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Abstract

Pulsed laser ablation is a rich field of research with numerous industrial, academic,
and military applications. Decades of research have lead to deep understanding in many
application-driven regimes, such as pulsed laser deposition of thin films. Consequently,
comparison of ablation effects across disparate experimental regimes can be difficult,
and unifying trends can be hidden under regime-specific effects. To attempt to ad-
dress that problem, the aim of this dissertation is to study pulsed laser ablation over
several orders of magnitude in pulse duration, fluence, and material properties. Chap-
ter 1 provides a more detailed picture of the problem space, and Chapter 2 covers the
phenomenology of the primary temporal regimes of laser ablation.

In Chapter 3, laser ablation of aluminum, silicon, titanium, germanium, and indium
antimonide at 1064 nm in ambient laboratory air with pulse durations ranging from
100 picoseconds to 100 microseconds has been characterized with optical microscopy.
Highly focused spots of 10 um yields fluences of 0.004-25 kJ/cm? and irradiances span-
ning 4 x 108-10' W/cm?. Single pulse hole depths range from 84 nm to 147 um. A
quasi-one dimensional thermal model establishes a set of non-dimensional variables,
h*, f*, and t*, for hole depth, fluence, and pulse duration, respectively. For pulse du-
rations shorter than the radial diffusion time, the hole depth exceeds the thermal diffu-
sion length by a factor of 1 to 30 for more than 90% of the data. For pulses longer than
this critical time, transverse heat conduction losses dominate and holes as small as 1073
times the thermal diffusion depth are produced. For all cases, the ablation efficiency,
defined as atoms removed per incident photon, is 1072 or less, and is inversely propor-
tional to volume removed for pulse durations less than 100 ns. At high fluences, more

than 10-100 times ablation threshold, explosive boiling is identified as the likely mass
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removal mechanism, and hole depth scales approximately as fluence to 0.4-0.5 power.
The power-law exponent is inversely proportional to the shielding of the laser pulse by
ejected material, and shielding is maximum at the 1 ns pulse duration and minimum
near the 1 us pulse duration for each material. Using the thermal scaling variables, the
high-fluence behavior for each material becomes strikingly similar.

Chapter 4 builds on the non-dimensional variables from Chapter 3 by exploring
shorter pulse durations, lower background pressures, and multi-mode beams. Low trans-
verse order Gaussian beams at 1064 nm wavelength and 28 ps pulse duration were used
to ablate Al, Si, Ti, Ge, and InSb in air, and Ge in vacuum. Crater depths and volumes,
as well as volume of material above the surface were measured using a laser confocal
microscope. Crater depths were found to plateau with increasing fluence on each ma-
terial, and crater depths on Ge in vacuum were slightly higher than in air. Crater volume
above and below the surface was found to increase linearly with fluence for all materi-
als in air. In vacuum, the volume of material above the surface was less than in air, and
increased at a lower rate with increasing fluence. The ratio of volume above the surface
to volume below the surface was found to plateau for all materials to approximately 0.7
in air, and 0.4 for Ge in vacuum. The ablation efficiency was higher at low fluences, and
decreased to approximately 0.004 for all materials at higher fluences. Simulations using
the Directed Energy [llumination Visualization (DEIVI) tool showed that bulk melt flow
out of the crater caused by the evaporation recoil pressure dominated at higher fluences.
Plateauing of crater depth with fluence was caused by melt re-flow into the crater, which
effects smaller crater widths more than larger ones, as evidenced by comparing multi-
mode results to TEM, simulations. Recondensation of evaporated material was identi-
fied as the main difference between craters formed in air versus vacuum, and the Knud-
sen layer jump conditions in DEIVI were modified to account for an estimated = 20% re-

condensation rate. The simulations showed a resulting reduction in evaporation, which



created less recoil pressure, driving less melt out of the crater. Higher resolution simula-
tions and additional experimental data comparing different order modes are needed to
further explore the effects of diverse spatial fluence distributions.

Finally, Chapters 5 and 6 investigate optical emission spectroscopy from the plume
formed during laser ablation of aluminum and titanium. The long pulse ablation of alu-
minum wafers in ambient air using an Er:YAG laser at 2.94 um wavelength is presented.
Visible emission spectra collected during ablation are assigned to the B>X* — X2X*
molecular electronic transition of aluminum monoxide (AlO). A rovibronic model in-
cluding self-absorption within the plume is developed to determine the molecular tem-
perature. A 60.2 us pulse at a fluence of 249.92 + 40 J/cm?, a temperature of 2843 + 32 K
and 3013 + 30 K was found with the linear and nonlinear models, respectively. A grey-
body background, with an emissivity of approximately 1.3 x 10~® was observed, imply-
ing a low volume mixing fraction of particulates in the plume. A linear fit of the Av = -1
sequence was developed to rapidly analyze hundreds of spectra taken as a background
pressure was varied from 400 mbar to 1000 mbar. The AlO temperature is approximately
independent of background pressure. Finally, comparisons to other laser ablation stud-
ies at shorter wavelengths and shorter pulse durations are made wherever possible.

Ablation of titanium wafers in air is accomplished with 60-300 us pulsed, 2.94 ym
laser radiation. Titanium monoxide spectra are measured in the wavelength range of 500
nm to 750 nm, and molecular signatures include bands of the C*A — X3A a, B3I — X3A
Y, and A3® — X3A y transitions. The blackbody background signal was found to have
a temperature between 2350 K and 2600 K from 1 to 1000 mTorr background pressure.
With background pressures P = 200—1000 mTorr the total spectrally integrated emission
intensity scaled as P'/3. The spatially and temporally averaged spectra appear to be in
qualitative agreement with previous temporally resolved studies that employed shorter

wavelengths and shorter pulse durations than utilized in this work. Simulations in DEIVI
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show that peak temperature and pressure in the plume are not sufficient to create sig-
nificant atomic and ionic emissions seen in such other studies. A peak temperature of
approximately 4000 K is inline with molecular temperatures at long time delays as mea-
sured by Parigger and Giacomo. A simple chemical kinetics model, using the tempera-
ture and evaporated Ti volume from DEIVI predicts temporal behavior of the total TiO
emission intensity in ambient air that matches the measured signal relatively well.
Overall, the non-dimensional variables defined in Chapter 3 provide a simple and
intuitive description of laser ablation effects covering pulse durations in the tens of pi-
coseconds to the hundreds of microseconds and fluences up to thousands of times the
ablation threshold. For a vast majority of the data collected in this dissertation, f* > 1
and t* <« 1 resulted in £* > 1, and the simple quasi-one dimensional model collapsed
the dissimilar materials to a common trend. Conversely, if either f* <1 or ¢t* 2 1, then
h* < 1 and craters were much smaller in both depth and lateral extent. In this case,
the spectroscopic signals measured in Chapters 5 and 6 were correspondingly weaker
as well. Taken together, the broad set of experimental conditions studied in this disser-
tation combined with a simple quasi-one dimensional thermal model provide a more

unifying view of pulsed laser ablation than might otherwise be expected.
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Symbols

a Absorption coefficient, cm™!

