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Abstract

This thesis presents the study of x-ray emission from femtosecond laser
micromachining and laser ablation of semiconductors. Prior to femtosecond machining
experiments we investigated the nature of radiation emitted during the irradiation of solid
targets with 120 femtosecond pulses with energies between 500 nf and 0.3 mJ at a 1 kHz
repetition rate. We have shown that the majority of the radiation was emitted below 10 keV
with the high energy edge extending up to 25 keV. Under our experimental conditions K line
emission was observed from materials with Z<32. We have also measured the x-ray dose
rates during laser machining of various targets on the order of 10 mSv/h at a distanee of 13
cm from the target. The implications for work pace safety, micromachining control and
potential for pulsed x-ray line sources for spectroscopic and imaging applications are
discussed.

In our studies of single shot femtosecond ablation of selected semiconductors: Si,
GaAs, and InP, we have concentrated on the studies of microstructure and composition of the
material after irradiation with 120 femtosecond pulses with energies between 2 nJ and 2 pJ.
The resulting surface morphology, structure and composition of the micron scale ablation
features on the semiconductors were studied by electron microscopy and atomic force
microscopy. We found that no sharp threshold in the surface morphology was observed with
increasing pulse power; however three ablation stages were identified based on the
characteristic features of the ablation craters. TEM analysis revealed essentially no crystal
damage beneath and in the vicinity of the ablation craters. In case of the binary
semiconductors 5-30 nm polycrystalline grains were found over the ablated surface. The
results were discussed in terms of the existing state of knowledge of ablation dynamics. The

implications for practical micromachining applications are also discussed.
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Chapter 1

Introduction

1.1 Introduction

The terms ultrafast and ultrashort have different meanings in different areas of
science and technology. Although there is no precise definition, in the context of laser
physics ultrafast or ultrashort refers to the subset of pulsed lasers capable of producing
femtosecond light pulses (1 fs = 10" s). Ultrafast laser technology has taken on a whole new
meaning during the past decade with laser pulses duration approaching 4.5 fs. To put the
timescales involved in perspective, one can note that a 4.5 fs pulse consists of only three
optical cycles in the near infrared (at 800 nm) and extends only 1.5 um in free space.
During the course of my Master’s degree our laser system has been operating for 1600 hours.
The sum of all pulses emitted during that time adds up to 800 us of continuous beam time.

Ultrafast lasers have a number of unique characteristics. First of all very high peak
powers can be achieved since the pulse energy is delivered in an extremely short duration.
For example, a 10 mJ, 10 fs pulse focused to the diffraction limit (spot size on the order of

1 um) leads to a focal volume on the order of 10" cm’ and energy densities on the order of
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10° Jjem®, equivalent to the chemical energy of 2 tons of TNT/cm’. Such enormous
intensities grant easy access to a variety of nonlinear processes. Ultrashort pulses are also
inherently broadband in nature. For example, a 10 fs pulse has a spectral bandwidth of
100 nm (100 THz). Such bandwidth is often associated with white light sources; however,
ultrashort pulses offer much higher spectral brightness, especially for spectroscopic
applications.

The unique characteristics of ultrashort pulses have opened new possibilities in
numerous areas of science and technology. Pump-probe techniques allow spectroscopic
investigations of chemical reactions, molecular dynamics, carrier dynamics in
semiconductors, and other phenomena, which take place on the femtosecond time scale.
Ultrafast lasers are also used to generate extreme wavelengths from THz radiation, far
infrared, vacuum ultraviolet, soft and hard x-ray radiation. The applications in imaging, such
as two-photon confocal microscopy, have become standard tools in many laboratories.
Micromachining and micro-modification of materials is also an area of intense research since
ultrafast machining has been shown to yield superior results compared to conventional lasets.
In fact, femtosecond micromachining work stations have already appeared on the market.
Despite the industrial interest in this technology, the details of laser-matter interaction

associated with femtosecond laser machining are still not completely understood.
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1.2 Thesis Outline

The work presented in this Master’s thesis was completed at McMaster University
between September 1998 and 2000 under the supervision of Dr. Harold K. Haugen. The first
part of the project included setting up the laser system, building the necessary diagnostic
tools and experimental apparatus, and writing control and acquisition software. Two major
sets of experiments were then performed: the characterization of hard radiation resulting
from laser micromachining of solid targets, and the analysis of material after irradiation with
single femtosecond pulses.

The thesis is divided into three main chapters. Chapter 2 presents an overview of the
ultrafast laser theory, as well as mathematical tools used to describe and model the formation
and propagation of ultrashort optical pulses. The second section of chapter 2 outlines the
basic components and specifications of our amplified femtosecond laser system. The last
section of chapter 2 presents the experimental tools used to characterize ultrafast laser pulses
and beam properties. Chapter 3 relates experimental details and results of the experiments
associated with x-ray emission from femtosecond laser micromachining. Prior to
femtosecond machining experiments we investigated the nature of radiation emitted during
the irradiation of solid targets with 120 femtosecond pulses with energies between 500 nJ and
0.3 mJ] at 1kHz repetition rate. The implications for workplace safety, micromachining
control and laser based x-ray sources are contained in the discussion. Chapter 4 contains
details of our preliminary studies of single shot femtosecond ablation of selected
technologically relevant semiconductors: Si, GaAs, and InP. Analysis of the laser machined

samples was performed with various microscopic and spectroscopic techniques. Chapter 5
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includes the final conclusions and a discussion of the possibilities for extended work in the

area of femtosecond laser micromachining.



Chapter 2

Femtosecond Laser Pulses

This chapter will present the basic concepts and mathematical tools used to describe
the formation and propagation of femtosecond laser pulses in matter. This discussion follows
references [1] and [2]. The basic structure of femtosecond oscillators and the principles of
ultrafast laser pulse amplification are discussed in the second section. The final section

presents an overview of pulse diagnostic techniques.

2.1 Theoretical framework

2.1.1 Introduction

The majority of ultrafast lasers rely on the process of mode-locking to generate short
optical pulses. The term mode-locking originates from the description of the pulse formation
process in the frequency domain. A typical free running laser cavity can operate on as many
as ~100,000 longitudinal modes. The exact number of modes depends on the bandwidth of
the gain medium and the cavity geometry. If there is no fixed phase relationship between the
cavity modes, the laser output will be continuous wave (cw) emission. However, if the

cavity modes are phase locked they will add coherently and interfere constructively only in
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Theoretical framework 2-6

one point in time (T = 0) and destructively everywhere else. The output of a modelocked
laser is then a train of short, intense pulses separated temporally by the cavity round trip time.
The principle of mode-locking is illustrated in the figure below. The top portion of the figure
illustrates the constituent frequency components of the pulse on the vertical axis and their
relative position in time with respect to each other on the horizontal axis. The red line
indicates the position of constant phase. The bottom of the figure illustrates the resulting

pulse formed by the sum all ofthe frequencies.

Figure 2.1 Principle of mode-locking: the top plots show the frequency components on the vertical axis and
their relative phases on the horizontal axis. The red line indicates the location of constant phase; the bottom
plots show intensity profile of the pulse formed by summing all frequencies.

The temporal intensity profile of the pulse depends critically on the relative phase of
the constituent frequency components. Figure 2.1a corresponds to perfectly mode-locked
laser operation resulting in the shortest, most intense pulse. Figures 2.1b, ¢ and d show
examples of a quadratic phase shift or linear frequency shift, cubic phase shift or quadratic
frequency shift and higher order phase shift respectively. Clearly the temporal profile suffers

despite the fact that in all cases the frequency bandwidth ofthe pulse is identical.
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The electric field of an ultrashort pulse can be described as E(r,t) in the time domain
or as E(r,w) in the frequency domain. The spatial variables will be omitted in this
discussion. Both time and frequency descriptions are equally valid and are related through a
Fourier transforms. The choice of domain often depends on the mathematical convenience
and the physical phenomenon being investigated. The electric field as a function of time,

E(?) and of frequency E(w) are related by the following expressions:

E@) =iﬁoE(w)e-iw~rdw and E(o) =‘£°;E(t)eiw~tdt.
2.1

2.1.2 Time Domain

The electric field E(z) can be decomposed into the product of a slowly varying

envelope E (#) and a phase ¢ term such that
Lz e
E@®)= —2—E(t)e tcc, 2.2

where c.c. denotes the complex conjugate. This decomposition is referred to as the slowly
varying envelope approximation and is valid only if the spectral bandwidth A® is much
smaller than the central frequency o, ; that is Aw << w, . In practice this means that pulses

down to ~ 50 fs can be well described by this approximation. The two most often quoted

envelope functions are the Gaussian

- ~ e 2.3
E{t)=E, exp{ - ]

-~
BN

and the hyperbolic-secant
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E@) = I;'Dsech[ i} , 24
T

where 1, is the pulse width (i.e. E(t,) = E, /e). In practice, it is more convenient to measure
the full width half maximum FWHM of the pulse (i.e. £(tg) = Eo/2). For pulse shapes that
can be described by a Gaussian and a hyperbolic secant function these two quantities are
related by
7,=1665'7;, and 7,=1763 7 2.5
The phase function of the pulse in equation 2.2 is given by
Prorar (1) = —0,1 + (1) 2.6
where @, is the carrier angular frequency and ¢(f) is the time dependent phase. The

instantaneous frequency at time ¢ is then given by the first derivative of the total phase

() = —5;% )=, + %d)(t) 27

If dp(t)/dr # 0 then the carrier frequency varies across the pulse and the pulse is frequency
modulated or chirped (fig 1b,c,d). Phase control is a central part of the ultrafast laser
technology.

