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Abstract

Laser Ablation of Electronic Materials Including the Effects of

Energy Coupling and Plasma I nteractions

Xianzhong Zeng
Doctor of Philosophy in Engineering
University of California at Berkeley

Professor Ralph Greif, Chair

Many laser ablation applications such as laser drilling and micromachining
generate cavity structures. The study of laser ablation inside a cavity is of both
fundamental and practical significance. In this dissertation, cavities with different
aspect ratios (depth/diameter) were fabricated in fused silica by laser
micromachining. Pulsed laser ablation in the cavities was studied and compared
with laser ablation on aflat surface. The formation of laser-induced plasmas in the
cavities and the effects of the cavities on the ablation processes were investigated.
The temperatures and electron number densities of the resulting laser-induced
plasmas in the cavities were determined from spectroscopic measurements.
Reflection and confinement effects bythe cavity walls and plasma shielding were
discussed to explain the increased temperature and electron number density with
respect to increasing cavity aspect ratio. The tempora variations of the plasma

temperature and electron number density inside the cavity decreased more rapidly
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than outside the cavity. The effect of laser energy on formation of a plasmainside a
cavity was also investigated.

Propagation of the shock wave generated during pulsed laser ablation in
cavities was measured using laser shadowgraph imaging and compared with laser
ablation on aflat surface. It is found that outside the cavity, after about 30 ns the
radius of the expanding shock wave was proportional to t2°, which corresponds to a
spherical blast wave. The calculated pressures and temperatures of the shocked air
outside of the cavities were higher than those obtained on the flat surface.

Lasers with femtosecond pulse duration are receiving much attention for
direct fabrication of microstructures due to their capabilities of high-precision
ablation with minimal damage to the sample. We have also performed experimental
studies of pulsed femtosecond laser ablation on the flat surface of silicon samples
and compared results with pulsed nanosecond laser ablation at a ultraviolet
wavelength (266 nm). Crater depth measurements indicated that ablation efficiency
was enhanced for UV femtosecond laser pulses. The electron number densities and
temperatures of femtosecond-pulse plasmas decreased faster than nanosecond-pulse
plasmas due to different energy deposition mechanisms. Plasma expansion in both

the perpendicular and the lateral directions were studied.

Professor Ralph Greif, Committee Chair
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Chapter 1

INTRODUCTION

1.1 Laser-Material I nteractions. Overview

Experimental investigations of laser interactions with solid materials began
soon after the introduction of the first ruby laser in 1960. Since the 1970s, solid
state Nd:YAG lasers are commonly used for laser-material interactions research
because they are more stable and deliver optically superior beams. With the
development of the chirped pulse amplification technique [1] in the 1980s,
ultrashort laser pulse durations in picoseconds and even femtoseconds can be
achieved. The versdtility of solid state lasers, especially with variable pulse
durations and tunable wavelength, contributes to the tremendous progress in laser-
material interactions research and applications.

With the advanced lasers, laser processing of semiconductors,
microstructures and thin films began to attract enormous interest since the late
1970s. For example, a recently developed laser-assisted micro-stereolithography
technique [2] can produce highly precise, three-dimensional microstructures
(Figure 1), providing an engineering platform for various applications, such as
Microelectromechanical Systems (MEMS). Laser-assisted techniques in these areas
include laser annealing [3], laser cleaning of surfaces [4], lithography [5], etching

[6] and drilling [7].
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Figure 1.1 Complex microstructures fabricated by laser-assisted

microstereolithography process.

In order to continue semiconductor device scaling and improve device
performance, shallow and abrupt junctions with low sheet resistance are required
for the source and drain extensions to reduce the parasitic resistance [8]. For
conventional thermal annealing, low sheet resistance is limited by solid solubility
and abruptness is limited by implantation and diffusion mechanisms. Laser
annealing can be an attractive candidate for making box-shaped highly-doped
ultrashallow source and drain extension junctions [9,10,11]. Device performance
can be further improved for smaller gate length and thinner gate oxide devices with
laser annealing because Source/Drain is a substantial fraction of the overall device
resistance in this case.

Mass remova and plasma formation often occur when a target material is
irradiated by a high-power laser beam. Laser ablation [12] refers to this explosive
laser-material-interaction. The mass removed and laser-induced plasma are

dependent on the laser beam parameters (pulse duration, energy, and wavelength),
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the solid target properties and the surrounding environment. Laser ablation is a
powerful technology for direct material analysis [13], thin film deposition [14],
micromachining [15] and medical applications[16].

Laser ablation is an excellent technology for directly vaporizing solid
samples for elemental analysis with inductively-coupled plasma atomic emission
spectroscopy and mass spectrometry. In laser-induced breakdown spectroscopy
(LIBS), alaser is used to ablate and atomize materia from a sample and to create a
plasma whose emission is used to identify and quantify elements within the sample.
The ability to nondestructively analyze unprepared samples makes LIBS a highly
versatile analytical technique. Its range of applications is growing rapidly,
including environmental [17, 18], art [19] and medical [20] analyses.

Pulsed-laser deposition (PLD) uses laser pulses to ablate materia from a
target and deposit it onto a substrate. Pulsed laser deposition of thin films offers
several advantages over conventional methods such as chemical vapor deposition
or physical vapor deposition. It is a clean and fast process. The film thickness can
be precisely controlled. Stoichiometry of deposited films can be controlled by
selecting shorter wavelengths and shorter pulses[21].

Compared with traditional wet or dry etching, laser micromachining has the
advantage of direct-write capability which saves the expensive lithography steps.
Laser micromachining can aso enable three-dimensional fabrication of
microstructures. Presently, lasers with femtosecond pulse duration are gaining more

attention for micromachining as the pulse duration is less than the typica
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thermalization characteristic time of a few picoseconds. Due to a much smaller
thermal diffusion depth, high-precision ablation and minimal damage can be
obtained with femtosecond lasers [22, 23]. Figure 2 shows a Scanning Electron
Microscope (SEM) photograph of a hole drilled by a femtosecond laser in a steel
foil. Because of its short pulse duration, the femtosecond laser beam does not
interact with the laser-induced plasma. Absorbed laser energy is fully deposited on

the target and higher efficiency of material ablation can be obtained [24].

Figure 1.2 SEM photograph of ahole drilled in asteel foil with 200 fs, 120 pJ

laser pulses at 780 nm.

Efficient use of lasers for material processing requires the fundamental
knowledge of the interactions of the laser radiation with matter. Coupling intense
electromagnetic energy of alaser pulse with a target material can result in melting,

vaporization, gection of atoms, ions, and molecular species, as well as shock wave
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formation and plasma development [25]. Figure 3 is a laser shadowgraph image of
laser ablation of fused silica which shows gjection of target materials as well as a

laser-induced plasma.

Figure 1.3 Laser ablation of fused silica at time of 110 ns and irradiance of
210 GW/cm?. The nanosecond laser beam was focused on the sample to &

spot diameter of ~50 micronsin air.

In high-power laser ablation, a laser-induced plasma can influence the
ablation process greatly. The expanding plasma can interact with the later portion
of the laser pulse and thereby reduce the laser energy reaching the target surface.
Mao [26] reported that a high electron density plasma formed during picosecond
laser ablation is responsible for the reduction of mass removal at high laser
fluences. The dynamics of plume expansion is aso important for the pulsed laser

deposition process and nanoparticles generation.
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The primary research in this dissertation is the ablation process in cavity
structures. In many laser—material interaction applications such as micro-machining
and solid sampling for chemical analysis, cavity structures with specific aspect
ratios (depth-to-diameter ratio) develop after repetitive pulses irradiate the same
target location. As a consequence, the laser interaction is with the resulting cavity
structure, rather than the flat surface. Although most theoretical investigations have
been devoted to laser ablation on a flat surface, the fundamental processes of laser

interactions with a cavity structure remains largely unexplored.

1.2 Scopeof Research

The scope of this research was to investigate laser ablation inside cavity
structures, in particular, to study the laser-induced plasmas that developed inside
and outside cavities of different aspect ratios. The effects of cavity aspect ratio and
laser energy on plasma properties were investigated. The temperature and electron
number density of laser-induced plasmas were measured and found to be much
higher and to decrease faster for a plasma inside a cavity than that from a flat
surface. Cavity wall influences on the plasma expansion are discussed.

Femtosecond lasers have the advantage of minimizing thermal effects
which is important for applications such as laser micro-fabrication. In addition to
the studies of laser plasmas in cavities, this research also includes comparisons of
ultrafast laser plasmas between femtosecond and nanosecond laser ablation on a

flat surface.
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The dissertation is organized as follows. In chapter 2, the effects of cavity
aspect ratio on laser-induced plasma properties are investigated. The temperature
and electron number density of laser-induced plasmas in fused silica cavities are
determined using spectroscopic methods. Chapter 3 presents experimental
investigation of the effect of laser energy on formation of the laser plasma inside
the cavity. In chapter 4, measurements of the propagation of the shock wave
generated during pulsed laser ablation in cavities are reported using laser
shadowgraph imaging and compared with laser ablation on aflat surface.