C Specific heat capacity, J/ (kg-K)

Av Change in vibrational energy level associated with molecular electronic transition
n Ablation efficiency, atoms/photon

f/# f-number of a lens or optical system

f* Non-dimensional fluence: applied fluence relative to the material’s vaporization

threshold
F Fluence, J/cm?
F:n, Frn Vaporization threshold fluence and melt fluence, J/cm?
h Crater depth of damage from single-mode laser ablation, m
hp, Maximum crater depth of damage from multi-mode laser ablation, m

h* Non-dimensional hole depth: measured hole depth relative to the thermal diffusion

length during the laser pulse duration
I Trradiance, W/cm?
x Thermal diffusivity defined as p%, m?/s
K Thermal conductivity, W/(m-K)
A Wavelength, m

L Thermal diffusion length = vk, m
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L,, Latent heat of melt or fusion, J/kg

L, Latent heat of vaporization, J/kg

p Density, kg/m3

P Pressure, Torr, atm, Pa, bar

r Radial coordinate, m

R Surface reflectivity

r, Condensed matter atomic radius, m

Tp, Ip Full-width at half-max of laser pulse temporal profile, s
Iy, Iz Thermal diffusion time of a material relative to alength w or d, s
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Tm, Ty, T, Melt, vaporization, and critical temperatures, K

t* Non-dimensional time: pulse duration relative to the thermal diffusion time of the

laser spot area

V, V., V_ Crater volume, volume of crater above surface, and volume of crater below

surface, m

w Spot radius (at 1/e point of Gaussian fit to transverse spatial extent) as a function of

distance along propagation direction, m
wo Value of w at focus along direction of propagation, m
z Direction of laser propagation and also depth into material from surface, m

zgr Rayleigh range, m



ON THE PULSED ABLATION OF METALS AND SEMICONDUCTORS

1. Introduction and Problem Statement

Laser ablation is an incredibly active field, including research in fundamental physics
(e.g. non-equilibrium thermodynamics), industrial (e.g. laser peening) and medical
(e.g. laser dentistry) applications, and even security and defense applications (e.g. chem-
ical detection and laser lethality). Over such a broad range of applications with varying
degrees of precision required, it is often difficult to find unifying trends that allow re-
searchers and practitioners to understand and compare effects across disparate phys-
ical regimes. Furthermore, differences in research goals, experimental apparatus, and
theoretical approaches create barriers to creating a broad physical intuition capable of
translating results from study to study. To that end, the fundamental goal of this dis-
sertation is to build from a broad set of experimental and theoretical data to a narrower
set of scaling relations, heuristics, and trends that provide a roadmap for understanding
laser ablation across relevant regimes. Specifically, the objective is to quantify the effects
of ablation including: crater morphology, ablation efficiency, and plume spectral emis-
sions across metals and semiconductors using pulse durations spanning picoseconds to
microseconds and fluences from ones to thousands of J/cm?.

The laser ablation problem can be broken down into three independent groups of
variables describing the laser, material, and environmental conditions. Key laser param-
eters are wavelength, pulse duration, pulse energy, and spot size. The primary material
variables are the bulk optical and thermochemical properties. Environmental condi-
tions of interest are the sample temperature, the interface conditions, and the back-

ground pressure above the sample.



For the purposes of this dissertation, the primary wavelength of interest is 1064 nm.
This is due to the large body of literature available at this wavelength and the plethora
of affordable optical equipment. While there is substantial literature on ultraviolet (UV)
laser ablation as well, the results at 1064 nm are more easily translatable to longer wave-
lengths. This is because UV laser ablation involves significant photoionization of the
plume, whereas the effect is much reduced at 1064 nm. Thus, interpreting results at
longer wavelengths is more straight forward due to the laser-plume interaction consist-
ing of mostly the same physical processes. Another reason is that mass removal is pri-
marily thermal at longer wavelengths, where a photon is absorbed by an electronic state
in the material that couples to a lattice vibration thereby raising the macroscopic tem-
perature. Ultraviolet ablation often involves direct ejection of surface electrons (i.e. the
photoelectric effect) that remove mass by Coulombic attraction with positive ions left
behind.

The primary pulse durations of interest in the present study are 10’s of picoseconds
(ps) to 100’s of microseconds (us). Similar to the choice of wavelength, this is to narrow
down the space to include only the processes which are “similar” enough to be able to
meaningfully compare. While the goal of this dissertation is to create ways to interpret
ablation effects across these wildly different regimes, some lines have to be drawn in
order to derive tools simple enough to be of actual use. For that reason, femtosecond
(fs) or ultrashort laser ablation is not included in this effort. Below the 10’s of ps, the
laser-material interaction is entirely different, and the laser-plume interaction is com-
pletely absent. Furthermore, there is extension published research on continuous wave
(CW) laser ablation, especially in the laser welding and laser lethality communities. No
attempt is made to include CW effects in the heuristics developed in this dissertation;
there is enough physics in the 7+ decades of pulse duration between 100 ps and 100 us.

Pulse energy and spot size are mainly combined to create fluence, but ablation ef-



fects do not just depend on fluence. As will be seen in Chapter 3, the fluence needs to
be applied fast enough for mass removal to occur. And Chapter 4 will show that the spot
size really does effect ablation, even if the fluence is the same. In this dissertation, pulse
energies on the order of 10’s of micro Joules (uJ) to 100’s of milliJoules (m]) are of interest.
Only at the shortest pulse durations can uJ cause significant mass removal, and as pulse
durations enter the ms regime, Joules of energy are typically required. The spot size (typ-
ically defined as the 1/e point of a Gaussian intensity or fluence distribution, which will
be more rigorously defined as applicable in each chapter) is generally between 10 um
and 100’s of um. Smaller spot sizes make direct measurement of the intensity profile
difficult, as well as complicate the damage measurements. Larger spots are not of in-
terest mainly because the fluence would end up being too low to cause significant mass
removal. The numerical aperture is also an important laser parameter, but it affects the
laser-plume interaction more than crater formation in general. The experiments in this
dissertation all use relatively low f/# lenses, but there is no direct comparison of different
numerical apertures under otherwise identical conditions.

There are myriad parameters to describe a given material, so, again, a line has to be
drawn somewhere. For this dissertation, thermochemical properties are of interest be-
cause they relate to phase change. The thermal ablation process includes the material
changing from solid to liquid to gas, so any description must include (or at least men-
tion) heat of fusion and heat of vaporization. Primarily, macroscopic properties (e.g.
density, thermal conductivity, heat capacity, etc.) are pertinent to this effort, and quan-
tum mechanical or electronic properties, are not. For example, crystal structure and
electronic energy levels are beyond the scope of this dissertation. The thermochemi-
cal properties provide a way to compare laser characteristics relative to each material.
For example, the laser fluence required to cause melting can be compared across each

material, which can help with interpreting and presenting results across diverse materi-



als and laser conditions. Additionally, mechanical properties are not included, although
some “mechanical” ablation effects, such as spalling or cracking, can occur primarily at
ps or shorter time scales. Moreover, optical properties (absorption coefficient and re-
flectivity, specifically) are of interest as nominal discriminators between materials. For
example, 1064 nm is approximately in band on germanium, but highly reflected by met-
als such as aluminum. Thus, the optical properties at a particular laser wavelength are
of interest, and combining materials and wavelength creates a sort of contour in the
problem space. This hints at the main purpose of the dissertation: to compare effects
across disparate physical regimes, e.g. how does 1 ym ablation of germanium compare
to 4 um ablation of indium antimonide?

The environmental conditions are last, but not least. While the sample temperature
is technically a state of the material, it is treated in this dissertation as an environmental
condition since it is externally controlled as an independent variable. Temperatures of
interest are from cryogenic (i.e. 77 K) to near the melting temperature of the material
being studied. For practical purposes, experimental apparatuses have a limited range
of operating conditions, and the highest temperature consistently available is approxi-
mately 700 K. The physical interface condition in this dissertation is the material in air
(or vacuum), with no forced air flow over the sample, and the sample oriented with its
surface normal parallel to the ground. Laser ablation of solids submersed in liquid is an
active field of research, but not considered here. Ablation of layered materials, or ab-
lation occurring at the interface between two solid materials is also beyond the scope
of this dissertation. However, even just considering a material in air (or some gas) en-
compasses a wide range of phenomena. Chapter 2 will discuss this more, but consider
an evaporated aluminum atom (= 27 AMU) colliding with a 1 atmosphere (atm) back-
ground of diatomic nitrogen (= 28 AMU) versus a 10~3 atm background of diatomic he-

lium (= 8 AMU). The background gas of interest is normal air, e.g. not an inert gas, with



pressures between approximately 1079 atm (= 107 Torr and =~ 10~* Pascal) and ambient
air pressure. Thus ultra high vacuum and ablation in pressurized backgrounds are not
included in this dissertation.