The temporal intensity of the pulse is given by

1 ~ n
10)= e E(t)l 2.8
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2.1.3 Frequency Domain

In the frequency domain the electric field E(w) can be expressed in terms of the

envelope function E () (spectral amplitude) and spectral phase e @

E() = E(w)e*® 2.9

A Gaussian temporal profile has a Gaussian frequency distribution given by

E(@)=E,exp| - 2.10

(0 -,)
Aw’®

where w, is the central angular frequency and Aw is the frequency bandwidth i.e. E(w,+Aw)
= E, /e. Likewise the derivative of the spectral phase (d¢(w)/dw = 0) describes the phase
variation with respect to frequency. This quantity has units of time and represents the delay
in the arrival time of a particular frequency component w relative to the central frequency w,.
The spectral intensity or simply the spectrum of the pulse is given by

£,C

S(@)=~=|E()| . 2.11

T
2.1.4 Fourier Limit

Since E(t) and E(w) are connected by a Fourier transform the pulse width and the
frequency bandwidth will have a minimum value of

Aw7,=C, 2.12

where C is a constant on the order of unity whose exact value depends on the particular pulse

shape. The pulse width bandwidth product is the figure of merit in the context of ultrafast

pulses. When this limit is reached the time dependent phase is constant (d¢()/dt = 0); thus
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the instantaneous frequency across the pulse is constant (w(?)=w,) and the pulse is said to be

Fourier or bandwidth limited (fig 1a).

2.1.5 Propagation of the femtosecond pulses

The starting point for all theoretical pulse propagation calculations is the wave

equation. In the most general form it can be written as

1 O’°FE o’p
_02 pve =-u 2.13

V*E T
ot

where P is the induced polarization of the material. In general the polarization of the
material can be written as

P=¢ E+°E+°E ...} 2.14
The first term in the expansion of y is the linear susceptibility of the medium y’ and it is
responsible for chromatic dispersion and linear absorption. The second term y* is responsible
for second harmonic generation (SHG), sum frequency mixing and nonlinear absorption.
However, x° has a non zero value only for materials which lack the inversion symmetry; thus
any amorphous substance or symmetric crystals will have y* = 0. Finally y* is responsible for
third harmonic generation, four-wave mixing and nonlinear refraction. Higher order terms
can be ignored under most circumstances. In the simplest case the polarization is a linear
function of the electric field. However, when dealing with ultrafast pulses the nonlinear
components of the polarization must be taken into account. The physical reason is that very
intense pulses have electric fields on the order of the intrinsic fields holding the material

together. Interaction with the laser field will thus modify the properties of that material.
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In order to simplify the mathematical treatment several assumptions are often made.
First, the response of the material is assumed to be instantaneous. Since many of the
processes mentioned above are electronic in origin such an assumption is valid down to about
100 fs. Second, the electric field, polarization and susceptibility are considered scalar
quantities. The equation can then be separated into two parts; one which describes the
transverse field distribution perpendicular to the propagation direction or spatial mode (x,y),
and the other which describes the temporal evolution of the pulse along the propagation
direction (z,z). In this case, we are interested in the temporal evolution of the ultrashort
pulses in the medium of propagation. The specific details of the derivation can be found in
reference [1]. The temporal evolution of the pulses as it passes through a medium is

governed by the following equation

OE i
—+ZoE+y|E[ E 2.15
o 2 ’

Rl S
where E is the slowly varying envelope of the pulse and z is the propagation distance. The
first two terms on the right contain the effects of chromatic dispersion. Specifically, the
pulse envelope travels with the group velocity v, = 8, and the pulse broadening or group
velocity dispersion (GVD) is governed by f.. The coefficients a and y account for linear
absorption and nonlinear properties of the medium respectively. It is common practice to
transform equation 2.15 to a frame of reference moving with the group velocity of the pulse

(ve = Br’"). Equation 2.15 then simplifies to

OE 1 O°E i
i—=—f,—-—aE+y|El'E 2.16
oz 2ﬁ26T2 OETYIELE,
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where T = ¢ — 7/, is time measured in the frame of reference moving with the group velocity
of the pulse. This equation is often the starting point for simulating pulse propagation in the

optical system or any medium of interest.

2.1.6 Group Velocity Dispersion (GVD)

The effect of material dispersion is one of the most important aspect which has to be
considered in and ultrafast applications due to the broadband nature of the pulses. Dispersion
leads to pulse broadening and therefore loss of intensity and temporal resolution at the focal
point. In order to illustrate the effects of group velocity dispersion, the non—liﬂear term and

absorption in equation 2.16 are ignored by setting y=0=0. The equation then reduces to

0E 1 , 0’E

i—=—p,

_— 2.17
9z 2 °OT?

which can be easily solved using the Fourier method. If E(z,w) = FT{E(z,T)}then in the

frequency domain equation 2.17 becomes an ordinary differential equation

OE 1, ,
i—=—p,0"E. 2.18
0z 2 P
The solution is given by
E(z,0) = E(O,co)exp[% ﬁzwzz], 2.19

where E(0,») is the incident field. A very important feature of this solution is the fact that
the envelope of the field is independent of the propagation distance, | E(z,®) |>=| E(0,») |*.

However, the solution does contain a quadratic spectral phase shift. The solution in the time
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domain can be obtained by taking the inverse Fourier transform of equation 2.19,
E(z,T) = FT™ {E (z, w)}. In the simple case of a Gaussian pulse in a dispersive medium the

equation can be solved analytically. After propagating a distance z in the medium the pulse

envelope becomes

E(z,T) = —2¢ —exp| - L 2.20
D ) |

where 1, is the original pulse width. The important feature of the solution, in the time

domain, is the fact that the pulse envelope remains Gaussian but the pulse width increases

such that

7(z) = 12 = if,z = 7,41+ (z/ L,)’ 2.21

while the peak amplitude decreases to:

E, =—2— .

L, -—2. 2.23

is often used to describe the distance over which the dispersion effects become significant.
After traveling a distance of Lp the pulse width increases roughly by a factor of 2. Figure 2.2
illustrates exaggerated effects of GVD on the phase and envelope of an incident Gaussian
pulse with an initial pulse width 7, after propagation in normal (£>>0) and anomalous (f,<0)

dispersive regions.
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Figure 2.2: Effects of GVD on the phase and envelope of an incident Gaussian pulse after propagating in the
normal (/?2>0) and anomalous dispersion region (fh<0).

In practical terms it is useful to consider the effects of dispersion on the pulse introduced by
the optical components within a given setup. For example a setup may contain a 3 mm
neutral density filter, a 2 mm X/2 plate, and a final focusing objective with 5 mm of glass
inside for total of 10 mm of glass. Initial transform limited pulses of 100, 50, 25 and 10 fs
would broaden to 100, 51, 32 and 51 fs respectively in 10 mm of BK7 glass. Dispersion
management clearly becomes crucial as the initial pulse width approaches tens of

femtoseconds.

