5.3 Results and discussion

5.3.1 Strain gauge characterization

A representative sample of the final fabricated strain gauge is shown in Figure 36a, with
the soldered contact pads visible in the top left and bottom right corners of the image, the winding
conductive trace connecting the two contact pads visible in between, and the exposed polyimide
substrate appearing dark under the SEM. A higher magnification image in Figure 36b displays a
visible texture on the exposed polyimide, caused by the laser tracks used to ablate the Evanohm
layer. Some spatters along the edge of the conductive trace also exist due to molten material
splashing and solidifying outside of the laser ablated region. This suggests that UV laser irradiation

of the NiCr thin film induces melting as expected in a nanosecond pulsed laser ablation process,
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and the material ablation likely occurs due to the formation of vapor and ejection of liquid droplets
[94,95]. A tilted view of the conductive trace and underlying polyimide is shown in Figure 36c,
showing the material buildup at the edge of the traces, and the peaks left behind by the ablation
process in the exposed polyimide.
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Figure 36. SEM images showing a) the strain gauge overview and terminology, b) higher

magnification image of the traces, and c) a tilted view of the traces.

An average width of 40.2 um £3.5 um was measured for the conductive traces in the strain
gauges as labelled in Figure 36. A summation of all the lengths (L) and widths (w) in the
conductive path (Table 14) that composes the strain gauge is used in Equation 5-6 to determine
the expected resistance of the fabricated strain gauge, where p is the electrical resistivity of

Evanohm (133 ©Q-cm) and t is the Evanohm thickness (500 nm). The average measured resistance
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of the laser fabricated strain gauges is 1048 Q +53 Q, in agreement with the calculated resistance
of approximately 1025 Q. The slight variation in the patterned strain gauge dimensions can cause

slight difference in the measured resistance.

Table 14. Dimensions of the conductive path as described in Figure 36a.

Location Width Length
Leads 84.8 um 5.4 um 0.31cm
End caps 108.1 um £6.4 um 0.14 cm
Traces 40.2 pm +3.5 um 1.35cm
=l
R= Z Pln (5-6)
— twy

The gauge factor, defined as the relative change in resistance (AR/R) to the relative change
in length (or strain, €), denotes the strain gauge’s sensitivity to an applied strain. This value is
obtained from the slope of the linear region of the AR/R versus strain curves in Figure 37, with a
resulting gauge factor of 2.3 £0.2. This value is a combination of the dimensional changes and
resistivity changes of the metal layer when strained, as well as the ability of the cyanoacrylate
adhesive and polyimide substrate to transfer the strain from the aluminum beam to the metal layer
[96]. For comparison, the gauge factor was measured for a conventionally manufactured
commercial strain gauge with an Evanohm sensing layer approximately 3.5 um thick, and was
found to be 2.0 £0.4. The two gauge factors are statistically similar and are within the expected
range [97]. Although recent research has proposed supersensitive strain gauges with gauge factors
larger than 5000 [98], the gauge factor is usually determined by the material composition. For
Evanohm strain gauges, the gauge factor is reported to be in the range of 1.95 to 2.5 and it is
constant for a film thickness of 15 nm and above [56].

Notable deviations from a linear response are observed when crack opening occurs, as can
be seen in the red dotted line in Figure 37. As the crack faces separate with increasing strain, the
measured resistance increases faster than would be expected due to the changing dimensions of

the traces alone, a phenomenon known super-sensitivity [99]. Although some strain gauges can
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incorporate pre-made cracks for this purpose [98], the presence of cracks in the flexible thin film
strain gauge of this study results in a non-linear response that is detrimental to the accurate

correlation of resistance change to strain.
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Figure 37. Example of three tensile gauge factor tests. The green (dashed) and yellow (solid)
lines show the expected almost-linear response, while the red dotted line shows an apparent

increase in the gauge factor caused by crack opening.

5.3.2 Cyclic resistance response

A total of 24 strain gauges were fatigue tested in tension at various strains, as shown in
Figure 38. Failure was not observed below 1750 pe while the highest strain level that resulted in
a sample reaching over 10° cycles was 2625 pe. The rated fatigue life of the commercial strain
gauge with a similar sensing layer composition and substrate material is approximately 108 cycles
at £1800 pe, or 10° cycles at 3240 pe when only tested in tension. However, commercial strain
gauges have a protective top coating, and testing conditions (testing fixture, testing frequency,
adhesive, etc.) for the commercial and current thin film strain gauge are different. Above 1750 pe,
two failure mechanisms can be identified in the thin film strain gauges. Four samples which

survived on the order of 10° to 10° cycles at elevated stain levels suffered from open circuit failures
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that manifested as an infinite resistance reading on the multimeter. Nine strain gauges also tested
at high strain levels experienced response degradation, which includes significantly larger

resistance change during cycling than expected and/or a translation of the resistance curve.
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Figure 38. Results of fatigue testing of strain gauges at various strains. Tests were typically

interrupted around 10° cycles, at which point they were considered runout samples.