The format of this dissertation is as follows: Chapter 2 is an overview of the vari-
ous physical regimes of laser ablation applicable to this dissertation. High-level phe-
nomenology is discussed and results from subsequent chapters are previewed. A de-
tailed literature review of relevant prior work is presented in each chapter as needed.
Chapter 3 covers the largest single experiment of this dissertation, which was the laser
ablation of 5 different materials at 7 pulse durations and 7 different fluence levels. Chap-
ter 4 presents a laser ablation experiment that builds on Chapter 3 by going to a shorter
pulse duration and using a more complex spatial fluence distribution. While the exper-
iment covered in Chapter 3 is done in ambient air, Chapter 4 investigates background
pressure effects from 107° to 760 Torr. Chapters 3 and 4 have not been published yet, but
are ready to be submitted to a peer-reviewed journal. Chapters 5 and 6 cover aluminum
monoxide and titanium monoxide emission spectroscopy of the plume, respectively.
Chapter 5 was presented as a poster by Dr. Glen Perram at the 2018 High Power Laser
Ablation Conference, and was published as a paper in the Journal of the Optical Society
of America B in October 2018. Parts of Chapter 6 were presented as a poster at the 2018
International Conference on Spectroscopic Lineshapes by Dr. Christian Parigger, and
is expected to be published in the associated conference proceedings. A poster com-
paring aluminum and titanium emission spectroscopy was accepted to the 2018 SciX
Conference, but was not presented due to scheduling conflicts. Chapter 7 concludes the
dissertation and discusses potential future research directions building on this work. Fi-
nally, while Chapters 3-6 are going to be published or already have been published with
co-authors, Mr. Van Woerkom is the primary author and principal investigator on all of

them.



2. Ablation Phenomenology

There are myriad physical processes involved in laser ablation, which can typically
be discussed in terms of the dominant effects in a particular temporal regime. The pur-
pose of this chapter is to present a mostly qualitative overview of the temporal regimes
relevant to this dissertation and discuss how the effects within those regimes change as a
function of laser parameters and material conditions. The figures are from experiments
performed as a part of this dissertation, and the descriptions of various physical effects
are cited as appropriate. Figure 1 shows the temporal regimes of pulsed laser ablation
using damage images observed in this work. The fluence was approximately 15 kJ/cm?

at each pulse duration, resulting in an irradiance, I = 108 — 10'* W/cm?.

Shielding Melt Flow

T+ 100 ps 1ns 10 ns 100 ns

Figure 1. Examples of dominant phenomenological temporal regimes in laser ablation. A = 1064 nm, 7 :

varied, wg = 10 um, F = 15 kJ/ cm?, Material: Ge, P = 1 atm, T = 300 K. Red bars are 100 pm length in each

image.

The optical images of damage effects are taken from laser ablation of Ge in air at 1064
nm wavelength with s spot size of 10 um (unless otherwise stated, wavelength is 1064
nm and the spot size for all cases discussed in this chapter is 10 um). The laser pulse
duration, 7, is taken as the full-width half-max (FWHM) of the temporal profile. The
details of that experiment are in Chapter 3. The red bar in each image is 100 mum, and
the dominant physical processes are listed at the top. For the purposes of the following
discussion, the pulse durations of interest are between 100 picoseconds (ps) and 100

microseconds (us). The occurrence of ablation depends on both the energy incident on
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the surface and the timescale over which it is applied. To facilitate direct comparison,
the fluence values here are nearly the same at each pulse duration, so that the discussion

is more focused on the temporal aspects of ablation.

2.1 Shielding Regime

Shielding in this context is typically defined as significant laser energy being ab-
sorbed by the plume of ejected material, and manifests itself in damage effects by a
plateauing of crater depth with increasing fluence[l]. The plume typically consists of
atomic and ionic species early in its evolution, where high temperatures (> 10* K) and
pressures (> 10° Pa) in the shock front prevent molecule formation[1]. The plume be-
comes ionized either by photoionization or collisions between the ejected atoms and
the background gas[2]. Photoionization dominates at shorter wavelengths, e.g. ultravi-
olet, whereas collisional ionization occurs more at longer wavelengths where it would
take many photons to ionize an atom in the plume|2].

Laser light is absorbed in the plume by inverse Brehmsstrahlung absorption, which
has a cross section that scales as A3, and thus affects infrared light more than ultraviolet[2].
In some cases, however, the elctron density is lower after ablation with longer wave-
lengths, which would decrease the amount of laser enrgy absorbed in the plume|[3]. The
absorption of laser light by the plume can increase the kinetic energy of the plume, re-
sulting in very high (Mach 40) forward-directed (i.e. towards the laser source) streaming
speeds, and increased lateral expansion|[1]. In the shielding regime, additional pulse en-
ergy gets absorbed in the plume, rather than removing more mass[4]. Shielding occurs
in vacuum and at ambient background pressure, and the higher pressure confines the
plasma at the surface, thus increasing the laser-plasma interaction|[5].

Figure 2 shows craters formed in the present study on Si (for reference, Figure 1

showed ablation of Ge) with fluences from =~ 0.03 — 15 kJ/cm? in the shielding regime. As



can be seen, the lateral extent of surface damage, most of which is superficial, is almost
2000 pum, or 2 mm, in diameter for the highest fluence. The extent of the central feature,
i.e. the crater, remains approximately the same, while the hole depth grows slightly. The
surface damage shows virtually no signs of melt displacement, and re-deposited (or re-

condensed) material appears to have been in the vapor phase.

O '? ’9
2000 pm

Figure 2. Craters from laser ablation in the shielding regime. A = 1064 nm, 7, = 100 ns, wg = 10 um,

F: varied, Material: Si, P=1atm, T =300 K.

At the high irradiances caused by short pulse laser ablation, structural effects, such

as cracking can occur as shown in Figure 3.

Figure 3. Structural cracks formed on InSb in the shielding regime. A = 1064 nm, 7, = 1 ns, wg = 10 um,

F = 3XkJ/cm?, Material: InSb, P =1 atm, T = 300 K.

Chapter 3 will show that shielding effects peak in the 1-100 ns regime, and fall off

dramatically on either side. At shorter pulse durations, the pulse is largely over before



the highly absorbing plume is formed|[6]. For longer pulse durations, if the pulse energy
is held constant, the intensity can be insufficient to evaporate and ionize significant ma-
terial during the pulse[7]. In the shielding regime, the plume content is almost entirely
atomic and ionic species, dominated by continuum emissions at short time delays after
ablation[8]. At longer time delays (tens of microseconds) when the plume temperature
decreases, molecules can form, and if there is oxygen in the background gas, oxides can
form as well[8]. Temporally- and spatially-resolved emission spectroscopy of the plume
(see [9, 10, 11]), as well as plume imaging (see [12, 13, 14]), provide details of the plume

evolution in the shielding regime.

2.2 Melt Flow Regime

As the pulse duration increases into the hundreds of nanoseconds, a significant por-
tion of the laser pulse interacts with liquid phase material, and bulk melt flow effects
can become significant[1]. Figure 4 shows crater scaling with increasing fluence in the

present study.

2000 pm

Figure 4. Craters from laser ablation in the melt flow regime. A = 1064 nm, 7, = 1 us, wo = 10 um,

F: varied, Material: Si, P=1atm, T =300 K.

In the melt flow regime, as the fluence is increased, the evaporation rate increases,

which in turn increases the recoil pressure on the melt layer, driving bulk flow[1]. At very



high fluences, significant melt ejection and splatter can occur[1]. Figure 5 shows such
effects on InSb after laser ablation with a 100 ns pulse, where the spot size was again

approximately 10 um, and the overall image is approximately 456 um across.

/ 100 pm

Figure 5. Significant splatter in the melt flow regime. A = 1064 nm, 7, = 100 ns, wg = 10 um, F = 3 kJ/ cm?,

Material: InSb, P =1 atm, T =300 K.