2.2 Gaussian Beams

Most applications, especially micromachining, require tight focusing of the beams and
quantities of major interest are the energy density per unit area or fluence (J/cmz2); and energy
per unit area and per unit time or intensity (W/cm2) in the focal plane. The output of most

lasers is well approximated by the Gaussian intensity distribution /(r) which is given by:

I(r) = /(O)exp--T2 224
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where r is the radial coordinate, /(0) is the on-axis intensity and w, is the beam waist or point
where I(w,) = I(0)/e. The spot size, or beam diameter is then 2w,. The on-axis fluence and

the intensity of a focused, pulsed laser with a Gaussian beam profile is

' E ) E
F(0) = —*>[JJem"] and I(0) = —"—[W/em’] 225
W T

2 2
W

0 P o
where E, is the pulse energy and 1, it the pulse width (FWHM). In chapters to follow, the

spot size, and the fluence and intensity profiles will follow the above definitions.

2.3 The femtosecond laser system

2.3.1 The Tsunami fs oscillator

The heart of our laboratory is the commercial Ti:sapphire amplified laser system from
Spectra Physics. The first part of the system consists of a Tsunami oscillator pumped by a
neodymium yttrium vanadate (Nd:YVO,) Millennia V, diode-array pumped laser. The
Tsunami is a femtosecond oscillator based on a Ti:sapphire crystal as the gain medium.
Titanium doped sapphire is the crystal of choice in most femtosecond lasers. This is because
sapphire has superior optical quality, thermal properties and a high damage threshold. The
Ti:sapphire crystal has an enormous fluorescence bandwidth, which could theoretically

support ~3 fs pulses. A typical Ti:sapphire femtosecond laser cavity is shown in figure 2.3.
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Figure 2.3: Schematic of a typical femtosecond laser oscillator cavity.

The crystal is pumped longitudinally by a argon ion laser at 514 nm or by a frequency
doubled Nd:YVO/ laser at a wavelength around 532 nm. In normal operation this cavity
will lase in a continuous wave (cw) mode with emission centred around the frequency which
experiences the highest gain. In order to force the cavity into mode locked operation the
oscillating modes must be locked in phase. In Ti:sapphire cavities the crystal itself acts as a
mode-locking element relying on Kerr lensing [2,3]. The cavity is aligned to operate in a
higher order spatial mode during cw operation and in TEMoo during pulsed operation. As the
pump power increases, the higher intensity leads to self-focussing in the gain medium and
improved overlap of the oscillator modes with the pump beam. Sometimes an extra aperture
can be inserted into the cavity to introduce high loss for the cw mode. With an increase in
power random fluctuations or mode-beating will then initiate pulsed operation. In order to
improve the cavity performance and assure the shortest possible pulses, the positive

dispersion in the crystal and other optical components is compensated by an intra-cavity

i Nda-+ is the active atom that can be introduced into a number of host materials, such as YAG, YLF or YVOa.
The emission wavelength is around 1064 nm, and second harmonic around 532 nm. The exact wavelength
depends on the choice of host matrix.
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prism pair, which introduces effective negative dispersion [4,5]. The Tsunami laser used in

our system produces 10 nJ, 80 fs pulses at a repetition rate of 82 MHz.
2.3.2 The Chirped Pulse Amplifier: Spitfire

The second part of the laser system is the Spectra Physics Spitfire ultrafast amplifier seeded
by the Tsunami oscillator. The majority of amplifier systems in use today are based on a
three stage process called chirped pulse amplification (CPA) [2,6]. Ultrafast pulses cannot
be amplified directly since the peak power would quickly reach the damage threshold of
refractive optical components, such as Pockels cells, Ti:sapphire crystal and polarizers.
Therefore prior to amplification, the laser pulse is stretched to about 200 ps by a grating
stretcher, thus reducing the maximum peak power to 10 W. An unstretched pulse of the
same energy would reach intensities on the order of 10> W/cm2. The stretched pulse is
coupled into the amplifier cavity with the aid of a thin film polarizer and a Pockels cell. The
s-polarized train of seed pulses is reflected by the polarizer into the cavity. The first Pockels
cell is then opened for a very short time (~10 ns) and the polarization of one pulse is rotated
by 90 degrees. The amplifier cavity is designed for p-polarized operation and since only the
rotated pulse will match this condition the rest will experience high losses. During a single
pass through the crystal the pulse energy will only be increased by a factor of 3-4 due to low
gain saturation. In order to amplify the pulse by factor of 10° the pulse is allowed to circulate
in the cavity until all available energy is extracted from the Ti:sapphire crystal. —Once
saturation is reached the second Pockels cell is opened rotating the polarization of the
amplified pulse by 90 degrees. The rotated pulse is then reflected out of the cavity by the

second polarizer (see fig 2.4b). The last step in the process is the recompression of the pulse
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to the original duration with the aid of a conjugate grating compressor [7]. The chirped

amplification process and a typical amplifier cavity are illustrated in the figure 2.4.

Figure 2.4: a. Principle of chirped pulse amplification (CPA) b. Typical regenerative amplifier cavity

Chirped pulse amplification also provides access to pulse durations spanning several orders
of magnitude while maintaining all the other laser parameters constant. In our system, fully
compressed pulses have pulse widths around 120 fs. By detuning the compressor section the
pulse duration can be increased all the way up to 200 ps. Ifthe amplifier is not seeded by a
short pulse the lasing action will be initiated by spontaneous emission and without the
Pockels cells the laser would operate in a cw mode. However Pockels cells serve as cavity
Q-switches and the result is pulsed operation with 10 ns pulses. The laser capabilities of our

system are summarized below.
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Tsunami Spitfire
Pulse width 80 fs 10 ns, 200 ps - 120 fs
Rep. Rate 82 MHz 5 Hz-1 kHz
Maximum pulse energy 10 nJ 0.3 mJ
Central wavelength 790 nm 790 nm

2.4 Femtosecond Diagnostic Tools

2.4.1 Autocorrelators

Measurements of the temporal intensity profiles of laser pulses are usually performed directly
with the aid of photodiodes. Direct measurements by electronic devices are limited to the
pulses longer than 30 ps. Since femtosecond pulses are three orders of magnitude shorter,
the temporal intensity profiles of the pulses must be measured by indirect techniques.
Autocorrelation techniques are widely used as ultrashort diagnostic tools.  Most
autocorrelators are based on the Michelson interferometer design, where the pulse under
investigation is split into two replicas by a 50/50 beamsplitter and each replica is send
through separate arm. Changing the distance of one arm introduces a time delay t for the
pulse in that arm. The speed of light is used for calibration, that is 0.3 um path
difference = 1 fs delay. The two pulses are then recombined by the same beamsplitter and
frequency doubled in a thin nonlinear crystal, most often B-barium borate (BBO). The
second harmonic signal intensity will reach a maximum when the two pulses arrive in the
crystal at the same time (r = 0) and the signal will drop to zero when the two pulses do not
overlap temporally. Therefore the range of delays over which a second harmonic signal is

detected roughly corresponds to the pulse width. More precisely the signal is a convolution
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of two replicas of the pulse. The two most common autocorrelator geometries are intensity
(non-collinear) and interferometric (collinear). In the intensity autocorrelator the two beams
travel parallel to each other and are crossed at shallow angle inside the nonlinear crystal by a
lens or mirror. Each pulse produces a second harmonic signal in the crystal. When the two
pulses ovetlap spatially and temporally in the crystal a third beam is generated along the
bisector of the two beams (fig. 2.5). The second harmonic signal, generated along the
bisector, is measured as a function of the delay. The intensity autocorrelation function can be

written as:
AC(1) = J‘I(t)-l(t -7)dt 2.26

The intensity autocorrelation does not provide any information about the phase modulation of
the pulse but gives a rough measurement of the temporal intensity profile. In conjunction
with spectral measurements, this method can be used to calculate the pulsewidth-bandwidth
product. The geometry of an intensity autocorrelator, the beam geometry inside the nonlinear

crystal, and a typical trace are shown in figure 2.5.
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Figure 2.5: (left) Geometry ofan intensity autocorrelator, (middle) beam geometry inside the nonlinear crystal,

(right) typical autocorrelation trace.

As mentioned earlier, autocorrelation is an indirect measurement method, therefore the pulse
shape must be deconvoluted from the measured trace. The autocorrelation half width tac is
always greater then the actual pulse width tp by a factor which depends on the shapes of the
pulses. For Gaussian and hyperbolic secant intensity profiles the proportionality factors are
1.414 and 1.545 respectively.