A typical cyclic response is shown in Figure 39a, after the data is processed with a 5-point
moving average filter to reduce noise. Strain gauges that experience runout maintain a consistent
resistance change throughout the entire test, although slight variations in resistance change can be
observed when looking more closely at individual cycles (Figure 39c). Since these samples are
tested in tension, the resistance is at its lowest point when the beam and strain gauge are flat and
at the highest point when fully bent. The amount of bending dictates the strain measured at the
location on which the strain gauge is mounted to the beam. Small differences in the size of the
three cam corners (Figure 35b) that induce bending result in slightly different resistance changes
that repeat consistently throughout the test. When a strain gauge is in good condition — without
cracks or defects as in the case of Figure 39c — the small difference in resistance response caused
by the imperfect cam shape can be distinguished (labeled “cam peaks™). However, strain gauges
that are damaged and are exhibiting super-sensitivity are no longer sensitive to the difference in

the cam peaks (Figure 39d).
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Strain gauges that exhibited an open circuit failure mode showed atypical resistance
changes prior to complete failure, as shown in Figure 39b. A slight increase in the resistance
change when bent was observed near 9.3x10 cycles, which is attributed to the formation of the
fatigue crack and separation of the crack faces during bending. This is followed by an infinite
resistance reading near 9.4694x10* cycles as shown in Figure 39d. Continuing to cycle the strain
gauge shows the resistance returning to the original un-strained value, explained by the crack
opening fully while the strain gauge is bent and then closing fully when returned to the flat position.
Further cycling shows an increase in the resistance measured when returned to the flat position,
suggesting that further damage occurs and the crack faces improperly mate, until the measured

resistance is infinite regardless of whether the strain gauge is bent or flat.
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Figure 39. Cyclic response for strain gauges with a) no failure and b) open circuit failure, with
higher magnification of the response curve shown in c) and d), respectively.

5.3.3 Failure mechanisms

Crack networks and limited material extrusion as shown in Figure 40 were observed on

strain gauges with open circuit failures. Small crack networks were also visible on samples that
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reached runout and were considered to have not failed, although in these cases the cracks occupied
a small fraction of the entire trace width. This type of failure mechanism was reported in studies
of Cu and Ag films by Kraft et al [100] and Zhang et al [101], specifically identified as a transition
from larger material extrusion and transgranular cracking in thicker films with larger grain sizes,
to minimal extrusion and intergranular cracking in thin films with smaller grains. A decrease in
grain size and a decrease in film thickness are expected to increase the fatigue life. This was
demonstrated by Kim et al. [102] when comparing a 200 nm Cu film to that of a 1 um Cu film
under the same bending strain conditions, showing the thicker film undergoing fatigue failure
while the thinner film does not. Zhang et al [101] suggests that the small thicknesses and small

grain sizes inhibit dislocation formation and movement during fatigue.

Figure 40. Crack networks viewed from a) above and b) at an angle after cyclic bending loading.

Strain gauges that suffered from “response degradation” as labeled in Figure 38 displayed
unusual cyclic responses such as increases in resistance and baseline shifts that would qualify the
strain gauge as unfit for use in real-world applications. When these responses appeared during
cyclic testing, the strain gauges would be considered as failed. A four-point probe was then used
to evaluate the resistance of individual trace sections in both unstrained and strained conditions to
identify which traces were responsible for the increased resistance or unusual response.
Theoretically, the resistance of traces #2-16 should be identical while leads #1 and #17 have
smaller resistance due to their larger widths (labeled as “leads to traces” in Figure 36). However,

there are some small variations in resistance between traces on the same strain gauge or between
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different strain gauges in the as-fabricated condition as shown in Figure 41a. This can be attributed
to previously identified variations in trace widths (Table 14) and the presence of small defects that
can occur during laser patterning (Figure 36b). Figure 41b compares the resistance of two strain
gauges that have abnormal resistance responses during long-term cyclic testing. If localized
damage is occurring in the form of cracks, some traces should only experience slight increases in
resistance due to bending while other damaged traces will experience larger than expected value.
The first strain gauge (Sample 1) experiences larger than expected increases in resistance (based
on the gauge factor and the applied deflection) on traces #2 (10 Q), #3 (7 Q), #5 (7 Q2), and #6 (13
Q) in the bent condition; while the second strain gauge (Sample 2) shows significant increases in
trace #2 (137 Q), #7 (18 Q), #8 (40 Q), and #16 (7 Q). Obviously, the largest contributors to the
failure of Sample 2 appear in trace #2 and #8. This suggests cracks in traces with large resistance
increases are opening when a strain is applied, and failure may be localized to a small number of