Chapter 5 presents experimental investigation of ablation efficiency and
plasma expansion during femtosecond and nanosecond laser ablation of silicon at
ultraviolet wavelength (266 nm). Laser ablation efficiency is studied by measuring
crater depth as a function of pulse number. The temperature and electron number
density of the pulsed laser-induced plasma are determined from spectroscopic
measurements. Plasma expansion is studied with laser shadowgraph imaging
technique.

Chapter 6 includes the conclusions of the present study and a

recommendation for future research directions.
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Chapter 2

I nfluence of cavity dimensions on laser-induced plasma properties

2.1 Introduction

Depending on the laser intensity, laser ablation of solids involves processes
of heating, melting, vaporization, gection of atoms, ions and molecules, shock
waves, plasma initiation and plasma expansion. The amount of laser energy
coupled into a material influences the amount of mass removed, its temperature,
phase, and degree of ionization [1]. Many laser—material processes produce cavity
structures; e.g. laser drilling, micromachining, and depth resolved chemical
analysis [2, 3, 4]. Laser beam energy coupling to a solid was found to increase as a
cavity was formed in atarget [5, 6]. The increase in energy coupling was related to
the cavity depth-to-diameter (aspect) ratio. For an aspect ratio varying from 0 to 5,
the amount of energy coupled increased approx 10 times compared to the energy
coupled to aflat surface[5].

Elemental depth variations in solid samples are important for micro
analytical applications; for example, analysis of inclusion spatial heterogeneity, and
elemental diffusion. Previous work [7, 8, 9] showed that the cavity aspect ratio
influenced elemental fractionation, a process during which elements are selectively
ablated; the ablated mass composition is not the same as the solid. For some
elements, fractionation became significant when the cavity aspect ratio was greater

than six [7]. Mechanisms to describe the effect of the cavity aspect ratio on
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fractionation have not been established. Because the plasma is restricted in the
cavity a early times, it may have a larger electron number density and be a a
higher temperature compared to a plasma produced at a flat surface. At higher
temperatures, the plasma can transfer heat more effectively to the cavity walls. Low
melting/vaporization point elements may be selectively removed from the sample
by a plasma heating process [7]. As the aspect ratio increases, plasma heating may
become the dominant sampling process.

In this chapter, plasma properties were measured inside and outside of
prefabricated cavities in fused silica samples. The spatial distribution (up to 1 mm
above the target surface) of the plasma temperature and electron number density
were determined by measuring the Stark broadening of the Si emission lines and

the relative line-continuum ratio at times from 60 to 300 ns after the laser pulse.

2.1 Experimental System

A diagram of the experimental system is shown in Figure 2.1. A 266 nm
Nd:YAG laser (Coherent, Infinity) with a 3-ns pulse width was used as the ablation
laser. The laser beam was focused vertically onto the sample with a quartz lensto a
gpot diameter of ~50 microns in air at 1 atm. pressure. The pulse energy was
measured using a pyroel ectric detector and a joulemeter. A second lens was used to
image the laser-induced plasma horizontaly onto the entrance dit of a Czerny-
Turner spectrometer (Spex Industries Model 270M). Spectral emission was

detected by an Intensified Charge-Coupled Device (ICCD) system which consists
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of a thermoelectrically cooled CCD (EG&G Princeton Applied Research Model
OMA VISION) with 512x512 pixels and a Microchannel Plate (MCP) image
intensifier. This detection system provides a spectral window of ~13 nm and
resolution of typically 0.125 nm, using an entrance dlit width of 20 micron and
grating of 1800 grooves/mm. The spatial resolution of the ICCD spectrometer plus
lens arrangements was 11 microns per pixel. The dark current background of the
CCD detector was subtracted from the measured spectroscopic data for each

measurement.

mirror  peam splitter 1

266 nm
|aser

photodiode energy meter |
trigger

lens 2

plasma
oscilloscope — -0 — —q spectrometer ‘
sample

Figure 2.1 Experimental system for spectroscopic measurements of laser-
induced plasma.
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Gating the ICCD and changing the delay time enables the spectra to be
temporally resolved. The gate width and time delay were controlled by the OMA
SPEC 4000 software (EG&G Princeton Applied Research), and synchronously
triggered from the Nd:Y AG laser. A photo diode and a digitizing oscilloscope were
used to calibrate the time delay. The gate width was set at 30 ns.

Fused silica was cut into samples of 2 mm width and 2 mm height, and
placed on an xyz translation stage. Cavities were pre-fabricated using using
Gaussian beam nanosecond laser ablation, by varying the lens-to-sample distance
(spot size), energy, and number of pulses. Three cavities with the same depth of
about 0.5 mm, and different diameters were obtained by repetitive laser ablation to
produce aspect ratios of 1, 3 and 6 (Figure 2.2). A white-light interferometric
microscope (New View 200, Zygo Corporation) and CCD camera system were
used to measure the cavity dimensions. All three cavities narrowed towards the
bottom, and cavity walls were not smooth due to fracturing. Single pulse laser
ablation was performed at the bottom surface of these cavities. The plasma
properties measured in the cavities were compared to those from ablation at the flat
sample surface. The spot size and energy (fluence) were equa when the laser beam

was incident on the flat surface and on the bottom surface of each cavity.
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Fig. 2.2 Cavities formed during repetitive laser ablation in fused silica. (a) 80-
micron diameter, 480-micron depth cavity formed after 700 pulses laser ablation at
an irradiance of 2.9 GW/cm?. (b) 165-micron diameter, 485-micron depth cavity
formed after 850 pulses laser ablation at an irradiance of 2.1 GW/cm?. (c) 490-
micron diameter, 480-micron depth cavity formed after 1100 pulses laser ablation
at an irradiance of 1.5 GW/cm?. The bold lines are schematic cross-sections of the

cavities.

2.3 Resaultsand Discusson

2.3.1 Spectral lineanalysis

The silicon emission line Si(I) at 288.16 nm was measured for diagnosing
plasma properties. Figure 2.3a shows the spectra from single pulse laser ablation
inside a cavity of 160-micron diameter at 100 ns time delay. The plasma spectra
from ablation on a flat surface using the same laser conditions are shown in Figure

2.3b. Inside the cavity, the spectra have a wider Full Width at Half Maximum
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(FWHM) and greater emission intensity. The maximum emission intensity from the
cavity plasma occurs 0.9 mm above the cavity bottom (0.5 mm depth). The location
of maximum emission intensity occurred at 0.6 mm above the flat surface.

Stark line broadening from collisions of charged species is the primary
mechanism influencing these emission spectra. The Lorentz function can be used to
fit these spectraand is expressed as[10]:

2A w
Y=Y t—

31
T Ax—x, )" +w &4

where w is the full width at half maximum, X; is the center wavelength, y; is the
background emission, and A is the integrated area of the emission line. The values
of these parameters were obtained by fitting the spectral lines (as shown in Figure
2.4) and were used to deduce the electron number density and temperature of the
plasmas.

Other contributions to spectral line broadening were considered. Doppler

broadening due to the random thermal motion of the emitters was estimated by

_ -7 1/2
Wy, =7.16x107A(T/M) , Wwhere M is the atomic weight, T is the plasma

using
temperature in Kelvin, and A is the line wavelength [11]. As will be shown below,
the calculated highest plasma temperature was less than 60,000 K. The calculated
Doppler effect will cause a change in line-width for Si(I) 288.16 nm of less than
0.01 nm. Compared with the total line widths (usually about 1 nm), the Doppler

effect can be ignored. Resonance broadening is neglected since the atomic Si(I)

288.16 nm lineis not a resonance transition [10].
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Cavity bottom is at -0.5 mm

0
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Fig. 2.3 (a) Spatia distributions of plasma emission from the 160-micron

diameter cavity (depth 480 micron) in silica at wavelength of Si(1) 288.16 nm

and time of 100 ns. Irradiance was 15.9 GW/cn?.
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Fig. 2.3 (b) Spatia distributions of plasma emission from the flat surface at

wavelength of 288.16 nm and time of 100 ns, irradiance was 15.6 GW/cm?.

42



1.5x10™ - !

£ 1.0x10"

8

L

-y

a1 .

@ 5.0%10° -

£

Y::
I:ll:] T T T T T . 1
286 285%. 290 262

Wavelength (nm)

Figure 2.4 Lorentzian fitting of the Stark broadened profile for Si 288.16 nm. The
full width half maximum (FWHM) was used for the calculation of the electron
number density. The ratio of the integrated spectral line intensity (A) and
continuum intensity (yo) at the center wavelength (x.) were used for the calculation

of plasmatemperature.