In the interferometric autocorrelator the two beams are recombined collinearly. The
geometry of an interferometric autocorrelator is shown in the figure 2.6 along with first and
second order autocorrelation traces.  Varying the length of the delay arm results in an

interference pattern, which can be described as:

AC(r) = j(E(t)+ E(t--fdt 2.27
First order autocorrelation (fig. 2.6) is related to the coherence time ofthe radiation, thus it is
not unique to short pulses. In fact white light will have a very narrow autocorrelation trace
due to low coherence. The Fourier transform of the first order autocorrelation is the

spectrum of the light. In fact this is the principle of the Fourier transform spectrometer.
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Second order autocorrelation can be obtained by frequency doubling the output of the
interferometer in a nonlinear crystal. The second order interferometric autocorrelation

function can be written as:

AC(H)= JIEM + Et - ¥ "t 2.28

—Co

The second order autocorrelation can be used to measure the pulse duration and presence of
phase modulation. Typical second order autocorrelation trace is shown on the right side of

figure 2.6.

Figure 2.6: (left) Geometry ofan intensity autocorrelator, (middle) 1st order autocorrelation trace, (right) 2nd

order autocorrelation trace.

There are also a number of more advanced techniques, which can be used to fully
characterize pulse shape and relative phase of constituent frequency components. Most of
these techniques are based on frequency resolved optical gating in conjunction with phase
retrieval algorithms. Discussion of these techniques is beyond the scope ofthis thesis and the

interested reader is referred to [2] and references there in.
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2.4.2 Spectrometer

To the first order approximation, the pulse quality can be calculated by measuring the

pulsewidth-bandwidth product (7, -A®). By the same token, the minimum pulse duration

can be estimated based on the bandwidth of the laser. Spectral measurements of a
femtosecond pulse do not require any specialized equipment and a standard scanning or array
spectrometer can be used. In our laser system the spectrum, of the laser is monitored with
the Ocean Optics spectrometer. The Ocean Optics is an integrated grating spectrometer with
a linear CCD detector. The resolution of the device is roughly 0.5 nm and covers the spectral

range from 1100 to 500 nm.

2.4.3 Beam Profile Measurements

Measurements of the beam waist (2w,) at the focal point of the focusing objective were
measured by the scanning knife edge technique. In this method a sharp edge is slowly moved
across the beam profile and the total transmitted intensity is recorded by a large area
photodetector as a function of the knife position X. The measured signal is a convolution of

the beam profile U(x) and a step function @(x-X) (knife-edge)
S(X) =_|‘_°;U(x) - D(x - X)dx. 2.29

Figure 2.7 illustrates the schematic implementation of this method and a typical scan profile.
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Figure 2.7: Principle of scanning knife edge spot size measurements.

The spot size (2wo) at the focus of the objective can be read directly from the scan profile.
The distance between S = 0.92 and S = 0.12 corresponds to the spot size for a Gaussian
intensity profile. The measurement of spot sizes ~10 pm requires an extremely thin knife
edge and a high resolution translation stage. In our setup we use an AFM (atomic force
microscope) cantilever as the knife edge and a computer controlled motorized-micrometer

driven translation stage with minimum step size of 0.1 pm.



Chapter 3

X-ray Emission from Femtosecond Laser
Micromachining

Prior to initiating our laser micromachining work we set out to investigate radiation
emitted during the femtosecond laser ablation process. In this chapter I will describe
experiments and results of our investigations of radiation in the 4 keV to 25 keV range
produced under typical micromachining conditions. The results presented in this chapter
were presented during the Conference for Lasers and Electro-Optics (CLEO 2000) and

submitted to the journal Applied Physics A.

3.1 Introduction

The availability of high peak power femtosecond laser systems has opened a new era in
plasma physics research [8,9]. Focussing high energy femtosecond pulses to a spot size near
the diffraction limit onto a solid target leads to generation of very hot plasmas at near solid
state density. The photon emission from ultrafast laser generated plasmas is emitted in
picosecond bursts [10,11] and can span an energy scale from vacuum ultraviolet (VUV), soft
x-ray [12], to hard x-ray [13] up to MeV photons [14] depending on the excitation fluence.

The ability to generate such extreme wavelengths with a table-top system along with the

3-25
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unique characteristics of the emission has opened interesting possibilities for fundamental
and applied research. The short temporal duration of the pulses has been exploited to study
time resolved dynamics of chemical reactions [15], transient x-ray absorption spectroscopy
[16], ultrafast lattice dynamics [17,18] and biological imaging [19]. Currently the
development and use of femtosecond lasers as an ultrafast x-rays source is an area of intense
research. Lasers deployed in these fields have typical pulse energies on the order of 1 mJ-
1 J/pulse and low repetition rates around 10 Hz. Focusing 1 J, femtosecond pulses close to
diffraction limit leads to intensities exceeding 10" W/cm? [20]. Often the compressor stage
and beam delivery optics are enclosed in modest size vacuum chambers to avoid the non-
linear effects in air. On the other hand, commercial femtosecond laser systems available for
industrial and scientific research are typically much smaller with pulse energies between
1 pJ-1 mJ and operate between 1 kHz and 250 kHz and pulse widths down to ~ 20 fs. If
such pulses are focused close to the diffraction limit intensities on target can reach ~ 10"
W/cm2. With continuous technological advances such systems are quickly becoming
common features of many scientific laboratories. During the past decade the use of
femtosecond lasers in laser machining and material processing has also attracted significant
attention. Micromachining with ultrafast pulses has been shown to yield superior results
compared to lasers of longer pulse duration, especially well established nanosecond laser
technology [21,22]. Also, the first kHz, mJ femtosecond micromachining workstation has
already appeared on the market (produced by Clark-MXR). Despite the trend in using
femtosecond lasers as materials processing tools the hard radiation resulting from interaction

of the laser pulses with the machined materials has not been characterized in this context. In
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a number of preliminary experiments, we investigated and characterized radiation spectra and

absolute dose rates produced under typical laser micromachining conditions.
3.2 Experimental Setup and Experiments

The laser system used in these experiments was discussed in detail in chapter 2.
Briefly, the amplifier delivers 800 nm pulses of 120 fs duration, with up to 0.3 mJ ata | kHz

repetition rate. Two different experimental setups illustrated in figure 3.1 were used.

Figure 3.1: a. Experimental setup used to study x-ray produced by high energy pulses, b. Experimental setup to
study x-ray production under real micromachining conditions.

Figure 3.1a illustrates the setup used to study and characterize radiation produced by
relatively high energy pulses ~0.3 mJ/pulse. The p-polarized laser pulses were focussed on
the target by f = 5 cm. plano-convex lens (uncoated). The spot-size of the lens was measured
by the scanning knife edge technique (see chapter 2) to be 15 pm. The target was
manipulated by a computer controlled xyz translation stage with a maximum translation
speed of 200 pm/sec inside a 5 mm thick-walled stainless steel chamber at ambient pressure.

The sample condition was monitored by a CCD camera through one of the view ports. The
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x-ray spectra were acquired with the two different detectors. The first comprised a 25.3 mm
diameter, 20 mm thick Germanium detector (Canberra Industries 2020R) shielded by 0.5 mm
beryllium window and cooled by liquid nitrogen (LN2). Signal processing was performed by
a charge sensitive preamplifier and a multi-channel analyzer system (Series 5000 MCA by
Aptec Nuclear Inc.) with a 4 psec pulse shaping time. The resolution of this system was
400 eV (FWHM) as quoted by the manufacturer. The second detector used was a 16 mm
diameter, 5.8 mm thick lithium drifted silicon detector (Ortec SLP 16220-S by EG&G)
shielded by a 0.50 mm thick beryllium window and cooled by LN2. The signal processing
was performed with a pulsed optical feedback preamplifier and DSA2000 digital
spectrometer using Genie 2K software (Canberra Industries). The resolution of this detector
was 220 eV (FWHM). However, the actual resolution observed in our measurements was
lower by a factor of two. The reduction in resolution was attributed to the RF pickup
produced by our laser system. Both of these detectors are designed for low peak intensity x-
ray sources, however x-rays produced by femtosecond lasers are emitted in bursts on the
order of several picoseconds, orders of magnitude shorter then the 4 us pulse shaping time of
the detectors. Therefore if special care is not taken acquired spectra will feature artefacts,
such as pile-up. Pileup occurs if multiple x-rays of the same energy are absorbed within the
pulse shaping time of the detector. Their energies are then summed and interpreted as a
single x-ray photon. Figure 3.2 clearly illustrates the pileup effect with ghost peaks

appearing at integer multiple values of the main peak.
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Figure 3.2: Ti x-ray spectrum illustrating effects of pileup