The interconnected effects of recoil pressure and melt displacement can cause sig-
nificant crater formation long after the pulse has ended[1]. It will be shown in Chapter 3
that the melt flow regime of laser ablation is where the largest craters are formed in this
study. At shorter wavelengths on metals, the absorption coefficient, a, can be as high
as 108 cm™! or more, and the laser light will be absorbed more at the surface which can
cause more efficient evaporation[15]. Semiconductors, however, can be weakly absorb-
ing over a large wavelength range and strongly absorbing near their bandgap[16]. Thus,

the optical properties of the material affect how deep the laser energy is deposited, and
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determines whether the heat source is treated as a boundary source (i.e. applicable to
metals) or a volume heat source (i.e. more applicable to dieletrics and semiconductors)[17].
However, even at slightly elevated temperatures, most semiconductors have additional
absorption processes, such as free-carrier absorption, that rapidly increase the coupling

of laser light to the material[16]. So the absorption coefficient must be considered with
wavelength and temperature dependence when interpreting experimental results.

In the melt flow regime, there is still a plume of ejected material, though typically
not as hot or highly ionized as in the shielding regime. Streaming speeds can still be
large since laser energy will likely be absorbed at the shorter pulse durations and higher
fluences, but not as high as the shielding regime. The atomic and ionic signals are less
than those in the shielding regime, and molecular plume content can form more easily
due to the lower temperatures and slower streaming speeds. The same spectroscopic

and imaging techniques can be used in this regime to characterize the plume evolution.

2.3 Heat Conduction Regime

At pulse durations long compared to the thermal timescale of the material (7 = L?/x,
where L is a characteristic length and « is the thermal diffusivity), significant energy is
lost to heat conduction[1]. While the melt volume can still be significant, evaporation is
reduced, and therefore recoil-pressure-induced melt displacement is correspondingly
subdued[1]. Figure 6 shows craters from this study with increasing fluence in the heat
conduction regime. In this regime, since the material has time to conduct the laser en-
ergy away as heat, craters scale poorly with fluence under most conditions[1]. Figure 6
shows 10 us ablation on Si, with no visible melt flow effects. However, the amount of
melt displacement also depends strongly on material parameters. At a constant irradi-
ance, the melt displacement effects would be more significant on InSb than Si, even in

the heat conduction regime, due to its lower melt temperature and lower heat of fusion.
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Figure 7 shows melt effects on InSb when the pulse is long compared to the thermal

diffusion timescale.

2000 pm

Figure 6. Craters from laser ablation in the heat conduction regime. A = 1064 nm, 7, = 10 us, wp = 10 um,

F :varied, Material: Si, P =1 atm, T =300 K.

Figure 7. Melt flow effects in the heat conduction regime. A = 1064 nm, 7, = 10 us, wy = 10 um,

F =17 kJ/cm?, Material: InSb, P =1 atm, T = 300 K.
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This scanning electron microscope (SEM) image of InSb shows considerable melt ef-
fects, some of which flowed back into the crater. It will be shown in Chapter 4 that melt
re-flow into the crater can cause diminishing hole depth with increasing fluence. An-
other notable effect that can occur in the heat conduction regime is extrusion formation
due to the thermocapillary effect[1]. Figure 8 shows such an extrusion formed in this

work on Ge at a fluence of 3 kJ/cm?.

Figure 8. Extrusions formed during laser ablation in the heat conduction regime. A = 1064 nm,

Tp =100 us, wg = 10 yum, F =3 kJ/cm?2, Material: Ge, P =1 atm, T = 300 K.

Similar extrusions are seen on materials with liquid phase densities higher than their
solid phase density. As the molten material cools, it expands up out of the surface[1]. In
the heat conduction regime, there is often a very weak or non-existent plume, due to
less evaporation occurring. It will be seen in Chapters 5 and 6 that aluminum monox-
ide (AlO) and titanium monoxide (TiO) emissions can still be seen while there is lit-
tle to no evidence of atomic or ionic emissions, suggesting comparatively lower plume
temperatures and pressures. In this regime, the signal is often too weak for spatially or
temporally resolved measurements, so average measurements are necessary to study

the plume. Unfortunately, average measurements do not provide the same quality and
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quantity of insights as the resolved measurements that can be made in the shielding and

conduction regimes.

2.4 Spatial and Temporal Beam Shape

To end this chapter, a brief discussion of the beam profile is necessary. Typically laser
ablation or laser-induced breakdown spectroscopy experiments use a Gaussian profile
in both space and time[1, 8]. Gaussian temporal profiles are common in many laser
systems, such as the ubiquitous Q-switched Nd:YAG, and a reasonable approximation
of hyperbolic secant profiles that can be produced by mode-locked lasers[18]. How-
ever, some laser systems, such as flashlamp-pumped Er:YAG, have very non-Gaussian
temporal distributions that can complicate attempts to compare results to other dam-
age experiments[19]. Other Q-switched and gain-switched laser systems can exhibit the
classic giant pulse temporal profile which begins with a large narrow spike followed by a
much longer envelope of relaxation oscillations[20]. Again, care must be taken to com-
pare ablation results between lasers with dramatically different temporal profiles.

Spatial beam profiles require the same attention. Often only the spot size is given,
and that is not always a commonly agreed-upon parameter[18]. For example, the spot
size can refer to the half width at the 1/e point of a Gaussian fit to the spatial intensity
profile (the approach this dissertation will mostly use), or it can refer to the 1/e? point.
Non-Gaussian spatial distributions can often be approximated by a Gaussian, with most
of the deviation occurring in the tails[21]. Typically a Gaussian TEMy, mode will have a
higher peak fluence than multi-mode or non-Gaussian fluence distributions, resulting
in narrower craters[22]. The spatial distribution of laser energy can induce complicated

melt flow effects, even if the pulse duration is short, as will be seen in Chapter 4.
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3. Laser Ablation of Metals and Semiconductors with 100 ps to 100 us
Pulses

Laser ablation of aluminum, silicon, titanium, germanium, and indium antimonide
at 1064 nm in ambient laboratory air with pulse durations ranging from 100 picoseconds
to 100 microseconds has been characterized with optical microscopy. Highly focused
spots of 10 um yields fluences of 0.004-25 kJ/cm? and irradiances spanning 4 x 105-101*
W/cm?. Single pulse hole depths range from 84 nm to 147 um. A quasi-one dimensional
thermal model establishes a set of non-dimensional variables for hole depth, fluence,
and pulse duration. For pulse durations shorter than the radial diffusion time, the hole
depth exceeds the thermal diffusion length by a factor of 1 to 100 for more than 90%
of the data. For pulses longer than this critical time, transverse heat conduction losses
dominate and holes as small as 10~3 times the thermal diffusion depth are produced. For
all cases, the ablation efficiency, defined as atoms removed per incident photon, is 1072
or less, and is inversely proportional to volume removed for pulse durations less than
100 ns. At high fluences, more than 10-100 times ablation threshold, explosive boiling is
identified as the likely mass removal mechanism, and hole depth scales approximately
as fluence to 0.4-0.5 power. The power-law exponent is inversely proportional to the
shielding of the laser pulse by ejected material, and shielding is maximum at the 1 ns
pulse duration and minimum near the 1 us pulse duration for each material. Using the
thermal scaling variables, the high-fluence behavior for each material becomes strik-

ingly similar.

3.1 Introduction

Laser ablation has been an intense area of research for over 40 years, with applica-
tions including materials processing, thin film deposition and characterization, space

debris remediation, and optical component damage testing([23, 24, 25, 26, 27]. Most of
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the recent research has utilized short wavelengths (<1064 nm) and short pulse durations
< 100 ns. Depending on experimental conditions, mass removal may occur via several
different mechanisms, including normal evporation, direct ion and electron emission,
or explosive boiling. Normal evaporation occurs when the energy deposited is sufficient
to raise the temperature of the material to the boiling temperature. At moderate fluence,
< 10J/cm?, nanosecond pulses lead to electron and positive ion emission[28]. This elec-
tronic ablation mechanism can delay the onset of thermal effects, leading to a dynamic
ablation threshold[28]. In contrast, explosive boiling or the phase explosion mecha-
nism, induces sample transparency and leads to a deeper, superheated layer, droplet
formation, and significantly greater mass removal.