2.3.2 Electron number densitiesand Plasma temperature
The FWHM of Stark broadened lines is related to the electron number

density ne by the expression [12]:

1/4
_ Ne Ne CINE 2
Ady, = 2\N(1O16 j{1+1.75ﬁ(1016j (1—ZND”3ﬂ (2.2)

where Np is the number of particlesin the Debye sphere and is estimated from:
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3/2
N, =1.72x10° T (2.3)
n

e

where T isineV and n_ isincm™,

Under the assumption of local therma equilibrium (LTE), the electron
temperature T, can be assumed equal to the excitation temperature Tex, Namely Te =
Texe =T. Therefore, the plasmatemperature T can be determined by the relative line-

to-continuum intensity ratio using the following equation [13]:

o B ~E:—AE
4 y=c Pud Ao KT, (2.4)
€ " Z, AT, —hc —he
¢ el l—exp | +Gl exp_—
KT, JKT,

where & is the continuum emission coefficient and g is the integrated emission
coefficient over the line spectral profile. The ratio &/g can be calculated from the
integrated line intensity and continuum intensity at certain adjacent wavelength
positions. A., 4 are the continuum and center wavelength of the spectral line,
respectively. By using a Lorentz fit, the position was obtained, so 4 = A¢. Z; isthe
partition function for ions, and must be calculated as a function of temperature. Ay
is the Einstein transition probability of spontaneous emission, and E; is the
ionization potential. E; and g, are upper level energy and degeneracy, respectively.
AEi isthe lowering of the ionization potentia of atoms in the presence of afield of

ions and is small enough to be neglected. G is the free-free Gaunt factor, and & is



the free-bound continuum correction factor. The parameters used for T, and n. are

listed in Table 1 [14, 15].

Table 1. The parameters used for plasma temperature and electron number density
calculations

A,(10°s™) g, E,(eV) E(ev) ¢ G W(nm) A C, (sK)

1.9 3 5028 8151 14 1 0848x10°% 0.027 2005%10°
[14]

The partition function is given by [16]:

E
= ) — 2.5
Z(T) Ei g, exp( ij (2.5

where g; isthe degeneracy or statistical weight of thei-th energy level E;.
g=2)+1 (2.6)
and J; is the angular momentum quantum number of the level. E; and J; values were
obtained from the NIST data bank [17]. The partition function of singly-charged
silicon ions was calculated for the temperature interval from 6,000 to 60,000 K and
was approximated by afifth-order polynomial:
Z(T) =5.33707 +1.05984Y — 0.87284Y * + 0.32479Y *® + 0.02802Y * — 0.00578Y °
(2.7)
where Y = T x 10 K. The calculated partition function values agree with those
reported in ref. 18 to within 0.5% for temperatures between 6000 and 12000 K

(greatest temperature range available in literatures).
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The lower limit for the electron number density needed to collisionally
maintain the energy-level populations to within 10% of LTE while competing with
radiative decay is[10, 19, 20]:
n,(cm™) > 1.4x10" (kT )? AE® (2.8)
where T is the temperature and AE is the energy difference between the upper and
lower states. For the Si(I) transition at 288.16 nm, AE = 4.3 €V, and at the highest
temperature kT = 4.9 eV, the lower limit for ne is 2.5x10' cm™, which is
approximately two orders of magnitude lower than the value of ne deduced from
Stark broadening. Therefore, the validity of the LTE assumption is supported.

Using the Saha equation and the calculated electron number density, the
first ionization level of Si will be dominant when the plasma temperature is less
than 2.5 eV. When the plasma temperature is greater, ionization will shift toward
higher levels and electron collisions with higher ionization states will contribute to
continuum radiation, the temperature calculated from Eq. (2.4) may be greater than

the accurate plasma temperature.

2.3.3 Effect of cavity aspect ratio
Single pulse ablation was performed in the three cavities and at the flat
surface of the sample; data are shown in Figure 2.5a (plasma temperature) and

Figure 2.5b (electron number density) for a delay time of 100 ns.
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The plasma temperature and electron number density are greatest in the
largest aspect-ratio cavity. As the aspect ratio decreases, the plasma temperature
and electron number density in the cavity approach the flat surface condition. For
the largest aspect ratio, the plasma temperature decreases from 38000 K (in the
cavity) to 30000 K (1.5 mm above the cavity bottom); electron number density falls
from 2x10™ to 5x10™ cm. On aflat surface, the plasma temperature and electron
number density are much lower, 20000 K and 2x10™ cm™, respectively, and do not
change as much with distance from the surface.

Overdl, the temperature and electron number density are greater for laser
ablation in a cavity compared to flat surface ablation. Comparing the data at 0.2mm
above the cavity bottom with the data at 0.2mm above flat surface, ne is ~10X and
T isonly ~2X in the cavity with aspect ratio of 6. These results are believed to be
related to reflection and confinement effects by the cavity walls and plasma
shielding (absorption and/or reflection of the laser beam by the plasma). Once the
plasma is initiated in the cavity, its lateral expansion is confined; electron number
density increases greatly, leading to enhanced absorbing of the trailing part of the
laser pulse. Additional electrons will be produced via el ectron-neutral, electron-ion
inverse bremsstrahlung, and photoionization [21]. The absorbed energy is
converted into internal energy of the plasma. Since the plasma temperature is much
higher than the surrounding wall temperature, its internal energy decreases quickly
by radiation and other methods. Thus, at 100 ns, plasmatemperature isonly ~2X in

the cavity compared with ~10X electron number density. Increased plasma
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temperature and el ectron number density in cavities has been reported [8, 9]. Jeong,
et a. [6] reported an increase in coupled laser-beam energy by multiple-reflections
of the cavity walls utilizing a photothermal deflection measurement technique.
Shannon’s [5] radiative cavity analysis demonstrated that energy coupling in a
cavity increased with increasing aspect ratio, consistent with the data measured

here.

2.3.4 Temporal evolution of plasma properties

Figure 2.6 shows the spatial plasma temperature and electron number
density inside and outside of a cavity and for the flat surface at three different
times, 100, 150 and 265 ns. Both plasma temperature and electron number density
are higher inside the cavity than outside the cavity at times of 100 and 150 ns.
However, at 265 ns, the electron number density inside the cavity drops below the
value outside the cavity, and the plasma temperature inside the cavity approaches
the plasma temperature outside the cavity. The plasma temperature and electron
number density decrease with time for both the cavity and flat surface. However,
the plasma temperature and electron number density in the cavity decrease at a
faster rate than for the plasma outside of the cavity and on the flat surface,

especialy during early times ( t = 100~150 ns).
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Figure 2.6 (a) Temporal evolution of plasma temperature vs. distance from surface.

Compare cavity (Diameter 85 micron, depth 500 micron) and flat surface ablation

results, irradianceis 7.95 GW/cm?.
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To compare the tempora evolution of the plasmas, we selected two
locations for the cavity and one location for the flat surface (Figure 2.7). Location
A isinside the cavity at a height 0.2 mm above the bottom surface, location B is
outside of the cavity at a height 0.7 mm above the bottom of the cavity. Location C
is 0.2 mm above the flat surface. Location A and C are equa distance above solid
material.

The plasma temperature and electron number density in the cavity at
location A are higher than both outside the cavity at location B and for the flat
surface at location C. Plasma temperature and electron number density in the cavity
(A) decrease faster than both outside of the cavity (B) and from the flat surface (C).
As the plasma expands there is a sharp decrease of the temperature and electron
number density inside the cavity at A. Outside of the cavity, the temperature and
electron number density at B decrease at a similar rate to the plasma from the flat
surface generated at C.

An adiabatic model is often used to describe laser-induced plasma
expansion [21, 22, 23]. For an adiabatic expansion, the expressions for plasma
temperature and electron number density as afunction of time are: [10, 21]

T(t) t—2a(;/—1)/[a(;/—1)+2], n,(t) o t 2 lla(y-1)+2] (2.9)

where y is the ratio of specific heat capacities at constant pressure to constant
volume, and « isthe flow dimensionality: 1<a<3[21, 22, 23].
The plasma at location C from laser ablation on the flat surface gives:

T oc t 054004 [y o 10951006 (2.10
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Figure 2.7 (a) Tempora evolution of plasma temperature inside and outside of the
cavity. Cavity diameter is 80 micron and depth 480 micron. Irradiance is 7.67

GW/cm?.
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Figure 2.7 (b) Temporal evolution of electron number densities inside and outside
of the cavity. Cavity diameter is 80 micron and depth 480 micron. Irradiance is
7.67 GW/cm?.
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Solving for oo and y yields:
a=1.30+0.12, y= 1.57+0.08 (211)

The calculated values of « and y are within experimental error to the values
obtained by Liu, et a. [10]. The caculated dimensionality 1.30 supports
preferential spatial expansion in the direction perpendicular to the target [21, 22,
23]. The calculated y value, 1.57 is close to the specific heat for an ideal gas of 5/3.
Therefore, an adiabatic process can be used to describe the plasma expansion for
this experiment.

Plasma expansion outside the cavity at location B gives:

T oct —0.5210.03, Ne oC t -0.98+0.05 (212)

From equations (9) and (12),

a = 1.32+0.09, = 1.53+0.06 (213)

which are close to the flat surface results above. Thus, after the plasma expands out
of the cavity, an adiabatic model can describe plasma temperature and electron

number density variations.

For the plasmain the cavity at A,

T oc t—l.0810.04’ ne ot -1.51+0.06 (214)
Therefore,
a=3.31+0.17, y=1.72+0.05 (2.15)

The dimensionality value is greater than 3 (3-Dimension expansion), which
indicates that an adiabatic expansion model is not suitable for the laser-induced

plasma in a cavity. To describe the processes of a laser-induced plasma in cavity
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and account for the sharp decrease of plasma temperature and electron number
density (cf. Figures 6a, 6b), plasma wall interactions should be included in the
expansion model analysis. Energy from the plasma can be transferred to the wall by
any of the four mechanisms: (1) normal eectron heat conduction, (2) eectron-ion
(exothermic) recombination on the cavity walls, (3) short-wavelength thermal
plasma radiation, and (4) condensation of vapor that moves to the surface due to the

plasma pressure [2].