traces while others continue to function normally.
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Figure 41. Comparison of individual conductive traces’ resistance at flat and bent conditions for

a) as-fabricated strain gauges and b) fatigue-tested strain gauges.

The first failure mode identified from resistance measurements is shown in Figure 42. This
strain gauge experiences a regular cyclic response — although with a larger resistance change than
expected — and suddenly experiences an upward shift in resistance when returning to the flat
position on each cycle as shown in Figure 42a. The larger than expected resistance change in the
traces suggests that crack opening is occurring under high strain, and upward resistance shift when

returning to the flat unstrained position suggests the crack faces are mating incorrectly (as
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proposed in Figure 42b). Figure 42c identifies delamination between the Evanohm and the
polyimide at the site of cracking, which may account for the unstrained resistance shift. The crack
begins to close as the beam unbends, which decreases the resistance. However, prior to reaching
the fully unstrained position, the crack opens back up as the Evanohm buckles and causes a

resistance increase.
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Figure 42. a) Response degradation failures showing upward shift in unstrained resistance while
maintaining a constant peak resistance; b) schematic of crack and delamination after strain

being released, and ¢) SEM image of delamination and crack in traces.

A second failure mode is shown in Figure 43, where both the peak and baseline resistance
during cycling increases, but the peak resistance is a finite value and not an open circuit failure as
was shown in Figure 39. Instead, the strain gauge continues to display a cyclic response, but the
change in resistance is not representative of the strain experienced by the beam. The increasing
peak resistance with increasing cycling suggests that crack growth is occurring, while the upwards

drift in the baseline resistance indicates that the cracks do not fully close when returning to an
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unstrained state (Figure 43b). Figure 43c shows a SEM image of this remaining open crack when
returned to the flat position. The rough crack edges suggest that an intergranular cracking
mechanism may be occurring. These cracks might be initiated at the edge of traces due to the rapid
cooling during laser irradiation, which can then propagate into the trace caused by residual stresses

and further grow under an applied stress during testing.
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Figure 43. a) Resistance response showing upward shift in baseline with increasing peak
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resistance; b) schematics showing a crack from initial unstrained condition, crack opening
during bending, and crack remaining partially open after stress release; ¢) SEM image of a

crack in the unstrained position.

All cracks observed in the Evanohm traces initiated from the edge and propagated across
the trace. Several possible approaches can be used to address this. The first is to reduce edge
defects that appear during manufacturing, which may act as initial sites for crack formation during
loading. These defects are theorized to occur due to thermal cycling during patterning and molten
material solidifying after laser exposure. This can be addressed by using picosecond or

femtosecond laser systems that rely less on the photothermal effect to remove material. Otherwise,
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reducing the pulse energy and increasing the number of passes by the UV nanosecond laser to
minimize the thermal gradients and the quantity of molten material generated during processing
can also address the formation of these defects. Secondly, the serrated nature of the trace edges
may introduce regions with higher stress concentration during bending, encouraging crack
nucleation and propagation. Careful control of pulse overlap can be used to obtain straighter edges.
Lastly, applying a suitable coating with sufficient stiffness [103] could deter manufacturing defects
from propagating or fatigue cracks from forming, although care would have to be taken to prevent

the coating from affecting the sensitivity of the strain gauge.

5.4 Summary

The laser fabrication of a flexible thin-film strain gauge using UV laser ablation was
demonstrated. The strain gauge characteristics and the dynamic tensile performance were
evaluated. The experimentally measured resistance for the fabricated strain gauges (1048 Q +53
Q) was close to the expected theoretical resistance of 1025 Q. Additionally, a gauge factor of 2.3
+0.2 was measured, which matches the gauge factor of commercially available Evanohm foil-

based strain gauges.

Resistance measurements of individual strain gauge traces after cyclic loading in both the
strained and unstrained conditions exhibited that failure was attributed to defects occurring on a
fraction of the traces while the majority continued to function normally. Fatigue failure (< 10°
cycles) during cyclic bending loading was not observed below 1750 pe, and the highest strain level

at which a strain gauge experienced runout was 2625 pe.