The threshold for explosive boiling is considerably higher than typical ablation con-
ditions, occuring at 440 J/ cm? in Si for a 355 nm, 44 ns laser (11.5 GW/cm?)[29], and at
66 J/cm? in Si for a 266 nm, 3 ns laser (22 GW/cm?)[30]. Phase explosion has also been
observed at a considerably lower threshold, for example, in Al at 5 J/ cm? for a 1064 nm,
5nslaser (1 GW/cm?)[31], matching computational efforts [32, 33], and in graphite, nio-
bium and YBCO at 15-22 J/cm? for a 1064 nm, 3 ns laser (5-7GW/cm?)[34]. The threshold
fluence probably depends on pulse duration and wavelength, increasing at longer wave-
lengths and longer pulse durations(35, 36]. For example, explosive boiling has not been
observed in Si at 1064 nm for fluences as high as 40 J/cm?[35]. Material ejected during
explosive boiling in Si occurs near the critical temperature[31, 35]. Explosive boiling in
titanium has been investigated at irradiances between 1.397 and 1.450 GW/cm?, finding
that droplet size and ejected distance both increased with increasing pulse durations
from 200 to 250 ns([37].

The ablation process of converting incident photons to ejected atoms is inefficient.
Bauer, et al. showed that the ablation efficiency, defined as photons/atom, was 35-170

for UV ablation of Ti at 25 ns pulse duration[5]. Even at low fluences above the ablation
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threshold, significant shielding of the laser due to ejected material can occur, and ad-
ditional laser energy primarily goes into the initial shock front energy and velocity [14].
At fluences as high as 2000 J/cm?, ablation efficiency, defined as the hole volume rela-
tive to the laser pulse energy, ,um3/J, of picosecond and nanosecond Nd:YAG lasers on
aluminum increased as wavelength decreased[36]. That study also showed that the hole
depth saturated with fluence, but the hole volume grew linearly.

Substantial modeling efforts have tried to capture the diverse physical processes
present during laser ablation. For example, Zhang, et al. showed that phase explosion is
the dominant mass removal mechanism in aluminum ablation by 1064 nm 5 ns pulses
at fluences above 10 J/cm?[33]. Furthermore, plasma shielding plateaus as fluence in-
creases, and that the ablation rate (ablation depth per pulse) increases as background
pressure decreases[33]. For silicon ablation, Bulgakova et al., demonstrated that reflec-
tivity decreased with increasing fluence, heat conduction losses decreased with increas-
ing fluence, and the energy absorbed by the plume eventually plateaus as a function of
fluence[4]. Coupling the melt-phase flow and plume expansion dynamics provides a
useful tool to augment experimental investigations[38].

Most of the prior work is performed on a single material, with few comparisons
across metal and semiconductor materials in a single apparatus. Aluminum and silicon
have been studied extensively from a mass removal and hole depth perspective. Numer-
ous studies have investigated aluminum combustion and aluminum monoxide emis-
sions during laser ablation[39, 40] including Chapter 5 of this dissertation. Titanium
ablation research has been conducted primarily as a means to study titanium monoxide
emissions[41]. Bartoli et. al. studied thermal-based ablation of semiconductor ma-
terials and developed an extensive model that has been anchored with a few specific
experimental data points[17, 42]. The theoretical and measured damage thresholds for

germanium and silicon matched very well at 0.69 pm and 1.06 um wavelength[42]. The
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Bartoli model and experiments also do not predict or discuss mass removal and mass
re-deposition effects, and specifically that model does not include explosive boiling.
This experiment aims to investigate laser ablation for pulse durations of 100 ps to 100
ps on aluminum, silicon, germanium, titanium, and indium antimonide at a wavelength
of 1064 nm. The materials were chosen to provide a comparison of metals (aluminum
and titanium) to indirect semiconductors (silicon and germanium) to direct and com-
pound semiconductors (indium antimonide) spanning a wide variety of material ther-
mal and optical properties. A wide range of irradiances, 4 x 10* to 4 x 10 W/cm?, is
enabled by a variable pulse duration, excellent beam quality Nd:YAG laser. We seek an
appropriate choice of non-dimensional scaling factors to describe laser ablation across

diverse materials and experimental conditions.

3.2 Apparatus and Methodology

The experimental setup and representative beam profile is shown in Figure 9. A
Spectral Energies QuasiModo laser operating at 1064 nm was used to ablate the samples
because of its unique capability of providing continuously varied pulse durations from
100 picoseconds to 100 microseconds [43]. The laser consists of a quasi-continuous
wave (CW) source (Figure 9(a)), with portions of the desired pulse duration picked us-
ing an electro-optic modulator (EOM) in an arbitrary waveform generator (Figure 9(b)).
The pulse is then sent through a diode-pumped amplifier bank (Figure 9(c)) consisting
of two single-pass diode-pumped amplifier stages and one double-pass amplifier. Fi-
nally, the beam is focused through a pinhole in a vacuum cell to maximize beam quality.
The temporal pulse shapes are Gaussian, with the duration being defined as the full-
width at half-maximum (FWHM), and typical shot-to-shot variation in pulse duration
was less than 1% for all configurations. The pulse energy from the laser was a constant

100 mJ. Fluence on the sample was controlled by two half waveplates on rotation stages
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and polarizing beamsplitting cubes (Figure 9(d)), providing a dynamic range of over 10°.
The pulse energy at the sample was measured and averaged over many pulses to get the
pulse energy as a function of angle of the half waveplates. A 50.8 mm diameter, 60 mm
focal length lens (Figure 9(e)) was used to focus the beam onto the sample mounted on
a 3-axis MTN stage system from Newport (Figure 9(f)). The spot size, defined here as the
half-width at the 1/e point of a Gaussian fit of the measured spatial beam profile (in x
and y), was measured at the sample location (in z) with a pinhole. A full 3-dimensional
beam profile was measured to characterize the spot size as a function of focus (Figure
9(g)). The beam quality is good, with M’ 2 ~ 1.6 or better. The spot size was the smallest
at 8.8 um for the 100 us configuration, and the largest at 11.3 um at the 10 ns configura-
tion, with no clear dependence on pulse duration. Typical measurement uncertainty in

the spot size was 1 um.
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The aluminum, titanium, silicon, and germanium wafers were 25.4 mm diameter
and 0.5 mm thick, with single-side polished from MTI Corp. The indium antimonide
wafers were the same dimensions, but purchased from University Wafer. Each sample
was ablated with one shot per test site. A row of shots for each test case (e.g. pulse en-

ergy and pulse duration) was performed to provide statistical significance to the hole
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measurement. The post-ablation samples were analyzed with a Zeiss laser confocal mi-
croscope, with better than 10 nm accuracy and sub-micron repeatability in the vertical

and lateral directions.

3.3 Results

Figure 10 shows an example laser confocal microscope image of laser damage on ger-
manium with a 60 mJ pulse and a pulse duration of 1 us. With a spot size (defined as the
half-width at the 1/e point of a Gaussian fit of the spatial beam profile) of 10.9 um, this
corresponds to a fluence of 16 kJ/cm? and an irradiance of 16 GW/cm?. Images like this
were taken at 5 locations in each row of damage spots on each material. The high lateral
and vertical resolution and multiple objectives of the laser confocal microscope enables
the accurate measurement of not only hole depth, but also crater width, volume, and
splatter and material redeposition at distances up to 800 um from the laser spot cen-
ter. Crater features varied significantly over the experimental conditions. Low fluence
shots for each pulse duration created shallow craters (typically 1 um or less) whose spa-
tial extent approximately matching the radial beam profile. Pulse durations less than
10 ns showed very little splatter, while for longer pulse durations, splatter features in-
creased dramatically in both volume and distance from center spot. Some shots showed
evidence of phase explosion, which includes rough craters with peaks and valleys and
redeposited droplets[30, 44].