2.4 Conclusions

The formation of a laser-induced plasma inside a cavity and the cavity
effects on plasma expanson were investigated. The temperature and electron
number density of alaser-induced plasma inside a cavity were greater than outside
of a cavity. When the aspect ratio was six, the plasma temperature inside the cavity
was twice that for flat surface ablation and the electron number density was a factor
of 10X greater. As the aspect ratio decreased, the plasma temperature in the cavity
approached the surface results. Plasma wall interactions must be considered to
describe the plasma in the cavity and explain the sharp decrease of plasma
temperature and electron number density inside the cavity. As time increased, the
plasma temperature and electron number density inside the cavity decreased faster
than outside of the cavity; an adiabatic model was not suitable to describe the

plasmain the cavity because plasmawall interactions were not included.
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Chapter 3

Dependence of Propertiesof Laser-Induced Plasmain a Cavity on
Laser Irradiance

3.1 Introduction

In chapter two, the laser induced plasma in a cavity was found to have a
larger electron number density and to be at a higher temperature compared to a
plasma produced on a flat surface. In this chapter, the influence of crater formation
on the plasma characteristics at different laser energy levels was investigated.

The amount of laser energy absorbed by a material influences the amount of
mass removed, its temperature, phase, and degree of ionization in the plasma [1].
Jeong, et a. [2] reported an increase in coupled laser-beam energy by multiple-
reflections of the cavity walls, utilizing a photothermal deflection technique to
measure the refractive index change of the ambient medium adjacent to the sample.

With increasing laser irradiance, a dramatic change in the plasma
characteristics and a sharp increase of mass removal were observed using high
power nanosecond lasers and silicon samples [3, 4]. The threshold irradiance was
about 20 GW/cm?. Explosive boiling was proposed to explain these changes. Since
energy coupling and plasma properties are related to the cavity aspect ratio, it is of
interest to study how the threshold irradiance of explosive boiling is influenced by
the cavity aspect ratio.

In this chapter, plasma properties were measured at different laser

irradiances for laser ablation in fused silica cavities with different aspect ratios and
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compared to flat surface data. The irradiance range was 2 — 40 GW/cm?. The spatial
distribution (from the bottom of the cavity to a height 1 mm above the target
surface) of the plasma temperature and electron number density were determined
by measuring the Stark broadening of the Si emission lines and the relative line-

continuum ratio at atime of 30 ns after the laser pulse.

3.2 Experimental System

The experimenta setup for spectroscopic measurements of plasma
properties has been described in chapter 2 (Figure 2.1). Briefly, A 266 nm Nd:YAG
laser with a 3-ns pulse width was used as the ablation laser. A Czerny-Turner
spectrometer was used to measure the silicon emission line Si(I) at 288.16 nm for
diagnosing plasma properties.

Two cavities with the same depth of about 0.5 mm, but different diameters
(230 micron, 250 micron) were fabricated with aspect ratios of 2 and 4. A white-
light interferometric microscope (New View 200, Zygo Corporation) and CCD
camera system were used to measure the exact cavity dimensions. Single pulse
laser ablation at different laser energies was subsequently performed at the bottom
surface of the cavities. The plasma properties were measured in the cavities
(spectra were obtained from emission passing through the transparent cavity walls)
and were compared to those from ablation at the flat sample. The spot size
(fluence) was equal when the laser beam was incident on the flat surface and on the

bottom surface of each cavity.
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3.3 Resaultsand Discussion

The typical spectral lines from ablation inside a cavity versus a flat surface
are shown in Figure 3.1. The spectral lines were measured at a distance of 1 mm
above the surface (either original flat surface or bottom of cavity), the peak position
of plasma emission intensity. The line shape was found to best fit a Lorentzian
function, indicating self-absorption was negligible. For ablation inside the cavity,
the spectra had a wider Full Width at Half Maximum (FWHM) and greater

emission intensity.

40000

30000 -

20000

Intensity (Arb. Unit)

10000 ~

[ ' [ ' [ ' [ ' [ ' [
286 287 288 289 290 291
Wavelength (nm)

Figure 3.1 Si(l) 288.16 nm spectral line and continuum emission at time of 30 ns,
distance of 1 mm and irradiance of 15 GW/cm?. Compare flat surface and cavity
(Diameter 250 micron, depth 500 micron) ablation results. Bold lines are

Lorentzian fitting curves.
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3.3.1 Electron number density and plasma temperature calculation: second
ionization effects

Under the assumption of local therma equilibrium (LTE), the plasma
temperature T can be determined by the line-to-continuum intensity ratio &/4,
where & is the continuum emission coefficient and g is the integrated emission
coefficient over the line spectral profile. In chapter 2, only the first ionization
potential of silicon was considered in the spectral anaysis. However, as laser
intensity and plasma temperature increases, higher ionization levels should be
included.

The emission coefficient g can be expressed in terms of the electron

temperature and density [5]:

h? _ E_ —-E —-AE (3.1
n nT 3/2 ex ion 2 i ,
& [ jAﬂ ZZIOFI(T) (2 k)s/z N le F{ KT j

where A, is the Einstein transition probability of spontaneous emission, and Ejq, is
the ionization potential. E; and g, are upper level energy and degeneracy,
respectively. AE;j is the lowering of the ionization potential of atomsin the presence
of a field of ions and is small enough to be neglected. Zon(T) is the partition

function for ions, which is given by [6]:

[ E
- (T) = expl —— 3.2
Z|on ) lz g k_l_j ) ( )

with g; the degeneracy or statistical weight of thei-th energy level E;,

g=2J+1, (3.3)
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where J; is the angular momentum quantum number of the level. The values of E;
and J; were obtained from the NIST data bank [7]. The partition functions of silicon
atoms, singly-charged and doubly-charged silicon ions were calculated for the
temperature interval from 6,000 to 50,000 K. The data were fit with third-, fourth-,
and fifth-order polynomias using a least squares method. Each of these fits was
then compared to the original data at temperatures of 6000, 25000 and 50000 K.

The fifth-order polynomials were selected due to the lowest total error.
Z(T)=a+bY +cY?+dY® +eY* + fY°, (3.4)
where Y = T x 10* K; a, b, ¢, d, e and f are given in Table 3.1. The caculated
values of the partition function agree with those reported in ref. 8 to within 0.5%

for temperatures between 6000 and 12000 K (the largest temperature range

availablein the literature).

Table 3.1. Coefficients for partition functions of silicon atom, singly-

charged and doubly-charged silicon ions (Eq. 3.4)

a b c d e f
Si 14.534 219 -58.135 41 -7.8237 0.5011
S 4.9632 1.8184 -1.445 052732  -0.00596  -0.0036
Si% 1.3178 -0.61576  0.33364 -0.02366 -0.00367  0.00122

Based on the calculations using Saha equation, and the electron number

density measured in this work, the first ionization level of silicon is dominant for
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temperatures less than 25000 K. For greater temperatures, the ionization shifts
toward higher levels. The doubly charged silicon ions are dominant when the
temperature is greater than 40000 K.

By including the second ionization contribution to the continuum radiation,

the continuum emission coefficient can be rewritten as[5, 6]:

167266 + ++ -1/2 - hV - hV
= —F——— |n.(n" +4n"")T, l1-exp—— |+ G| exp—— | |-
£ (3c3(6mn3k)1/2] (N +4n7)T 77 & P P )| 69
From equations (3.1) and (3.5), the line to continuum ratio is:
o B~ 2~ A,
g _ 1 A2 KT, (3.6)

& 2y P zg 2 AT ’
& n; ion M'e —hc -hc
1 ! _ g g
H{ n’ j {9{1 exp( AKT, D * G[exp( AKT, D:l

where Ziq, is the partition function for ions. 4., 4, are the continuum and center

wavelength of the spectral line, respectively. The center wavelength position was

obtained from the Lorentzian fit of the data. Theratio ¢,/ ¢, can be calculated from
the integrated line intensity and continuum intensity at A, and 4, . The parameters

used in Eq. (3.6) to determine Te and ne from the experimental data are listed in

++

Table 2.1 [9, 10]. The ion ratio ni+ can be calculated from equation (3.7) in the
n

following ion formation efficiency analysis.
The formation efficiencies of singly and doubly charged ions are calculated

using the Saha equation [11]:
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M ™ _ (2mmkT ) 2z (T)iexp(_ﬁ), 3.7)

M* h? Z:(T) n, KT
Mo _ (kT 22, M 1 B (38)
M° h? Z2(T) n, kT )’

and the unit condition:

(3.9
MP+M*+M™ =1,
where me is the electron mass; h is the Planck constant; k is the Boltzmann
constant; Zy (T), Z, (T)and Z,"(T) arethe partition functions at the temperature
T for an atom, M* and M*" ions of an element M, respectively. E; ion and Ey, ion are
the first and second ionization potentials, respectively.

In Eq. (3.6), the second ionization potentia of Si is considered for
calculating the plasma temperature. Based on the Saha equation, at higher plasma
temperatures, ionization will shift towards even higher levels and electron
collisions with the higher ionization states will contribute to continuum radiation.
Thus, the temperature calculated from Eq. (3.6) may be greater than the actual
plasma temperature.