This problem cannot be completely eliminated without going to a diffractive spectrometer.
In order to minimize this effect in our measurements a 1 mm stainless steel plate with 1
1 mm aperture was inserted in front of the detector in order to reduce the average x-ray
detection rate to approximately 1 event per 10 laser pulses. Also the translation stage speed
was adjusted to keep the count rate constant. Both spectrometers were calibrated with the aid
of multi-energy radiation source. In addition to the two spectrometers a thin windowed
ionization monitor (Bicron RSO-5) designed for soft x-ray measurements (cut-off ~ 8 keV)
was used to measure the absolute x-ray doses produced. In the first setup all detectors were
placed 13 cm from the target. The second setup illustrated in the figure 3.1b was used to
study x-ray emission under actual micromachining conditions. Here the p-polarized beam
was focussed on various targets at normal incidence by a 10x microscope objective. The
spot-size at the focus of the microscope was measured to be 9 um. The spectra were
obtained via the germanium detector positioned ~ 5 cm from the target at 45°. The steel

aperture was not used in these experiments since the total x-ray yield was significantly lower.
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Targets used in these investigations included a number of pure metals and semiconductors,
such as: Al, Ti, Cr, Fe, Cu, Zn, Ge, Nb, Mo and W. None of the samples were given any
special treatment prior to laser irradiation. The Cu sample used was a CO2 laser mirror and
therefore had a high surface quality. Therefore the Cu target was used for most of the studies

involving the intensity dependence of x-ray emission.
3.3 Experiments and Results

Ln the first series of experiments, the setup depicted in figure 3.1a was used to
irradiate the targets with relatively high pulse energies ~0.3 mJ/pulse, which corresponds to
the intensities on target of 2- 1055 W/cm2. Figure 3.3 shows the x-ray spectrum of Cu
obtained with the silicon detector. The spectrum is corrected for air attenuation and detector

response.

Figure 3.3: a. Corrected Cu spectrum, b. Ka and Kp lines

The spectrum consists of 8.0 keV Ka (1.54 A) and 8.9 keV Kp (1.39 A) Cu emission lines

radiation with the expected 7:1 ratio (fig 3.3b) superimposed on continuum bremsstrahlung
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background. The background spectrum stretches all the way up to ~25 keV. The weak
background can be approximated by the Planck spectral distribution function p(v) of a black-
body source at 9.8 MK (0.84 keV)

8rhv’
p)= ——

(ehv/kT _ 1)‘1 ,

where ¢ is the speed of light, h is Planck constant and v is the frequency of the emitted
radiation, k is Boltzmann’s constant and T is the plasma temperature. The fitted curve is

shown in figure 3.4 on linear (a) and logarithmic (b) scales.
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Figure 3.4 a. Blackbody at 9.8 MK fit to the radiation distribution, b. Same plot shown on a logarithmic scale.

The deviation from the Planck function at the lower end can be attributed to large uncertainty
in the correction factors (air attenuation and the detector efficiency below ~5 keV). The
same graph plotted on the logarithmic scale (fig 3.4 b) also reveals a much slower falloff on
the higher energy end (>10 keV). This behaviour is attributed to the superthermal electrons
in the plasma. In order to convince ourselves that this spectral feature was not an detector

artefact caused by pile-up effect we have inserted 1 mm glass slide in front of the aperture
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and repeated the run. The glass slide strongly attenuates radiation below 10 keV while

transmitting higher energy x-rays almost untenanted. The observed spectrum shown in fig.

3.5 has the same high energy tail as observed above thus illustrating that the effect is real.
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Figure 3.5: X-ray spectrum transmission spectrum through 1 mm glass slide.

In the next set of experiments we have acquired x-ray emission spectra of Al, Cr, Fe, Cu, Zn,

Ge, Nb, Mo and W excited by laser intensities of 2.0- 10'> W/cm?. The spectra were collected

with the Germanium detectors using the setup depicted in figure 3.1a. The spectra obtained

are shown in the figure.
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Figure 3.6: The x-ray spectra of Al, Cr, Fe, Cu, Zn, Ge, Nb, Mo and W excited by laser intensities of 2.0 10%°
W/cm2,

The spectra of elements with Z<32 show K line emission superimposed on a continuum
bremsstrahlung background while elements with Z>32 show only the bremsstrahlung
emission. Note that the K line of Al and the L and M lines of the other materials fall outside
the energy region of our detector. Furthermore, Ti, Cr, Fe and Cu show predominantly only
K line emission. This illustrates that femtosecond laser x-ray sources can produce very
clean, pulsed spectral emission. Additional filtering can further be used to clean up the
spectrum.

In the next series of experiments, we concentrated on measuring the relationship
between line and continuum radiation as a function of pulse intensity. Starting with the Cu

target, the pulse intensity was decreased by attenuating the laser beam until only a continuum
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background was observed. At this point, the Cu target was replaced by Fe whose K line lies
at 6.4 keV. Once again both the line emission and the background was observed. The laser
intensity was then reduced further until the line emission disappeared and the target was
changed to Ti and K line emission was observed once again. Along with the results
discussed above this clearly illustrates the threshold nature of the radiation emission
depending on the Z value of the target. Thus as soon as the high energy end of the Planck’s
emission exceeds the threshold energy, a K emission line appears in the spectrum.

In order to quantify the dose rate of x-ray radiation emitted from the Cu target the
Germanium detector shown in figure 3.1a was replaced by the ionization detector (RSO-5).
The dose rates were measured under the same laser conditions as in the spectrum
measurements. Maximum dose rates on the order of ~10 mSv/hr (~1 rem/hr) were measured
13 cm in front of the target when the target was translated at 150 um/s. The detector used
has a low energy cut-off around 8 keV with sensitivity dropping to 25% at 8 keV (according
to the company). Based on the spectral radiation distribution and assuming isotropic emission
we estimate the total x-ray photon yield of ~10° per laser pulse (10" IR photons) or ~10°
photon/s into the forward hemisphere. Based on these estimates the x-ray conversion
efficiency in the 5-20 keV range is 10™ %. The x-ray yield below 8 keV increases as 803
between 0.1 and 0.3 mJ/pulse (7- 10" and 2. 10" W/cm?), indicating that higher x-ray yields
can be obtained by increasing the excitation pulse intensity. A similar intensity dependence
of hard x-ray yield, in the energy range of >50 keV was reported by M. Schnlirer et al. [13]

with laser intensities between 5. 10'° and 5- 10"7 W/jcm?.
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The emitted x-ray flux also depends critically on the focusing conditions and on the
target speed. A decrease of the x-ray yield with decreasing feed rate or in the case of
irradiation of stationary targets can be attributed to the rapid material removal from the
irradiated area and to the shadowing effects of the trenches or holes.

The setup depicted in figure 3.1b was used to investigate the radiation emitted the
near plasma formation threshold. The copper sample was hit at normal incidence with pulse
energies from 9 to 1 pJ. The germanium detector was placed 5 cm from the target and

emission was collected at 45°. Figure 3.7 shows Cu x-ray spectra excited by 8.4 uJ, 2.7 uJ

and 2.0 pJ pulses.
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Figure 3.7: Cu x-ray spectra excited by (a) 8.4 uJ, (b) 2.7 uJ and (c) 2.0 pJ pulses
Once again the dependence of line emission on the pulse energy can be clearly seen. At a

pulse energy of 8.4 uJ continuum and line emission are present. A reduction of the pulse

energy leads to a drop in a total yield and diminished line emission.
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3.4 Discussion

3.4.1 Workplace Environment

The nbnlinear dependence of the total x-ray yield on the laser intensity implies that
the generation of hard radiation must be taken into consideration when designing
femtosecond laser based processing workstations. We have shown that maximum dose rates
of ~10 mSv/h were detected during micromachining of metals with modest pulse energies 13
cm away from the source with the majority of the radiation emitted below 10 keV. To put
these numbers in perspective, we note that the average annual effective dose equivalent due
to background radiation is ~ 3 mSv/year. Background radiation includes highly penetrating
cosmic radiation and other natural sources, as well as radon radiation, which is mainly affects
the lungs. Therefore the value quoted refers to absorption by the entire body. Soft x-rays
below 10 keV generated during laser micromachining are absorbed mostly by the skin and
eyes. The mass attenuation coefficient for 10 keV in skin is 5.37 cm’g”, therefore the bulk
of the x-rays produced under the conditions pertaining to our experiments only penetrate 2
mm (1/e) into the body. According to the International Commission on Radiation Protection
(ICRP) the annual limits are 20 mSv for occupational situations and 1 mSv for public
exposure. That corresponds to an equivalent annual dose limit of 150 mSv and 15 mSv to the
lens of the eyes and 500 mSv and 50 mSv for skin, hands and feet for occupational workers
and the public respectively. Thus persons working with femtosecond machining systems on
a regular basis may exceed maximum the recommended doses if appropriate precautions are

not taken. Furthermore our 0.3 mJ pulse energies were rather modest compared to typical 1
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mJ systems sold for micromachining purposes. The I** dependence suggests that much
higher dose rates could be reached. In addition to increased dose rates, the x-ray spectrum
may also shift to the higher energy x-rays. X-ray energies in the range of 20 keV penetrate
further into the body (up to 12 mm 1/e at 20 keV) and absorption by internal organs may
begin to become possible. However knowing the spectral features and the emitted doses it is
very easy to shield against the radiation. For example 10 keV and 50 keV x-rays will be