From the laser confocal image, depth profiles were determined as shown in Figure
11. The crater depth is the minimum value of h, and the crater volume is the volume
below the /2 = 0 line. For the 1 us case on Ge shown in Figure 10, the crater depth is 21.26
pum and the crater volume is almost 81,000 ym3. For comparison, the 13.99 J/cm? 10 ns

case on Ge produced a crater depth and volume of 1.12 um and 266 um?, respectively.
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Figure 10. Laser confocal microscope image of laser-induced damage. A = 1064 nm, 7, = 1 us,

wo =10 um, F =~ 16 kJ/cm?, Material: Ge, P = 1 atm, T = 300 K.
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Figure 11. Depth profile of laser-induced damage. A = 1064 nm, (-) 7, =1 ps and (-) 7 = 10 ns, wg = 10

um, (-) F =~ 16 kJ/cm? and (-) F = 14 J/cm?, Material: Ge, P = 1 atm, T =300 K.

Typical statistical uncertainty from averaging maximum hole depth of multiple shots
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was < 10%. The two main sources of error in fluence were uncertainty in the spot size,
and the zlocation of the target. The three-axis stages had a bidirectional position uncer-
tainty of less than a micron. For a spot radius of 10 um, this led to an approximately 10%
uncertainty in spot radius, or a 20% uncertainty in fluence (neglecting pulse-to-pulse
energy jitter of < 1%). Gaussian beam propagation with M? = 1.6, A = 1064 nm, and an
effective f/# = 1.7 yields a predicted diffraction-limited spot size of 2 um and a Rayleigh
range of zg = 25 um. A deviation in focus of Az = 10 um increases the spot size by nearly

10%.

3.3.1 Crater Depth

Figures 12-16 show the hole depth for aluminum, silicon, titanium, germanium, in-
dium antimonide, and aluminum, respectively. For all cases, the wide variation and
sparseness in ablation conditions preclude a careful examination of the ablation thresh-
old (either for normal ablation or explosive boiling). Hole depths on Al ranged from 861
nm at a fluence of 126.9 J/cm? and a pulse duration of 9.3 ns to 76.78 um at a fluence of
16.1 kJ/cm? and pulse duration of 1 us. Low fluence shots at all pulse durations showed
signs of slight melt displacement and resolidifcation. Higher fluence shots in the 100
ns and 1 us cases showed significant melt displacement up to 100 um from the center.
The 10 us shots showed less melt displacement, but several large droplets re-solidified
less than 50 um from crater center. Lutey found that the threshold for explosive boiling
increased approximately as the square root of pulse duration between 1 and 20 ns[32].
Assuming the trend holds to even longer pulse durations, the threshold for explosive
boiling at 1 us would be less than 100 J/cm?, so most of the data presented here likely

corresponds to explosive boiling.
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Figure 12. Hole depth from laser ablation with A = 1064 nm, 7,, = 10 ns (X), 100 ns (), 1 us (©), 10 ps (1),

wo = 10 um, F: varied, Material: Al, P=1 atm, T =300 K
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Figure 13. Hole depth from laser ablation with A = 1064 nm, 7, = 100 ps (), 1 ns (+), 10 ns (X), 100 ns (),

1 us (0), 10 us (1), wg = 10 pm, F : varied, Material: Si, P =1 atm, T =300 K.

For silicon, hole depths ranged from a minimum of 363 nm at a fluence of 2.8 kJ/cm?

and a pulse duration of 9.2 us to a maximum of 97.2 um at a fluence of 16.1 kJ/cm?
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and a pulse duration of 1 us. For the 100 ps and 1 ns configurations, the craters show
very little melt displacement and surface deformations usually much larger than the
beam’s spatial extent. High-fluence shots between 10 ns and 1 us show significant melt
displacement and evidence of splatter is seen up to 150 um from the crater center. The
1 ps 16.1 kJ/cm? case shows signs of multiple occurances of radial melt displacement,
resulting in distinctly seperate melt re-solidification regimes. This is consistent with the
“alternation of explosions" discussed by Martynyuk with regards to long pulse (i.e. not
Q-switched) laser-induced phase explosion[45]. The ablation threshold at 1064 nm and
a pulse duration of 20 ns is approximately 20 J/cm?[42] and the threshold for explosive
boiling at a 355 nm, 44 ns laser pulse is 440 J/cm?[29], thus it is likely that explosive
boiling is the primary mass removal mechanism for most of the experimental conditions

in this study.
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Figure 14. Hole depth from laser ablation with A = 1064 nm, 75, = 1 ns (+), 10 ns (X), 100 ns (), 1 us (0),

10 ps (£2), 100 us (), wg = 10 pm, F : varied, Material: Ti, P =1 atm, T = 300 K.

On titanium, the hole depths ranged from 85.4 nm at a fluence of 262.96 J/ cm? and

pusle duration of 9.19 us to 95.75 um at a fluence of 16.1 kJ/cm? and pulse duration of
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1 us. Like silicon, the shorter pulse durations resulted primarily in surface deformation,
and no melt displacement. The 10 ns also resulted in only surface deformation, with
the features seen nearly 300 um from the center. The 100 ns and 1 us configurations
showed signficant melt displacement, up to 150 um from crater center. These cases
showed the same multiple melt displacement events that were seen on silicon, as well.
Celen reported explosive boiling in titanium at 1064 nm and 200 ns at a fluence of 214
J/cm?[37], so it is again expected that most of the data presented here corresponds to

mass removal by explosive boiling.
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Figure 15. Hole depth from laser ablation with A = 1064 nm, 7, = 100 ps (), 1 ns (+), 10 ns (X), 100 ns (),

1 s (0), 10 us (X1), 100 us (), wo = 10 um, F : varied, Material: Ge, P =1 atm, T =300 K.

For germanium, the hole depths ranged from a minimum of 135 nm at a fluence of
155.4 J/cm? and a pulse duration of 90.5 ns to a maximum of 25.46 um at a fluence of
16.1 kJ/cm? and pulse duration of 1 us. Again the 100 ps and 1 ns cases showed wide area
surface deformation, rather than crater formation. The 10 ns through 1 us cases showed
significant melt displacement as well as repeated melt displacement events. Addition-

ally, the 100 ns and 1 us cases showed splatter deposited beyond the re-solidified melt.
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There is apparently no published literature on explosive boiling in germanium, but as-
suming its threshold is on the order of 10-100 times the normal ablation threshold, it is

likely that a significant number of experimental conditions produced explosive boiling.
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Figure 16. Hole depth from laser ablation with A = 1064 nm, 7, = 100 ps (), 1 ns (+), 10 ns (X), 100 ns (),

1 us (0), 10 us (X1), 100 us (), wo = 10 ym, F : varied, Material: InSb, P =1 atm, T =300 K.

Hole depths on InSb ranged from 197 nm at a fluence of 369.4 J/cm? and a pulse du-
ration of 95.2 us to 147.4 um at a fluence of 16.1 kJ/cm? and pulse duration of 1 us. The
100 ps and 10 ns cases showed shallow craters with surface deformation at distances up
to 800 um from center. The 1 ns case was particularly striking with surface deformation
seen over 1 mm from crater center, much further than on any other material in the cur-
rent study. The 100 ns and 1 us cases produced a comparatively large area of re-solidified
melt nearly 400 um across, with additional droplets splattered even further.

Table 1 shows the highest fluence where no measurable damage occurred for each
pulse duration on each material. In some instances, there was visual evidence of dam-
age, but it was not measurable, i.e. the feature depth was comparable the surface rough-

ness. In the table, a dash corresponds to a pulse duration where no measurable damage
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occurred for any fluence, and an asterisk denotes cases where the lowest fluence tested
produced measurable damage. Due to the coarseness of the steps in fluence, a more de-
tailed analysis of the ablation threshold is prohibited. As mentioned above, an in-depth

graphical analysis of crater morphology will occur in a separate publication.

Table 1. Highest tested fluence, F (J/cm?), that caused no measurable damage.