Stark line broadening from collisions of charged species is the primary
mechanism influencing the emission spectra in these experiments. The FWHM of
Stark broadened lines is related to the electron number density ne by EqQ. (3.10): [3]

1/4
N, N, S
Adyy, = 2\/\/(1016 j{u 1.75A{1016 j [1— " N,j“ﬂ (3.10)

where Np is the number of particlesin the Debye sphere and is estimated from
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3/2
N, =1.72x10°1 (3.11)

1/2
e

W is the electron impact parameter in nm and A is the ion impact parameter; W and
A are functions of temperature and are approximated by second-order polynomials
[9]:
W(T) = 4.8767x10™* +1.6385x107°T —1.8473x107 T 2, (312
A(T) = 0.03983—-7.0226x107" T +9.5699x10 2T 2. (3.13)

A Lorentz function was used to fit the spectra. The FWHM of Stark
broadened lines and the line to continuum emission ratio were used to deduce the

electron number density and temperature of the plasmas using equations (3.6) and

(3.10).

3.3.2 Effect of laser energy on formation of a plasma inside a cavity
Laser-sample and laser-plasma interactions are strongly dependent on the
laser beam irradiance on the target. The plasma temperatures and electron number
densities for laser ablation inside cavities and on aflat surface as a function of laser
irradiance are shown in Figure 3.2. The data were measured at a delay time 30 ns
and at a distance of 1mm above the target. The electron number density and plasma
temperature are greater at each irradiance as the cavity aspect ratio increases. For
the flat surface, the electron number density and plasma temperature change
dramatically at a threshold value of ~ 20 GW/cm?® The threshold irradiance is

lower for laser ablation in a fused silica cavity compared with a flat surface; the
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greater the cavity aspect ratio, the lower the threshold irradiance. For the aspect

ratio of 2 cavity, the threshold value is ~ 9 GW/cm? for the aspect ratio of 4 cavity,

the threshold valueis ~ 5 GW/cm?.
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Figure 3.2 (a) Electron number density vs. irradiance. Compare flat surface and two

cavity (Diameter 130 micron, depth 500 micron, aspect ratio 4; Diameter 250

micron, depth 500 micron, aspect ratio 2) ablation results at time of 30 ns and

distance of 1mm. Sample was fused silica.
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Figure 3.2 (b) plasma temperature vs. irradiance. Compare flat surface and two
cavity (Diameter 130 micron, depth 500 micron, aspect ratio 4; Diameter 250
micron, depth 500 micron, aspect ratio 2) ablation results at time of 30 ns and

distance of 1mm. Sample was fused silica.
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In the irradiance regions lower and higher than the threshold, the electron
number density and plasma temperature increase faster with irradiance as the cavity
aspect ratio increases. These data are related to confinement and reflection effects
by the cavity walls and plasma shielding as discussed in chapter 2.

The spatia distributions of plasma temperature and electron number density
for laser ablation inside a cavity and on a flat surface below and above the
threshold irradiance at a time of 30 ns are shown in Figure 3. Below the threshold
irradiance, the electron number densities do not change significantly with distance
for both cavity and flat surface results (Figures 3.3a and 3.3c). However, when the
irradiances were greater than the threshold, the electron number densities exhibit a
peak profile centered at about 0.5 mm from the surface. The maximum electron
number density was about two times greater than the electron number densities
below the threshold irradiance, while the irradiance increased only 23% for the flat
surface results. For cavity results, the maximum electron number density was about
three times greater with 50% increase of the irradiance. Plasma temperature aso
increased significantly after the threshold irradiances for both cavity and flat
surface results (Figures 3.3b and 3.3d). Due to heat transfer from the plasma to the
cavity walls, plasma temperature decreases more rapidly as it expands from inside
the cavity (Figure 3.3d).

Figure 3.4 shows the variation of the Si* and Si** formation efficiency
versus laser irradiance. After the irradiance reaches the threshold, ionization

becomes saturated for both the cavity and flat surface.
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Once the plasma is initiated, absorption of laser radiation generaly
commences via electron-neutral inverse bermsstrahlung and photoionization of
excited state atoms. However, when sufficient ionization is reached (>1%), the
dominant laser absorption mechanism changes to electron-ion inverse
bremsstrahlung, which involves the absorption of aphoton by afree electron during
electron-ion collisions. As shown in Figure 3.4, the plasma is significantly ionized
when the irradiance is greater than 1 GW/cm?, ion density is much greater than the

neutral atom density and the electron-ion inverse bremsstrahlung should dominate
the absorption. The absorption coefficient ap(cm‘l)for electron-ion inverse
bremsstrahlung can be written as[12]:

Z°%n?
Tl/ZU3

a, = (3.69x10°) [1-exp(ho/KT)], (3.14)

where Z, n; and T are, respectively, the average ion charge state, ion density, and
temperature of the plasma. v isthe frequency of the laser light.

Assuming the plasmaisin charge equilibrium, the average ion charge state
and ion density are calculated from the electron number density and S*, S**
formation efficiencies. Figure 3.5 shows the calculated electron-ion inverse
bremsstrahlung absorption coefficient vs. irradiance at a delay time of 30ns. For
both cavity and flat surface, the absorption coefficient increased dramatically when
the irradiance reached the threshold; e.g., for the flat surface a value of about four

times greater than the absorption coefficient below the threshold irradiance.
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Besides inverse bremsstrahlung, other mechanisms including
photoionization, impact ionization and thermal ionization, may affect the
absorption of the plasma [13]. The laser irradiance absorbed by the plasma can be
expressed as [12]:

D@ ey, = PA—exp(-a, 1)), (3.15)
where | is the physical thickness and « | isthe optical thickness of the plasma.

The absorbed energy is converted into internal energy of the plasma. With
increasing irradiance, the temperature and the degree of ionization of the vapor
increase, which leads to additional plasma absorption.

Figure 3.6 shows crater depth changes with irradiance for laser ablation on
the flat surface. The crater depth increased dramatically at the irradiance of ~20
GW/cm?. As the irradiance was increased from 18 GW/cm? to 21 GW/cm?, the
crater depth abruptly increased from 1 to 10 um per pulse.

Figure 3.7 shows the images of g ected mass obtained by femtosecond |aser
shadowgraphy for laser irradiances below and above the threshold value, at time of
2 us after the laser pulse. At an irradiance dlightly higher than threshold (Figure
3.7a), the image clearly shows the gection of particulatesin the size of severa tens
of microns. However, gection of particulates was not detected for irradiances lower
than threshold (Figure 3.7b). These data are consistent with the explosive boiling

(phase explosion) study by J. H. Yoo, et al. [4].
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Figure 3.7 Images obtained by laser shadowgraphy for laser irradiances of (a) 21
GW/cm? and (b) 18 GW/cm? at time of 2 ps.
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A possible mechanism for the large change of both plasma characteristics
and mass removal when irradiance increases beyond a threshold is explosive
boiling [14, 15]. Explosive boiling occurs when the sample is heated rapidly and
the molten layer becomes superheated. Superheated liquid near the critical state
experiences large density fluctuations. In the superheated liquid, these fluctuations
can generate vapor bubbles. When vapor bubbles reach a critical radius, they
expand spontaneously. The rapid expansion of these vapor bubbles in the
superheated liquid leads to the gjection of particulates [4].

One possible explanation for the decrease of the threshold value in the
cavity is self-focusing of the laser beam due to density gradient in the plasma. Hora
[16] derived the laser power threshold for nonlinear-force self-focusing of a laser
beamin aplasma

6T -5/4 for o <o and T >10ev
N {1.46><1O T , | (3.16)

1.15x10*T for  w,<<o

where P is laser power in watts, T is plasma temperature in €V, o is the plasma

frequency, o, =8.9x10° -\/n_eHz, @ isthe laser frequency.

The electron number density and plasma temperature obtained at 30 ns
delay time at threshold irradiance (~5 GW/cm?) are ~ 2x10cm™ and ~ 3eV for
the aspect ratio of 4 cavity. Using the relations n, oct ™" and T oc t ™% [4], the
electron number density and plasma temperature at the time of termination of the

laser pulse ( t = 3 ns) are estimated to be ~6.5x10°cm™ and ~36eV . The
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corresponding plasma frequency is ~2.3x10“Hz. Since the 266nm laser
frequency is 1.13x10" Hz, the first case in Eq. (3.16) is more suitable. For the

threshold irradiance ~5 GW/cm? with beam size 50um, the corresponding laser

power is ~9.8x10*W . The caculated PT** is ~8.6x10°, close to the criteria
valuein Eq. (3.16).

Due to radiation reflection and plasma confinement effects, plasma
shielding causes increased temperatures and electron number densities for laser
ablation in a cavity compared to a flat surface. The higher plasma temperature and
electron number density in a cavity causes self-focusing of the laser by the plasma,
producing higher laser light intensities. Thus phase explosion occurs at a lower
laser energy. Therefore, the threshold value decreases for laser ablation in a cavity

and the greater the cavity aspect ratio, the smaller the threshold.