177 and

attenuated by a factor of 10° and 1.3 respectively in 3 mm of Al, and by a factor of 10
10% in 3 mm of steel. In addition to shielding, increasing distance to the work area will

decrease the average field by 1/r2 since laser plasma is essentially a point source.
3.4.2 Micromachining

Focussing the laser beam to the diffraction limit means that the confocal parameter
(Rayleigh range) is on the order of a micron. Since the total x-ray yield critically depends on
the focussing conditions due to high nonlinearity, a simple monitoring detector can be used
as a very sensitive feedback signal in a closed loop focussing system. Tight focussing is
especially critical in the machining of complex, non-planar surfaces. At the same time x-ray
detectors could serve as a monitoring system if the material being processed consists of
different elements. X-ray spectroscopy is a more convenient diagnostic tool than optical
spectroscopy since only a single emission line is needed to identify a given element. Plasma
emission in the optical region exhibits a large number of lines, which lie mostly in the
vacuum ultraviolet region (VUV) making fast identification of constituents difficult. X-ray
measurements can also be performed in ambient atmosphere whereas optical spectroscopy

requires a vacuum spectrometer.
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3.4.3 Laser based x-ray sources

Although our work was aimed at the study of x-ray generation during femtosecond
laser machining, our results also suggest that a modest size femtosecond laser system can be
used as a bright, tuneable x-ray source. Although conversion efficiencies per excitation pulse
in our experiments were rather low, several modifications can increase the total x-ray yield.
We have observed an increase in the x-ray production with increasing the target speed.
During laser machining roughly 1% of the pristine surface was moved into the focus area.
Scanning the target fast enough to ensure a pristine surface for every laser shot (> 1 mm/sec)
would greatly increase the x-ray yield. Several authors have also shown that the use of
structured surfaces [23] and use of a weak prepulses [24] can further increase the total yield.
High repetition systems may also improve the signal to noise ratio by making various
counting and averaging experiments much more practical. A true advantage of laser-
produced x-rays over conventional sources is the ultrashort pulsed duration, which allows the
study of dynamic events on a very short time scale. A number of groups have already used
the x-ray pump-probe techniques to study melting and ablation of semiconductors [17,18].
However, in those cases high power, low repetition rate lasers are being used as sources.

Soft x-rays produced by laser based x-ray sources can also be used in imaging
applications. Changing target material allows easy wavelength tuning for applications such
as differential absorption imaging demonstrated by Tillman et al [19]. Currently
synchrotron sources are still used for similar applications. Imaging applications would also
benefit from high repetition rate lasers since exposure times can be decreased significantly by

moving from 10 Hz to 1 kHz. Figure 3.8 shows a x-ray image of a microchip developed by
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a laser based x-ray source. The image below was taken using a Polaroid film placed inside a
thin aluminium foil shielding and irradiated by a 0.6 mJ laser based source operating at

1 kHz.

Figure 3.8: Polaroid x-ray picture of a microchip developed by laser based x-ray source. Courtesy of Jan
Thogersen from Arhus University.

3.5 Summary

The main goal of our experiments was to investigate the spectral nature and absolute
dose rates of x-rays emitted during femtosecond laser micromachining. We have shown that
relatively low energy pulses (~0.3 mJ) can excite x-rays with the high energy tail extending
up to 25 keV. The majority of the radiation was emitted below 10 keV with the radiation
distribution approximated by a blackbody source at 8.9 MK (0.89 keV). Under our
experimental conditions K line emission was observed from materials with Z<32. The
emission exhibited threshold like dependence on the intensity. We have also measured the

total x-ray dose rates during laser machining of various targets and observed dose rates on



Summary 3-40

the order of 10 mSv/h. Our work also illustrates interesting possibilities for using modest
size, high repetition rate systems as pulsed x-ray sources for spectroscopic and imaging

applications.



Chapter 4

Femtosecond Ablation of Semiconductors

4.1 Introduction

Recently, research in the area of femtosecond laser ablation of solids has received a great
deal of attention due to the considerable potential in the areas of micromachining and
material modification [25,26]. Advances in femtosecond laser technology during the past
decade promise to introduce ultrafast systems to the industrial market. All solid-state,
amplified laser systems based on the Ti:sapphire crystal have become more common,
cheaper, robust and much easier to use. The use of femtosecond pulses offers very
interesting possibilities for material processing, especially on the micron scale due to the
unique properties of ultrafast pulses. The damage threshold of materials has been shown to
decrease with decreasing pulse duration [27,28] since very high peak intensities can be
achieved with relatively low pulse energies. For instance, focussing a 100 fs, 1 mJ pulse to a
spot size of 10 um leads to intensities on the order of 10" W/cm®. In order to obtain the

same intensity with a 10 ns laser, the pulse energy would have to be 100 J. A short
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interaction time with the target leads to reduction of the lateral damage and thermally
induced material stress [29]. Furthermore, the energy absorption and eventual material
removal are separated temporally and the trailing edge of the laser pulse does not interact
with the expelled material. Absence of plasma shielding allows very strong material
excitation prior to material removal. Extreme intensities, easily attainable by focusing
ultrashort pulses, lead to a wealth of nonlinear processes, which can be harnessed in a variety
of micromachining applications. For example, femtosecond lasers can be used for precise
machining of materials which are difficult to process mechanically or with conventional
lasers, such as dielectrics [26], ceramics [30], polymers [31], biological hard tissue [32,33],
corneal tissue [34], as well as metals and semiconductors [35,36]. It is also possible to
produce features beyond the diffraction limit by reducing the pulse energy to the point where
only the central part of the beam profile exceeds the material damage threshold [36,37] or by
using near field techniques [38]. In the case of materials which are normally transparent in
near infrared, it is possible to machine features in the bulk material, without damaging the
entrance or exit surfaces [39]. A number of groups have demonstrated the possibility of
using this technique for the direct writing of waveguides and gratings in dielectrics [40],
recording 3D optical storage media [41, 42] and production of long period fibre gratings [43].
Femtosecond laser ablation and micromachining of materials is an area of intense research,
which offers plenty of room to explore fundamental aspects of laser-matter interaction, as
well as explore practical issues associated with direct writing, drilling and material

modification.
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Laser processing of semiconductors has been one of the areas of intense fundamental
[44] and applied research [45,46] for a long time due to the technological importance of
semiconductors. A large body of work is available on this topic, however, the literature
covers mostly cw and short-pulse nanosecond laser processing [45, 47]. More recently the
study of ablation and micromachining of semiconductors has been extended to femtosecond
pulse durations. The dynamics of single shot ablation of semiconductors were studied by
number of techniques including optical pump-probe [48, 49], time of flight mass
spectroscopy [50, 51] time resolved microscopy [52], and temporally resolved x-ray
diffraction [53, 54]. Many theoretical models have also been proposed to model ultrafast
heating [29, 55, 56] and ablation processes [57, 58]. However, to our knowledge, detailed
systematic studies of the material properties, particularly surface morphology, structural and
compositional changes resulting from single shot femtosecond laser ablation have not been
reported. In our experiments we have concentrated on detailed studies of the aftermath of the
laser ablation of three technologically relevant semiconductors: Si, GaAs and InP. In
particular we have examined the effects of the ablation process on the material structure and
composition as well as measured ablation rates and damage thresholds. Our experimental
conditions were similar to those reported in refs. 49-52 and provide a supplement to the study
of ablation dynamics. Analytical tools used to study the material properties were scanning
electron microscope (SEM), atomic force microscope (AFM), transmission electron

microscope (TEM) and energy dispersion x-ray spectfoscopy (EDX).
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4.2 Experimental Setup

The laser system used in this work was discussed in chapter 2. Our micromachining

setup is shown in Figure 4.1.