Tp Al Si Ti Ge InSb

100 ps - 28 - 13 *
1 ns - 371 * * *
10 ns 27 14 * * *
100ns 27 27 27 27 *
lpus 260 260 27 27 *
10us 2806 263 127 127 27

100 us - - 3227 127 127

3.3.2 Volume Removed and Ablation Efficiency

In addition to hole depth, the volume removed was measured with the laser confo-
cal microscope. Figure 17 shows the crater volume for all experimental cases on Ge. As
with hole depth, the largest volume removed occurs at the 1 us pulse duration. Typical
uncertainties in volume measurements were approximately 10%. Crater volume scaled
with fluence similarly to depth, with both measurements strictly increasing within ex-
perimental uncertainty for almost all cases. Increasing crater volume also coincided
with increased splatter size and distance from center of the crater. The volume removed
discussed here only includes mass removed from below the surface of the material, and

does not include melt displaced above the surface or redeposited matter.
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Figure 17. Hole volume from laser ablation with A = 1064 nm, Tp = 100 ps (o), 1 ns (+), 10 ns (X),

100 ns (0), 1 us (), 10 us (), 100 us (), wo = 10 pum, F: varied, Material: Ge, P =1 atm, T =300 K.

From the volume, the ablation efficiency defined as atoms removed per incident
photon was characterized. On germanium, for pulse durations less than 100 ns, the ab-
lation efficiency decreased with increasing fluence, while for the 100 ns and 1 us cases,
ablation efficiency increased as fluence increased. For 10 us and 100 us, there are fewer
data points and the trend is not as clear. The other materials followed similar trends
where data was available. Figures 18 and 19 show the ablation efficiency and volume
removed for the 10 ns and 1 us pulse durations on germanium, respectively. Table 2
summarizes the minimum and maximum volume removed and ablation efficiency for
each material. The maximum ablation efficiency corresponded to the maximum vol-
ume removed, which occurred at 1 us for each material. The minimum ablation effi-
ciency corresponded to the minimum volume removed for each material, occurring at

10 ns on Al, 10 us for Si and Ti, 100 ns for Ge, and 100 us on InSb.
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Figure 18. Ablation efficiency (x, left axis) and crater volume (o, right axis). A = 1064 nm, 7, = 10 ns,
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Table 2. Volume removed and ablation efficiency

Material Min Vol (um®) Max Vol (um3) MinEff  MaxEff

Al 347 96,000 1.3x1072 1.8x1072
Si 82 61,000 9.7x107° 9.6x1073
Ti 2 101,000 23x107° 1.9x1072
Ge 302 81,000 46x1073 1.0x1072
InSb 126 361,000 39x10™* 1.7x1072

It is worth mentioning that there are alternative definitions of ablation efficiency
that might be of use. For example, in describing the efficiency of a laser, the ratio of out-
put energy to input energy is typically used. In the present case, the values in Table 2
for maximum efficiency can also be converted to output energy (i.e. the mass removed
converted to energy via the heat of vaporization) relative to input energy (i.e. laser pulse
energy) from atoms per photon. The resulting ablation efficiencies for Al, Si, Ti, Ge, and
InSb are: 4.1%, 2.1%, 7.1%, 2.4%, and 6.5% assuming vaporization is the primary mass
removal mechanism. The relatively low efficiency implies that well above the ablation
threshold, most of the energy does not go into removing mass, but likely into plume
kinetic energy as in Reference [14] for short pulse durations, or conducted away into
the material for long pulse durations. Without plume imagery or time-dependent tem-
perature measurements, it is beyond the scope of this dissertation to ascertain where

specifically the rest of the laser energy went.

3.4 Discussion

The thermal response of a material to the absorbed laser energy is well-developed
in References [20, 46]. Thermal response generally controls ablation for pulse dura-

tions exceeding the electronic relaxation time, which is typically on the order of 1 ps
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for most materials[1], and should broadly apply to the current study. Given the high-
dimensionality and relative sparseness of the collected data set, scaling factors were
sought first to identify trends rather than attempt to accurately capture the many phys-
ical mechanisms involved. For a semi-infinite slab illuminated by a flat-top beam, in-
cluding axial (z- direction) and radial (r-direction) thermal diffusion, the temperature

rise at the center of the beam (r = 0) evolves as:

2I(1-R)

\/ 2%+ w3
AT(z,t) = (T\/Ktp) ierfc(  p—

1
41<tp m

—ierfc

z
NoTm
where I being the incident irradiance in W/m? and R the reflectivity, K is the thermal
conductivity in W/(m-K), « is the thermal diffusivity equal to K/pC with units m?/s, p
is the material density in kg/m3, C is the specific heat capacity with units J/ (kg-K), Iy is
the pulse duration, z is depth into the material, and w¢ is the beam extent in the radial
direction[20, 46]. The function ierfc is the integral of the complementary error function.
Radial (transverse) heat conduction is accounted for by the second term, whereas the
first term alone is appropriate for a uniform illumination with no radial diffusion. Con-
vection and radiative heat transfer contribute less than 0.3% and 1%, respectively for the
current experimental conditions.

Note that Equation 1 does not include phase changes or temperature dependent
properties and is intended to illustrate fundamental thermal scaling. Furthermore, it
does not include liquid-phase material parameters, such as viscosity. Again, for the pur-
poses of this chapter, first order scaling parameters are sought. Chapter 4 will discuss
the liquid-phase effects in more detail. Since the material absorptivity is not included in
Equation 1, it is assumed that the incident radiation is absorbed entirely at the surface.

The relative sizes of the thermal diffusion length, L (see definition below), the ab-

sorption depth, a~ !, and the spot size, wy, determine the dimensionality of the prob-
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lem. For example, if wy > L > a~!, then the problem is primarily one-dimensional
(i.e. wg > max(L, @~ 1)) and energy is absorbed at the surface and then conducted deeper
into the material (i.e. L> a !)[17]. If wg > a~! > L, then the problem is still one-
dimensional, but the energy is deposited over a length larger than the thermal diffusion
length, and the absorption depth becomes the primarily depth scale. Finally, if either
L>wgor a”! > w, then the problem is not one-dimensional.

Figure 20 shows the relevant length scales, L and a~ !, for the materials and pulse
durations in the current study with the absorption properties for 1064 nm wavelength
and a spot size of wy = 10 um. For all materials, wy > L up to approximately 1 us, and for
all materials except Si, wg > a~! (for all pulse durations, since the absorption coefficient
is not a function of time). For Si, however, the nominal absorption depth at 1064 nm
wavelength is orders of magnitude larger than both the thermal diffusion depth and the

spot size.
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Figure 20. Relevant length scales, L (solid lines) and « (dashed lines), for Al (-), Si (-), Ti (-), Ge (-), and

InSb (-) at A = 1064 nm. Spot size is wg = 10 um ()

The absorption coefficient of Si increases dramatically with rising temperature[47].
For the highly energetic pulses used in this study, temperature increases induced on the

leading edge of the pulse will lead to the rest of the pulse being absorbed much closer to
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the surface, and the quasi-one dimensional approximation becomes more reasonable.
Thus, for the purposes of this experiment, it is assumed that wy > a~! and the energy is
effectively absorbed at the surface for all conditions on all materials.

As for the thermal diffusion length during longer pulse durations (e.g. 7, > 1 us),
even though the thermal diffusivity of most materials tends to decrease with tempera-
ture (leading to a decrease in thermal diffusion length), the application of a quasi-one
dimensional model is no longer rigorously correct. However, the purpose of this ap-
proach is not to formulate a rigorous, predictive model of laser ablation, rather, the goal
is to provide the simplest data transformation in order to discern common features and
trends in the measured data. To that end, the quasi-one dimensional approach will be

used for the remainder of this dissertation.