3.4 Conclusons

The formation of a laser induced plasma inside a cavity was investigated
and compared with laser ablation on aflat surface. Plasma temperature and electron
number density both in the cavity and on the flat surface change dramatically after
the laser beam reaches a threshold irradiance. The threshold irradiances are lower
for laser ablation in the cavities than on the flat surface. The greater the cavity
aspect ratio, the lower the threshold irradiance. After the irradiance reaches the
threshold irradiance, ionization becomes saturated for both the cavity and flat

surface. The crater depths were increased approximately by an order of magnitude
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from the depths below the threshold value. Phase explosion was discussed to
explain the large change of both plasma characteristics and mass remova when
irradiance increases beyond a threshold value. Self-focusing of the laser beam

could be responsible for the decrease of the threshold valuein cavities.
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Chapter 4

Ener gy deposition and shock wave propagation during pulsed laser

ablation in cavities

4.1 Introduction

Pulsed laser ablation of solids in an ambient gas generates a shock wave as
aresult of an explosive evaporation of the solid [1, 2]. Since energy coupling and
plasma properties are related to the cavity aspect ratio, it is of interest to study how
the shock wave propagation is influenced by the cavity aspect ratio.

Laser shadowgraph imaging is a useful technique to study plasma expansion
during laser ablation. In laser shadowgraph imaging, a pump beam irradiates the
sample while a probe beam passes the region above the foca point of the pump
beam. The probe beam is then directed to the CCD camera to record the image of
the laser-induced plasma. Mao [3] used this technique to study the early time air
plasma during picosecond laser ablation.

In this chapter, the influence of crater formation on the shock wave
propagation was studied. Shock wave propagation was measured utilizing the time-
resolved shadowgraph imaging technique at different delay times. Laser-induced
shock waves were compared from fused silica cavities with different aspect ratios
to flat surface data. The energy driving the shock wave outside cavities was

calculated based on blast wave theory and compared with flat surface results.
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4.2 Experimental System

A schematic of the imaging experimental system is shown in Figure 4.1. A
266 nm laser with a 3-ns pulse width was used as the ablation laser. The laser beam
was focused onto the sample with a quartz lens to a spot diameter of ~ 40 um in air
at 1 atm pressure. A Spectra-Physics TSA high power femtosecond laser with a
pulse duration of approximately 100 femtosecond (full width at half maximum)
was used as the probe beam. The 800 nm beam of the femtosecond laser passes a
potassium dihydrogen phosphate (KDP) crystal, forming a probe beam at 400 nm
that is perpendicular to the ablation laser beam. The probe beam is directed to a
charge coupled device (CCD) camera after passing through a narrowband 400 nm

filter. By changing the delay time, the probe beam can be varied in time with

respect to the ablation beam.
mirror
266 nm pump beam
-~ NSlaser
beam splitter p—
Ty .
photodiodes oscilloscope

lone C——

plasma 400 nm | probe beam

camera filter target beam Splltter

Figure 4.1. Schematic of the experimental setup for the pump-probe technique.
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Fused silica glass was cut into samples of 5 mm width and 1 mm height,
and placed on an xyz trandation stage. Cavities were pre-fabricated using Gaussian-
beam nanosecond laser ablation. Two cavities with the same diameter of about 80
um, and different depths were obtained by repetitive laser ablation to produce
aspect ratios of 3 and 6. Experiments were performed to record the shadowgraph
images of the shock wave in the air and inside the fused silica. The spot size and
energy (fluence) were equal when the laser beam was incident on the flat surface

and on the bottom surface of each cavity.

4.3 Resultsand Discussion

4.3.1 Shadowgraph images of shock wave generated from laser ablation in
cavities

Figure 4.2 shows time-resolved shadowgraph images of the shock wavesin
air and glass for laser ablation in a cavity and on a flat surface. The laser fluence
was 40 Jcm?. The target surfaceis clearly shown as the black stripe, separating the
glass on the left and the air on the right in the figure. Due to edge diffraction of the
probe laser beam, there are weak fringes close to the target surface. After about 12
ns, the shock wave is seen outside the cavity with aspect ratio of 3 and becomes
hemispherical after about 25 ns (Figure 4.2a). The shock wave generated on the flat
surface expands spherically (Figure 4.2b).

The structure of the shock waves in air is similar to that reported by Salleo,

et a. [4]. A thin layer of shocked air separates the shock front from the ionization
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front. Between the ionization front and contact front is the shocked and ionized air.
The contact front results from the expansion of gected silica. Since the laser spot
sizeisabout 40 pum, the contact front isinitially planar (Figure 4.2b).

For laser ablation on the flat surface (Figure 4.2b), the first acoustic waveis
caused by thermalelastic expansion [5]. Due to the reflected internal shock inside
the vapor plume [6], a second wave was generated inside the glass. As the high-
pressure plasma expands inside the cavity, it generates acoustic wave inside the
glass propagating cylindrically, compared with the hemispherical shock wave
inside the glass generated by laser ablation at the bottom of the cavity. The speed of
the wave propagating inside fused silica for both laser ablation inside cavities and
on flat surface was calcul ated to be 5.85 um/ns, close to the speed of sound in fused
silica5.76 um/ns.

Figure 4.3 shows shadow graphs of shock waves generated inside a cavity
with an aspect ratio of 6 at two different fluences. At a fluence of 40 Jcm?, it takes
about 26 nsfor the shock wave to expand out of the cavity. However, as the fluence
isincreased to 150 Jicm?, it only takes about 8 ns for the shock wave to expand out
of the cavity. At higher fluences, the laser-generated plasma inside a cavity has

much larger electron number density and to be at much higher temperature [7].
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Figure 4.2 (a) Shadow-graphic images of shock wave generated from laser ablation
in cavity. Cavity depth 240 um, diameter 80 um. The shock front (S) and the

ionization front (1) are labeled in the figures.
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Figure 4.2 (b) Shadow-graphic images of shock wave generated from laser ablation
on flat surface. The shock front (S), theionization front (I), contact front (C) and

back pressure induced shock wave (B) are labeled in the figures.
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Figure 4.3 (a) Shadow-graphic images of shock wave generated from laser ablation
in cavity at laser energy 0.5 mJ. Cavity depth 480 um, diameter 80 um. The

detonation wave (D) and g ected materials (M) are labeled in the figures.
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Figure 4.3 (b) Shadow-graphic images of shock wave generated from laser ablation
in cavity at laser energy 1.9 mJ. Cavity depth 480 um, diameter 80 um. The

detonation wave (D) and g ected materials (M) are labeled in the figures.
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4.3.2 A modified blast wave equation for shock wave generated from laser
ablation in cavities

The propagation of the laser-generated shock wave is approximated as
resulting from an instantaneous, massless point explosion (blast wave) [8, 9]. The
lateral distance R between the surface of the target and the position of a blast wave
depends on the energy converted into the plasma state E. An analytical expression

between R and E is given by the Sedov—Taylor scaling [10, 11]:

1/(2+8)
R= ﬂ( EJ (212+5) (4.1)

where A is a dimensionless quantity approximately equal to unity, p is the mass
density of the undisturbed air and t is the time of propagation. The assumptions for
the validity of this relation are that the pulse duration is shorter than t and the
diameter of the spot area of the laser radiation is smaller than R. The parameter 3
represents the dimensionality of propagation (for spherical propagation p = 3, for
cylindrical propagation f = 2 and for planar propagation § = 1).

Figure 4.4 shows that the radius R of the expanding shock wave from a flat
surface is proportiona to t**, as predicted by Sedov's blast wave theory for
spherical propagation. The energy that drives the shock wave propagation was

calculated from Eq. 4.1 to be 0.24 mJ, or 48% of the incident laser energy.
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Figure 4.4 Air shock wave radius as a function of time for laser ablation in cavities

and on flat surface (Equations 4.1 and 4.2).
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For laser ablation in a cavity, a modified blast wave equation was proposed
to describe the radius of the expanding shock wave:

£\Ve)
R= 1(—} ), =t (4.2)

Yo
where R' isthelatera distance between the surface of the target and the position of
the blast wave and ty is the time when the shock wave has just propagated outside
of the cavity. For cavities with depths of 240 and 480 um, t, approximately equals
12 and 26 ns, respectively. Inside the cavity, the shock wave propagation is

confined by the cavity walls. Aftert >t,, the shock wave propagation gradually

changes to three-dimensional expansion. As shown in Figure 4.4, after t' > 25 ns
for the cavity with aspect ratio of 3 and t' > 35 nsfor the cavity with aspect ratio of
6, the radius of the expanding shock wave is proportional to (t')**, corresponding

to the spherical propagation of the blast wave (B = 3).

4.3.3 Thermodynamic properties of the shocked air
The pressure P,, density p, and temperature T, of the shocked air behind the

shock front can be calculated by using the shock wave equations [10]:

-1

_y+1 2 a (4.3)
=L 1+——
p2 ]/—1pl|: }/—1C2
_ 2

b= 2 plcz[_V 112} (4.4)
y+1 2y C

T, = (4.5)

Ro,
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where specific heat ratioy = 1.4, density p; = 1.2 kg/m* and the speed of sound a =

333 m/s for air. The shock wave front velocity ¢ was obtained by differentiating

eguation (4.1). The results (Table 4.1) showed that the calculated temperatures of

the shocked air outside of the cavities are much higher than on the flat surface at a

time of 20 ns after the shock wave expands outside of the cavities. These data are

consistent with the spectroscopic measurement of the plasma temperatures resulting

from laser ablation inside cavities in chapter 2. Due to reflection and confinement

effects by the cavity walls and plasma shielding (absorption and/or reflection of the

laser beam by the plasma), temperatures and electron number densities are higher

for laser ablation in a cavity than on a flat surface. The cavity acts as a trap in

which light energy of the trailing edge of the laser pulse can be efficiently absorbed

by the confined laser plasma.