Several failure mechanisms were identified. Open circuit failures in samples that survived 103
to 10° cycles were attributed to the growth of fatigue crack networks in the sensing layer. Response
degradation of samples that survived less than 103 cycles was attributed to two types of failures.
The first is a combination of cracking and delamination, which manifested as a peak in the
unstrained resistance during cyclic testing. The second is the growth of cracks without
delamination which manifested as an increasing baseline resistance and an increasing peak

resistance.

72



Chapter 6 Conclusion

6.1 Conclusion

Laser ablation has the potential to cost-effectively fabricate flexible sensors without
sacrificing high resolution. An experimental study is performed to investigate the effect of laser
parameters on the ablation process of NiCr film, including average power, repetition frequency,
and scanning speed. A response surface methodology was implemented to quantify the relationship
between these three laser parameters and the resulted ablation width and depth. It was found that
the laser power and frequency have a more significant effect on the dimension of the ablated
geometry since they are major factors in determining the amount of energy passed on to the film.
The ablation width and depth usually increase with increasing power or decreasing frequency. In
addition, larger heat-affected zones were observed at lower frequencies, especially at a high laser
power, due to the large energy input. Although the scanning speed has limited influence on the
width of the ablated channel, it has a more pronounced effect on the edge shape and surface
morphology of the resulted geometry due to the difference in pulse overlap factor. A large pulse

overlap could facilitate the production of microchannels with smoother edges.

To improve the efficiency of laser energy utilization and enhance the ablation rate, a
theoretical analysis of the ablation process is conducted. An analytical method based on Beer’s
law and the Gaussian beam profile is implemented to relates the ablation width and depth with
incident laser fluence. A new laser fluence definition that incorporates the impact of all laser
parameters is derived. By fitting the experimental data into the equations, an empirical threshold
fluence is obtained. The pulse overlap factor was found to have an important influence on the
threshold fluence. As the overlap increases, more energy input is required to initiate the ablation
process, attributed to the shielding effect of the cluster ejected in previous pulses that scatters and
absorbs a fraction of the laser energy of the subsequent pulses. This analytical method provides a

guideline for selecting processing parameters based on the desired sensor geometry.

Due to the extremely fast dynamic interaction process between the laser and the material
in the ablation process, it is usually difficult to make observations during the experiment, hence a
finite element model is built to reveal the material removal process, especially the patterning

morphology. The general trend is that the higher the frequency and slower the scanning speed, the

73



smoother the bottom surface of the ablated channel. The simulated ablation depth has a good match
with the experimental values when the pulse overlap factor is larger than 0.5. This computation
model could be used to improve the efficiency in the trial-and-error process of designing

experiments to find the optimal processing parameters for other film materials or thicknesses.

Furthermore, the fabrication of a 1025 Q flexible thin film strain gauge using a UV laser
patterning process is demonstrated. The strain gauges exhibit a sensitivity comparable to the
conventionally fabricated commercial alternative. Long-term cyclic fatigue testing was conducted
to evaluate its resistance response to dynamic bending loading for a total of 24 strain gauges. It
was found that the laser-fabricated strain gauges can reliably survive 10° cycles up to 1750 pe.
Above this strain level, several failure mechanisms are identified, with unique electrical responses
corresponding to physical damage observed on the strain gauges. These findings provide a guide
to diagnose thin film strain gauge failures, demonstrate an unconventional fabrication technique,

and show its potential for use in long-term dynamic load sensing applications.

6.2 Recommendation for future work

Future work of this research can be performed from two aspects, expanding the application
of the laser ablation process to other materials and sensor fabrication, and further investigation and

improving the performance of the laser fabricated strain gauges.

This study focused on the ablation of NiCr film. With some simple modifications, this
process could be applied to fabricate other types of devices using NiCr such as capacitive strain
gauges. Further research in studying laser ablation of nanomaterial-polymer composites would
also be of great value, as this type of material has great potential for wearable electronics due to

its excellent stretchability.

The simulation results show a good agreement with the experimental data for a pulse
overlap factor larger than 0.5. The accuracy of the presented model could be further improved by
considering some physical effects during the ablation process, such as particle shielding and

hydrodynamic motion of the melted material.

On the other hand, one of the included studies evaluated the laser fabricated strain gauge

characteristics and its dynamic tensile performance. The performance of the strain gauge under
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environmental influences such as operating temperature, magnetic fields and humidity would be

of interest, to further compare with the conventionally fabricated commercial alternative.
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