Table 3. Material parameters and relevant physical scales

Al Si Ti Ge InSb
m (AMU) 27 28 48 73 237
p (kg/m3) 2700 2329 4500 5323 5775
L, (J/kg) 105x10° 1.28x10° 8.85x10° 458x10°  1.8x10°
Ly, (J/kg) 3.87x10° 1.8x10° 455x10° 4.78x10°  8.03 x 10*
K (W/m/K) 210 124 17 60.2 18
C (J/kg/K) 900 740 528 322 144
x (m?/s) 8.64x1075 7.19x107% 7.15x107% 3.51x107° 2.16x107°
v (mPa-s) 1.3 0.57 3.0 0.74 1.16
Ty (K) 933 1687 1941 1211 800
T, (K) 2743 3538 3560 3106 2127
T, (K) 6700 5160 5850 8900 5925
Fy, (J/cm?), £, = 100ns 7.14 6.42 3.31 3.18 1.45
L (um), t, = 100ns 2.94 2.73 0.82 1.87 2.07
ty (1S), wp = 10um 1.15 1.34 14.83 2.85 2.34

The material parameters and physical scales relevant to the current study are given
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in Table 3. Here, m is the atomic mass, p is the density, L, is the latent heat of vapor-
ization, L, is the latent heat of fusion (melting), K is the thermal conductivity, C is the
specific heat capacity, xk = K/pC is the thermal diffusivity, v is the viscosity, T}, is the
melt temperature, T, is the vaporization temperature, and 7 is the critical temperature.
For the current study, several physical scales are presented as well: Fy, is the fluence
threshold for vaporization for a 100 ns pulse duration, L = V/xt is the thermal diffusion
length, and ¢, = w%/ k is the thermal diffusion time relative to the incident spot size.
The latent heat of vaporization and vaporization temperature for InSb are estimated by
averaging the respective parameters for indium and antimony.

The transverse heat conduction is insignificant for shallow depths z < w such that

in Equation 1, 1/ 2% + w3 =~ wy and

ierfc( 0 )<<1 )

or

w
ty < — = ty. 3)
K

For a nominal spot size of 10 ym on germanium, #,, = 2.85 us. Thus for pulse dura-
tions less than £, radial diffusion is expected to be negligible during the pulse, but for
pulse durations greater than this value, conduction losses in the material are expected
to reduce mass removed. Radial diffusion is fastest for Al, but slow for Ti.

The energy required to vaporize a volume, V, of material assuming that all energy

goes into raising the temperature of the volume and causing phase changes is

E=p[C(Ty,—-T)+Lp+C(Ty—-Ty)+L,] V. (4)

The temperature near the surface and within the laser spot (i.e. for some 6z < wg) after
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the pulse duration, 7, is derived from Equation 1:

AT Sz, ty) = (%, /Ktp). 5)

where the transverse heat conduction term in Equation 1 has been dropped because
only shallow depths into the material are of concern for this threshold calculation (i.e.
zZ < wg). Equation 5 assumes nominal solid-phase material parameters, but for a first-
order threshold calculation, this is sufficient. Zero reflection at the surface (the reflec-
tivity of almost all materials decreases with increasing temperature) and no shielding of
the surface by the ionized plume (i.e. the shielding would not occur until the fluence
is above threshold anyway) are assumed. Multiplying the right hand side of Equation 5
by the density and specific heat results in the energy density required to vaporize a unit

volume of material:

2pCI

\/EK‘/KI =p[C(T,—To)+Ly+L,] (6)
which can be solved for I to find the vaporization threshold irradiance
Ithzgme /;[CAT+Lm+L,,]. )
p

According to Table 3, the heat of fusion, L,,, is typically an order of magnitude less
than L, for the materials of interest, so for an approximate threshold, it can be ignored.
The energy required to raise the temperature, pCAT, can also be left out because it is
typically much less than the heat of vaporization. For example, for silicon at an initial
temperature of 300 K, the energy required to raise the temperature to the vaporization
point is pCAT = 5.4 x 10° J/m3, or 22% of pL,, which can be ignored for a first-order
threshold calculation. With these assumptions, the irradiance and fluence thresholds

simplify to:
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Im = pLyy/— (8)

Fin Ity = pLy\/KEp. 9)

The fluence thresholds for a 100 ns pulse shown in Table 3 were calculated using
Equation 9. In order to interpret effects across different materials, fluences, and pulse
durations shown in Figures 13-12, non-dimensional scaling factors were developed. The
non-dimensional hole depth is
h

= (10)
K1,

h* =

=~ s

where h is the measured hole depth, and L is the thermal diffusion length during the
pulse duration, f,. This allows comparison of hole depth relative to both different ma-
terials (e.g. different x) and different pulse durations. Hole depth was chosen as the
primary response variable because the thermal model is quasi-one dimensional. The

non-dimensional pulse duration is

ty xt
=£=-_r (11)

tw a)g

t*
where 1), is again the pulse duration, and ¢, is the time it takes for heat to diffuse a length
equal to the spot radius, wy. Values for ¢, assuming a 100 ns pulse duration an a spot

radius (1/e) of 10 um are shown in Table 3. And finally, the non-dimensional fluence is

f*_ F B F
Fin va\/Ktp.

where F is the incident fluence and Fy, is the fluence threshold of the material at a par-

(12)

ticular pulse duration, p is the density, and L, is the latent heat of vaporization. Example
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values of Fy, assuming a 100 ns pulse duration are shown in Table 3. Intuitively, f* is a
measure of the excess fluence. Note that f* = 1 is the threshold for evaporation, and the
threshold for explosive boiling, or any other mass removal mechanisms, will likely occur
at higher values of f*.

The hole depth relative to the thermal diffusion length, h*, increase with fluence
above threshold, f*, for all materials as shown in Figure 21. The thermal analysis sig-
nificantly improves the correlation of the data and simplifies the material dependence.
The current study emphasizes fluences of 10 — 10° times the normal ablation threshold,
and approximately 0.5 — 10* times the threshold for phase explosion. Significant mass is

removed, with hole depths approaching 100 times the thermal diffusion length.
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Figure 21. Non-dimensional hole depth as a function of non-dimensional fluence. A = 1064 nm, 7 :

varied, wg = 10 um, F : varied, P =1 atm, T = 300 K. Inset: power-law fit of f* > 10 and ¢* < 0.1 data.

There are two prominent clusters of data in Figure 21. First, for £* > 1, almost all of
the data points have h* « 1, the scatter is significant, and there is no clear trend with
increasing f*. Second, for t* <« 1, the hole depths are much greater than the thermal

diffusion length, the scatter in the data is reduced, and the scaling with fluence appears
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to follow a power law form. This implies that somewhere in 0.1 < t* < 10 is a temporal
transition point between two distinct physical regimes.

Considering only data with t* < 0.1 and f* > 10, corresponding roughly to the onset
of explosive boiling, it is found that #* does indeed follow a power law of the form h* =
af*? with a = 0.18 £0.08 and b = 0.47 + 0.06. The uncertainty in the fit parameters
correspond to the 95% confidence intervals. Lutey found a similar power law depending
on the value of the shielding coefficient used in the model when fitting to experimental
data at 5 ns on Al from [31], with the power found to be between approximately 0.5 and
0.8[32].

Figure 22 shows h* versus t* for all materials and pulse energies. The distinct regimes
based on the pulse duration relative to the radial diffusion time of t* < 1 and ¢* > 1 are
again clearly visible. A vast majority (more than 90%) of the data resides in two quad-
rants of the graph. First, for t* <« 1, most holes have h* > 1, physically corresponding
to the situation where heat being deposited by the laser faster than it can be conducted
away from the laser spot. In this regime, for sufficiently high f*, explosive boiling is the
dominant mass removal mechanism, which requires that a volume be heated to near the
critical temperature for long enough to allow homogenous nucleation to facilitate ejec-
tion of the super-heated layer. Thus, the faster the heat is deposited and the slower the
heat is conducted away, the larger the 1™ is expected to be. Second, for t* > 1, almost all
of the data has h* < 1. Heat is conducted away from the laser spot area before tempera-
ture rises sufficiently to cause mass removal. Thus, for shorter pulse durations (relative
to the time it takes heat to conduct a length comparable to the spot size), the heat trans-
fer is more more one-dimensional, whereas for longer pulse durations, tran