Table 1. Thermodynamic properties of the shocked air just behind the shock wave

front at time of 20 ns after the shock wave expands outside of the cavity

Shock wave | Density Pressure | Temperature
front velocity | (kg/m®) (atm) (K)
(m/s)

Surface 3030 6.79 92 4700

Cavity, aspect ratio3 | 3770 6.93 141 7100

Cavity, aspect ratio6 | 3950 6.95 155 7800

For cavities with an aspect ratio of 3 and 6, the energy that drives the

expansion of the shock wave outside of the cavities was calculated from Eq. 4.2 to

be approximately 0.14 and 0.1 mJ, or 28% and 20% of the incident energy,
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respectively. The fraction of laser beam energy expended in driving air shock
waves outside of the cavity was lower than on the flat surface. The greater the
cavity aspect ratio, the smaller the energy driving the shock wave. Once the plasma
is generated in the cavity, its lateral expansion is confined by the cavity wall. Since
the plasma temperature is higher than the surrounding cavity wall temperature,
energy is transferred from the plasma to the cavity wall by radiation and other
methods. Thus, less energy is available to support the air shock wave outside of the

cavity, and the pressure and temperature of the shocked air dropped quickly.

44 Conclusons

Time-resolved images of shock wave generated during pulsed laser ablation
in cavities were obtained with the laser shadowgraph technique. After about 30 ns,
the temporal expansion of the radius of the shock wave outside of a cavity followed
the relation for a spherical blast wave as predicted by the Sedov-Taylor solution.
Due to cavity confinement effects, the pressure and temperature of the shocked air
outside of the cavities were higher than those on the flat surface. The energy used
to drive the shock wave outside the cavity was smaller than that on a flat surface;
the greater the cavity aspect ratio, the smaller the energy supporting the shock
wave. Energy transfer from the plasma to the cavity wall was discussed to explain

the decrease of the energy driving the shock wave outside of the cavity.
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Chapter 5

Investigations of ablation efficiency and plasma expansion during

ultraviolet femtosecond and nanosecond laser ablation of silicon

5.1 Introduction

In the previous three chapters, we provided the experimental studies of
plasma formation and expansion during pulsed laser ablation in cavities. In this
chapter, mass removal and plasma expansion during femtosecond laser ablation
were investigated.

Lasers with femtosecond pulse duration are of particular interest for
ablation as the pulse duration is less than the typical thermalization characteristic
time of a few picoseconds. Due to a much smaller thermal diffusion depth, high-
precision ablation and minimal damage can be obtained with femtosecond lasers
[1,2]. Because of its very short pulse duration, the laser beam does not interact with
the laser-induced plasma. A shorter plasma lifetime was reported for infrared
femtosecond laser induced plasma than in the case of longer laser pulses [3,4].
Absorbed laser energy is fully deposited into the target and higher efficiency of
material ablation can be obtained [5].

The interaction of a high-energy ultraviolet (UV) pulsed laser beam with
solid materials has been studied extensively at nanosecond time scales [6-9].

However, there only are few reports about UV femtosecond laser ablation of solids.
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With small absorption and thermal diffusion lengths, UV femtosecond laser pulses
can minimize thermal effects and be applied to direct fabrication of microstructures
[10].

In this chapter, UV femtosecond laser ablation of silicon in air was
performed and compared with UV nanosecond laser ablation. Laser ablation
efficiency was compared by measuring crater depth as a function of pulse number.
The laser-induced plasma properties were determined from spectroscopic
measurements. Images of plasma expansion were recorded with the laser

shadowgraph imaging technique.

5.2 Experimental System

A diagram of the spectroscopic experimental system is shown in Figure 2.1.
A quadrupled Nd:YAG laser (Coherent, Infinity) operating at 266 nm with a 3-ns
pulse-width and a Ti: sapphire femtosecond laser (Spectra-Physics, TSA) with a
100-fs pulse-width were used as the ablation lasers. The femtosecond laser beam at
its fundamental wavelength (800 nm) passed a Third Harmonic Generator (Spectra-
Physics, TP-1A) to form the 266 nm beam that was focused on the silicon sample
with a quartz lens to a spot diameter of ~50 um. The ambient air was at 1 atm.
pressure. The laser energy was 220 pJ per pulse or ~11 Jcm? for both the
femtosecond and nanosecond laser tests. Single pulse laser ablation was performed

on silicon samples.
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The imaging experimental system is shown in Figure 4.1. In the first
experiment, the nanosecond laser was used as the pump (ablation) beam and the
femtosecond laser was used as the probe beam. The time delay between the fs
probe beam and ns ablation beam was controlled using a delay generator (Stanford
Research, DG 535). The actual delay time was measured using photodiodes. To
obtain shadowgraphs of the femtosecond laser-induced plasma, a beam splitter and
an optical delay stage were used (Figure 5.1). One femtosecond laser beam (266
nm) was used as the pump beam, and the other one (400 nm) was used as the probe
beam which passed through the optical delay stage before being directed to the
CCD camera. By moving the delay stage, the optical path of the probe beam was
varied, which changed the time delay between the pump and probe beams. The

time resolution achieved with the optical delay stage can be as small as 100 fs.
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Figure 5.1. Schematic of the shadowgraph experimental setup for imaging of

femtosecond laser-induced plasma.

5.3 Resaultsand Discussion

5.3.1 Ablation depth

Figure 5.2 shows the dependence of crater depth on the laser pulse number.
For both fs and ns laser ablation, the crater depth increases linearly with the pulse
number for this low number of pulses. For the same number of laser pulses,
however, the fs-crater is about two times deeper than the ns-crater using the same

fluence. The nanosecond laser generated a significant raised rim caused by
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resolidification of molten silicon. The rim around the fs-crater is much smaller than
that of the ns-crater, indicating that melting was reduced using femtosecond pul ses.

Scanning Electron Microscopy (SEM) images of the laser generated
particles were shown in Figure 5.3. Particles from nanosecond laser ablation were
mostly single large droplets g ected from the melted surface with diameters ranging
from several hundreds nanometers to severa microns. Primary particles generated
using femtosecond laser ablation were small nano-sized spheres and agglomerates
from these spheres, again suggesting that melting and gection of molten mass is
less for femtosecond laser ablation.

In the femtosecond regime, the laser pulse terminates before any materia
escapes from the surface. The laser energy is deposited in the sample target without
a laser-plasma interaction. For nanosecond laser ablation, plasma shielding results
in adecrease in the laser energy reaching the surface. Thus, the ablation efficiency

decreases for nanosecond laser ablation [3].
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Figure 5.2 Ablation depth vs. pulse number for femtosecond and nanosecond
laser ablation. The insets show the fs and ns crater profile after five laser

pul ses.
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Figure 5.3 SEM images of laser generated particles for (A) nanosecond and (B)
femtosecond laser ablation of silicon with 5000X magnification rate. Particles

were collected on a silicon substrate.
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Figure 5.3 SEM images of laser generated particles for (C) nanosecond and (D)

femtosecond laser ablation of silicon with 20000X magnification rate.
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5.3.2 Plasmatemperature and electron number density comparison

As in chapter 2 and 3, the silicon emission line Si(I) at 288.16 nhm was
measured for diagnosing plasma properties (plasma temperature and electron
number density). Figure 5.4 shows the time dependence of the Si line intensity
measured with fs- and ns-pulses at a distance of 0.6 mm above the sample surface.
After 30 ns, the emission intensities of both fs- and ns-plasma decrease
exponentially. For small time (<30 ns), the emission intensity of the ns-plasma
increases with time while the emission intensity of the fs-plasma decreases. At the
beginning of the plasma expansion the ns-plasma becomes hotter because of
absorption of the trailing part of the laser pulse via electron-neutral, electron-ion
inverse bremsstrahlung and photoionization [11]. For the fs-pulse, the plasma
expands without any other heating process and its emission intensity decreases.

Assuming local thermal equilibrium (LTE), the plasma temperature T can
be determined by the relative line-to-continuum intensity ratio [12]. Stark line
broadening from collisions of charged species is the primary mechanism
influencing the emission spectra in these experiments [13,14]. A Lorentz function
was used to fit the spectra and the Full Width Half Maximum (FWHM) of Stark
broadened lines and the line to continuum emission ratio were obtained and were

used to determine the electron number density and temperature of the plasmas[15].
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Figure 5.4 Peak intensity of Si (1) 288.16 nm emission line as a function of
time for femtosecond and nanosecond laser ablation at a distance of 0.6 mm

above the target surface.
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The lower limit for the electron number density needed to collisionaly
maintain the energy-level populations to within 10% of LTE while competing with
radiative decay is given by equation (2.8) (the McWhirter’s criterion, [16]). At the
highest temperature KT = 3.4 eV, the lower limit for ne is 2.1x10™ cm®, which is
approximately two orders of magnitude lower than the value of ne deduced from
Stark broadening. Therefore, the validity of the LTE assumption is supported.
However, it should be noted that the McWhirter’s criterion is a necessary but not
sufficient condition for LTE.