Figure 4.1 Femtosecond laser micromachining setup

The output from the amplifier was delivered to the setup by several dielectric mirrors. The
energy of the laser was adjusted with a set of thin (1 mm) reflective neutral density (ND)
filters in steps of 0.1 OD (OD = log(L7l)). The laser was focused on the sample by a 10x
microscope objective (Newport M-IOx). The spot size (2u\,) of 7 pm at the focus was
measured by a scanning knife edge technique which was discussed in chapter 2. A fast
mechanical shutter, synchronized with the laser, was used to control the number of pulses

delivered to the sample. A confocal imaging system and a CCD camera were used to
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monitor the machining process on-line. Semiconductor samples were placed inside a small
vacuum chamber mounted on a computer controlled xyz translation stage with maximum
linear speed of 200 um/s and the minimum step size of 0.5 um. The laser beam was
delivered thrdugh a thin, uncoated sapphire window (200 um) cut perpendicular to the c-axis

to avoid birefringence effects in the window.
4.3 Single Shot Measurements

The starting point of our investigations included analysis of the material after
irradiation with single fs laser pulses. The samples of [100] Si, GaAs and InP were placed in
the sample chamber under rough vacuum (100 mTorr) and hit with pulse energies ranging
from 1.8 pJ to 10 nJ. The ablation experiments were always performed under conditions of a
spatially Gaussian laser pulse. The fluence and intensities quoted in the subsequent
discussion refer to the central part of the beam profile. The sample chamber was translated
between each shot to ensure a pristine surface for every laser shot.

Changes in surface morphology and size of the ablated features were characterized by
means of scanning electron microscope (SEM). The depth and crater profiles were measured
with the aid of atomic force microscope (AFM) in the contact mode. Crystal structure and
composition in the vicinity of the ablation sites were investigated with a transmission
electron microscope (TEM) equipped with an energy dispersive x-ray spectrometer (EDX)
and an electron energy loss spectrometer (EELS). The TEM samples were investigated in
plan view having been prepared by standard techniques of mechanical back thinning

followed by argon ion beam milling.
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4.4 Results

In all our ablation experiments no abrupt changes in the surface morphology were
observed with increasing pulse energy. However, three ablation regimes can be identified
based on the observed surface morphology and characteristic debris patterns. The details of
the three regimes vary somewhat between Si, GaAs and InP and will be discussed in detail
later. General comments, which apply to all three materials, will be presented first.

The first ablation regime observed was the near damage threshold regime,
corresponding to pulse energies of tens of nJ, corresponding to the energy fluence below 100
mJ/cm®. The damage threshold of the material was taken as the pulse energy above which
visible surface modification was observed under SEM. At the material damage threshold
features on the order of 500 nm were observed. The surface morphology was indicative of
melting followed by resolidification with minimum loss of material. With an increase of the
pulse energy the size of the damaged area increased and formation of craters with a distinct
rim at the outer edge was observed. In the first ablation regime the ablated areas were
typically less then 2 um in diameter and less than 50 nm deep. Figure 4.2 shows SEM images
and corresponding AFM profiles of the ablation features in the near damage threshold

regime.
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Figure 4.2 SEM images (top) and corresponding AFM profiles of ablation craters in the near damage threshold
regime. The blue line indicates the position of the surface prior to irradiation; the red curve shows the Gaussian
laser beam profile on the sample surface.

The blue line indicates the surface position prior to irradiation. The red curve shows the
Gaussian laser beam profile on the sample surface. In all cases, near the damage threshold
the affected areas were much smaller then the spot size (2w,, = 7 pm), indicating the high
nonlinearity of the process, where only the intensity over the central part of the beam exceeds
the damage threshold. TEM analysis of the areas immediately outside of the craters showed
no evidence of structural or surface damage. The high nonlinearity of the process in this
regime also means that the optical alignment of the focusing objective is crucial. Even a
small degree of defocus lead to a rapid decrease in the beam intensity on the surface which
caused fluctuations in the diameter of the craters or moving below the damage threshold of

the material.
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The second ablation regime was observed when the pulse energy was increased
roughly by a factor of 5 above the material damage threshold, corresponding to the energy
fluence between 100 mJ/em® and 1 J/cm?®. The craters in this regime were typically between
3 and 5 um in diameter and 100 to 500 nm deep. A molten rim, similar to that seen in the
previous regime, was observed at the edge of the craters. The rim was more pronounced
around Si craters than around GaAs and InP craters. In addition, the surface quality of Si
craters was typically better than the surface quality of GaAs and InP craters. In general, the
craters were well defined and symmetric with no significant debris beyond the ablated area.
In both binary compounds frozen liquid droplets on the order of 100 nm were found on the
perimeter of the rim. With increasing pulse energy similar droplets were also found at the
bottom of the craters. Figure 4.3 shows SEM images and corresponding AFM profiles of the

ablation features in the second ablation regime.
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Figure 4.3: SEM images (top) and corresponding AFM profiles of ablation craters in the second ablation
regime. The blue line indicates the position of the surface prior to irradiation; the red curve shows the Gaussian
laser beam profile on the sample surface.

The ablation process in the second regime is essentially 100% reproducible and identical
craters can be made across the entire length of the sample as shown in the figure below.
Only small variations in the size and depth were observed due to the laser intensity

instabilities.

Figure 4.4: Ultrafast ablation of Si illustrating the reproducibility of the ablation process.
Optical alignment is not as critical as in the first ablation regime. Defocusing of the beam
resulted in an increase of the spot size and therefore an increase in the size of the ablation

craters. Aberrations such as astigmatism will lead to asymmetric craters and debris patterns.
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The third ablation regime was observed when the pulse energy was increased beyond
500 nJ corresponding to the energy fluence above ! Jicm2.  The diameter of the ablation
craters was ~ 6 pm and ablation depth was on the order of 1 pm. In this ablation regime the
surface morphology suggested a violent, explosive material removal process. A significant
amount of debris resembling frozen liquid was found in the vicinity of the ablation craters.
The random distribution of debris renders these patterns irreproducible. Figure 4.5 shows
SEM images and corresponding AFM profiles of the ablation features in the third ablation

regime.

Figure 4.5: SEM images (top) and corresponding AFM profiles of ablation craters in the third ablation regime.
The blue line indicates the position of the surface prior to irradiation; the red curve shows the Gaussian laser

beam profile on the sample surface.
Intensities on the sample in this regime approach 10!' W/cm? and significant ionization of the

material leads to the formation of a dense plasma. Emission from the generated plasma

during sample processing stretches from visible all the way to the soft x-ray regime. In
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previous studies presented in Chapter 3, we characterized x-ray emissions from solids
irradiated in this intensity regime. X-rays are emitted as bremsstrahlung radiation and line
emission depending on the atomic number of the target material and the excitation energy.
There are several challenges in TEM analysis of the ablation craters. In the case of
craters near the damage threshold regime the biggest challenge is isolating information from
the affected material. Single shot ablation craters near the damage threshold are only several
nanometers deep while the thickness of the thinned substrate can be several tens of
nanometers. Therefore a diffraction pattern from the affected area may be superimposed on a
strong single crystal diffraction pattern from the substrate. By the same token EDX spectra
will contain chemical information from the substrate and from the affected area. Sensitivity
of the instrument may not be high enough to observe composition changes. Plan-view TEM
analysis of the material craters in the highest fluence regime proved impossible due to
difficulties in sample preparation. The high aspect ratio of the craters does not allow
adequate back thinning of the entire crater without destruction of the area of interest. Thus,
definite structural and compositional information about the frozen semiconductor is
unavailable at this time. Further work will require more sophisticated cross sectional TEM

analysis, which will be undertaken in the near future.
4.4.1 Ablation of Si

Figure 4.6 shows a sequence of SEM images of single shot ablation craters of Si
produced by 130 fs, 794 nm pulses with pulse energy varied from 1.6 pJ (top left) to 20 nJ

(bottom right). AFM profiles of 1.6 uJ, 820, 500, 200, 100 and 40 nJ are shown below the
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SEM images. The z-axis of the plot is exaggerated; however all profiles are shown to the

same scale.