Figure 5.5 shows the temporal behavior of the electron number density and
temperature of the fs-plasma and the ns-plasma. The density and temperature of the
fs-plasma were less and decrease faster compared with ns-plasma due to different
energy deposition mechanisms. At the femtosecond time scale, no laser-plasma
interactions take place. Thus, the plasma cools quickly since no further energy is
being supplied to the plasma. In contrast, a fraction of the laser energy is absorbed
by the ns-plasma, which leads to greater plasma temperature and electron density.
These results are consistent with ref. 6 which used femtosecond laser with 800 nm

wavelength.
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Figure 5.5 (A) Plasma temperature as a function of time for femtosecond and

nanosecond laser ablation at a distance of 0.6 mm above the target surface.
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Figure 5.5 (B) Electron number density as a function of time for femtosecond

and nanosecond laser ablation at a distance of 0.6 mm above the target surface.
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5.3.3 Plasma expansion

Figure 5.6 shows shadowgraphs of the shock waves generated by
femtosecond and nanosecond lasers 10 ns after the laser pulse. Due to edge
diffraction of the probe laser beam, there are weak fringes close to the target
surface. The structure of the shock waves in air is similar to that discussed in
chapter 4. A thin layer of shocked air separates the shock front from the ionization
front. Between the ionization front and contact front is the shocked and ionized air.
Laser-induced air breakdown was seen for femtosecond laser ablation due to the
much larger laser irradiance of 112 TW/cm?, compared with the irradiance of 3.7
GW/cm? for the ns laser.

Figure 5.7 shows shadowgraphs of the shock waves generated by
femtosecond and nanosecond lasers at different times. The spatial and temporal
scales of the images are different because of the different expansion properties for
fs and ns laser-induced plasmas. The shock wave generated by the nanosecond
laser expands spherically (Figure 5.7 eh). Figure 5.8 (A) shows that the
perpendicular expansion distance of the shock wave generated by the nanosecond
laser is proportional to t%°, as predicted by Sedov’s blast wave theory for spherical
propagation; while the perpendicular location of the shock wave generated by the
femtosecond laser is proportional to t%°, corresponding to one dimensional
expansion. Lateral expansion distance of the shock wave as a function of time is
shown in Figure 5.8 (B). At small times (less than 1 ns), the fs-plasma expanded

primarily in the direction perpendicular to the target surface. After severa
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nanoseconds the fs-plasma expands in both the lateral and perpendicular directions.
The expansion in the perpendicular direction was faster than in the latera direction.
For the ns laser, the laser-induced plasma expanded in both directions at similar

velocities.

At 5 ns the perpendicular expansion velocities were 13.6x10°cm/s and
79x10°cm/s for fs- and ns-plasmas, respectively. The fs-plasma kinetic
energy is therefore higher than the ns-plasma at small times. According to
the shock wave equations [17], the pressure and temperature of the
shocked air behind the shock front were calculated also to be higher for the
fs case. As shown in Fig. 5, the plasma temperature of fs-plasma is
approximately the same with the ns-plasma temperature at ~15 ns. Since
the temperature of the fs-plasma decreases faster than for the ns-plasma,
the plasma temperature of fs-plasma would be higher at times earlier than

~15 ns, which is consistent with the above velocity measurement.

5.4 Conclusions

Laser ablation efficiency and laser-induced plasma properties were studied
for UV femtosecond and nanosecond laser ablation of silicon. Crater depth
measurements showed that ablation efficiency was enhanced for UV femtosecond
laser pulses. The electron number density and temperature were obtained from
spectroscopic measurements and showed that the fs-plasma decreases faster than

the ns-plasma. Laser shadowgraphy measurements of plasma expansion showed
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that the femtosecond laser induced plasma expanded in one dimension at early

times whereas the nanosecond laser induced plasma expanded in three dimensions.

Fig. 5.6 Plasma images obtained by laser shadowgraphy for femtosecond (a)
and nanosecond (b) laser ablation at 10 ns after laser shot. The shock front (S),
ionization front (1), contact front (C) and air breakdown plasma (A) are labeled

in the figures.
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Figure 5.7 Sequence of shock wave images obtained by laser shadowgraphy for
femtosecond (a-d) and nanosecond (e-h) laser ablation.
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Figure 5.8 (A) Perpendicular expansion distance of shock wave as a function of

time for femtosecond and nanosecond laser ablation.
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Figure 5.8 (B) Lateral expansion distance of shock wave as a function of time

for femtosecond and nanosecond laser ablation.
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Chapter 6

Conclusions and Recommendations for Futur e Resear ch

6.1 Conclusions

Cavity formation is a frequent result in many laser ablation applications.
Although most theoretical investigations have been devoted to laser ablation on a
flat surface, the development of a laser plasma inside a cavity is of both
fundamental aswell as practical significance.

In this study, we first determined the temperature and electron number
density of laser-induced plasmas in fused silica cavities using spectroscopic
methods. The effects of cavity aspect ratio on plasma properties were investigated.
The temperature and electron number density of laser-induced plasma were
measured to be much higher and to decrease faster for a plasmainside a cavity than
on aflat surface. Reflection and confinement effects by the cavity walls and plasma
shielding were discussed to explain increased temperature and electron number
density with increasing cavity aspect ratio. The temporal variations of the plasma
temperature and electron number density sharply decreased inside the cavity. An
adiabatic expansion model was not suitable for the laser-induced plasma in the
cavity because plasmawall interactions were not included.

We aso investigated the effect of laser energy on the formation of a plasma
inside a cavity. The temperature and electron number density of laser-induced
plasmas in afused silica cavity were compared with laser ablation on a flat surface.

Plasma temperature and electron number density during laser ablation in a cavity
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with aspect ratio of 4 increased faster with irradiance after the laser irradiance
reached a threshold of 5 GW/cm?. The threshold irradiance of particulate ejection
was lower for laser ablation in a cavity compared with that on a flat surface; the
greater the cavity aspect ratio, the lower the threshold irradiance. The ionization of
silicon becomes saturated and the crater depths were increased approximately by an
order of magnitude after the irradiance reached the threshold. Phase explosion was
discussed to explain the large change of both plasma characteristics and mass
remova when irradiance increased beyond a threshold value. Self-focusing of the
laser beam was discussed to be responsible for the decrease of the threshold in
cavities.

Using the laser shadowgraph imaging technique, we studied the propagation
of the shock wave generated during pulsed laser ablation in cavities and compared
it with laser ablation on aflat surface. We found that outside the cavity, after about
30 ns the tempora expansion of the radius of the shock wave followed the relation
for a spherical blast wave as predicted by the Sedov-Taylor solution. Due to cavity
confinement effects, the pressure and temperature of the shocked air outside of the
cavities were higher than those on the flat surface. The energy driving the shock
wave outside the cavity was smaller than that on the flat surface; the greater the
cavity aspect ratio, the smaler the energy supporting the shock wave. Energy
transfer from the plasmato the cavity wall was discussed to explain the decrease of

the energy driving the shock wave when it propagated outside of the cavity.
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Lastly, laser ablation efficiency and laser-induced plasma properties were
studied for UV femtosecond and nanosecond laser ablation of silicon. Crater depth
measurements showed that ablation efficiency was enhanced for UV femtosecond
laser pulses. The electron number density and temperature of fs-induced plasmas
decreased faster than ns-induced plasmas due to different energy deposition
mechanisms. Images of the laser-induced plasma were obtained with femtosecond
time-resolved laser shadowgraph imaging. Plasma expansion in both the
perpendicular and the lateral directions were compared for femtosecond and
nanosecond laser ablation. At early times, the femtosecond laser induced plasma
expanded in one dimension whereas the nanosecond laser induced plasma

expanded in three dimensions.

6.2 FutureResearch

The present study showed that an adiabatic model was not suitable to
describe a plasma in a cavity. To describe the processes for the development of a
laser-induced plasma in a cavity including the sharp decrease of plasma
temperature and electron number density, plasma wall interactions should be
included in the analysis. Future studies should investigate the energy transfer from
the plasmato the cavity wall. Further studies are needed to assess the electron heat
conduction, electron-ion recombination and condensation of vapor on the cavity
walls, and the plasma radiation effects on the laser ablation in the cavities.

Numerical modeling of pulsed laser ablation in a cavity would be necessary. As an

121



initial study, atwo-dimensional model including thermal and hydrodynamic effects
inacylindrical cavity is recommended.

Elemental depth profiling of solid samplesis important for micro analytical
applications. The information obtained from the spectroscopic investigation of laser
ablation in cavity structures may provide a mechanism for the observed elemental
fractionation phenomenon. Further studies of the correlation between laser ablation
in cavities and elementa fractionation would be helpful to determine the cause of
selective ablation of elements.

The experimental work presented in this dissertation should be useful for
such applications as laser micro-fabrication. UV femtosecond laser pulses have the
advantage of minimizing thermal effects and can be applied to direct fabrication of
microstructures. It would be important to study UV femtosecond laser ablation in
the cavity structures and identify material-specific laser and surrounding gas

conditions to enhance the ablation efficiency.
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