Figure 4.6: (top) Single shot ablation of Si with 794 nm, 130 fs pulses with pulse energies between 1.6 pJ to 20
nJ. The dimensions of all images are 15x12 pm, and all images are shown to the same scale, (bottom) AFM
profiles of 1.6 pJ, 820, 500,200, 100 and 40 nJ ablation craters shown to the same scale.
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Under our experimental conditions, the damage threshold of Si was found to be 25 nJ +5 nJ.
The corresponding energy fluence and intensity were 67 + 10 mJ/cm? and
(5 = 1)} 10u W/cm2 The TEM diffraction patterns taken from the centre of the craters and
from undamaged material in the vicinity of the crater consists of a strong single crystal
pattern and very faint additional diffraction spots indicative of polycrystalline material. No
other structural defects, such as dislocations or fractures, were found around any of the
ablation sites.

Increasing the pulse energy leads to an increase in the size of the craters and the
second ablation regime can be identified between pulse energies of 80 nJ and 400 nJ. The
craters are typically between 3 and 5 pm in diameter and 150 to 500 nm deep for 80 nJ and
400 nJ pulses respectively. All craters feature a characteristic rim on the outer edge marking
the boundary of the ablated zone. The rim is between 70 nm and 150 nm high for the pulse
energies discussed above. The TEM diffraction patterns taken from the centre of craters
correspond to a single crystal structure and they are identical to patterns taken from the

pristine surface as shown in the figure below. The diffraction pattern from the rim reveals

the presence of polycrystalline material.
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Figure 4.7: TEM image and diffraction pattern of Si crater in the second ablation regime.

With a further increase in the laser pulse energy, especially above 500 nJ, frozen
droplets of Si, ~ 200 nm in diameter can be seen beyond the outer rim of the crater (Figure
4.6 D) and the surface morphology continues to degrade. Finally, in craters ablated by 1.6 pJ
pulses, large debris patterns of frozen semiconductor material were found far beyond the rim.
The volume of displaced semiconductor was measured to be 9 um’ and 3 um’ of debris was

found on the surface within the vicinity of the crater.
4.4.2 Ablation of GaAs

Figure 4.8 shows a sequence of SEM images of single shot ablation craters in GaAs
produced by 130 fs, 794 nm pulses with pulse energies between 1.6 uJ (top left) and 20 nJ
(bottom right). AFM profiles of 1.6 uJ, 820, 500, 200, 100 and 40 nJ are shown below the

SEM images.
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Figure 4.8: (top) Single shot ablation of GaAs with 794 nm, 130 fs pulses with a pulse energies between 1.6 pJ
to 20 nJ. (bottom) AFM profiles of 1.6 pJ, 820, 500, 200, 100 and 40 nJ ablation craters shown to the same
scale.

The damage threshold of GaAs was found to be 16 nJ £5 nJ. The corresponding energy
fluence and intensity were 45 + 10 mJ/cm? and (3 + 1) + 101l W/cm2. Near the damage

threshold the ablated areas were less than 2 pm in diameter, and less than 50 nm deep, with
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nanometer sized polycrystalline grains over the affected surface. The TEM diffraction
pattern from the center of the craters consists of a strong single crystal pattern and a weaker
pattern corresponding to a polycrystalline phase. The nanometer size polycrystalline grains
can be seen in the TEM image of the damaged surface. The EDX analysis of the ablated area
showed the same composition as the pristine substrate within the sensitivity of the

spectrometer. The uncertainty in absolute composition measurements is ~ 10%.

Figure 4.9: TEM image and diffraction patterns of GaAs crater in the near damage threshold regime.

Ln the intermediate pulse energy regime, between 80 nJ and 400 nJ, the size of the
craters increases up to 5 pm, while the surface morphology degrades even further. The rim,
which marks the ablation edge, was not as clearly defined as in the case of Si and was
between 75 nm and 100 nm high for the pulse energies discussed above. Small
polycrystalline droplets on the order of 100 nm were found on the perimeter of the rim. The
compositions of the droplets, rim and the centre of the crater were still identical to the

composition of the pristine substrate within the sensitivity of the EDX spectrometer.



Results 4-57

Figure 4.10: TEM image and diffraction pattern of GaAs crater in the second ablation regime.

In the highest pulse energy regime, above 500 nJ, definite evidence of melting and
resolidification were observed. In the TEM image below, frozen droplets of material can be
seen beyond the rim. The diffraction pattern from the rim, shown in the same diagram,
indicates the presence of polycrystalline material. The polycrystalline grains range between
10 and 30 nm in size and can be seen in the higher magnification TEM image of the rim. At
the maximum pulse energy of 1.6 pJ the volume of displaced semiconductor was 12 pm3 and
the extent of the damage was more extensive than in case of Si as can be seen in the SEM

images. The volume of the debris found around the crater was 8 (am3.

Figure 4.11 TEM image and diffraction pattern of GaAs crater in the second ablation regime.



Results 4-58

4.4.3 Ablation of InP

Figure 4.12 shows a sequence of SEM images of single shot ablation craters produced by 130
fs, 794 nm pulses with the pulse energy varied from 1.6 pJ (top left) to 10 nJ (bottom right).

AFM profiles of 1.6 pJ, 820, 500, 200, 100 and 40 nJ are shown below the SEM images.
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Figure 4.12: (top) Single shot ablation of InP with 794 nm, 130 fs pulses with pulse energies between 1.6 pJ to
10 nJ. (bottom) AFM profiles of 1.6 pJ, 820, 500, 200, 100 and 40 nJ ablation craters shown to the same scale.

The damage threshold of InP was found to be 10 nJ £ 5 nJ. The corresponding energy
fluence and intensity were 30 £ 10 mJ/cm2 and (2 £ 1)+ 10Ul W/cm2 Again, near the damage
threshold, the ablated areas were less then 2 pm in diameter and less then 50 nm deep. In
contrast to Si and GaAs TEM diffraction patterns from these areas feature full polycrystalline
rings. Figure 4.13 shows a TEM image and a diffraction pattern from the area essentially at
the damage threshold. The damaged spot is 500 nm in diameter and the polycrystalline InP
grains can be seen over the affected surface. The grains were distributed without preferred
crystal orientation and were typically 5-20 nm in diameter. A close-up of the polycrystalline
grain is shown in the top left comer in the figure below. The composition of the affected

region was the same as the composition of the pristine substrate.

Figure 4.13: TEM image and diffraction pattern of InP irradiated near the damage threshold of the material.
The pattern shown is 500 nm in diameter.

For pulse energies between 30 to 200 nJ the second ablation regime was observed.
The craters were between 3-5 pm in diameter with molten rims marking the boundaries of

the craters. The rims were between 50 nm and 120 nm high for the pulse energies mentioned
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above. The TEM diffraction patterns from the centers of the craters reveal the presence of
polycrystalline InP as well as underlying single crystal substrate as was seen in the low pulse
energy craters. The 5-20 nm diameter polycrystalline grains were distributed over the entire
surface within the boundary of the rim. In addition to the nanometer size polycrystalline
grains, larger solidified material droplets, on the order of 100 nm, were found near the crater.
EDX and energy loss spectroscopy analysis revealed that these were droplets of In.
Diffraction patterns from such droplets indicated that the droplets were single crystal In. The
rims of the craters were also composed of polycrystalline InP. Figure 4.14 shows TEM

images and diffraction patterns from the indicated areas of the ablation crater.

Figure 4.14. TEM analysis of InP ablation craters: image and diffraction patterns.
The third ablation regime is reached much quicker than in Si and even GaAs. An
increase in pulse energy above 200 nJ resulted in a significant amount of debris being

redeposited beyond the rim of the craters. At the pulse energy of 1.6 pJ the volume of
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displaced semiconductor was measured to be 17 pm3. but only 6 pm3 of debris were found

on the surface.
4.4.4 Ablation Yield

Ln order to gain a more quantitative picture of the process, the ablation yields of Si,
GaAs and LnP were compared by measuring the volume of material removed per laser pulse
as a function of pulse energy. The volume measurements were performed with the aid of
AFM by scanning an array consisting of craters, each one ablated by a different pulse energy.
A mathematical routine was then used to fit a 2D function to the profile of each crater and the
missing volume was calculated by integrating the volume below the surface. The results of

the calculations are shown in the figure below on both linear and logarithmic scales.

Figure 4.15: Volume of semiconductor (Si - black, GaAs - red and LnP - blue) removed per laser pulse, linear
scale (left) log scale (right).
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The ablation yields per unit energy for Si, GaAs and InP are 7, 8 and 13 um®/uJ respectively.
The linear dependence of the ablation process can be clearly seen. However, these numbers
should not be taken as absolute since the volume of the resolidified and redeposited material
cannot be eaéily measured. It would be interesting to compare the relative volumes of the
material above and below the surface, but the acquired AFM scans lacked the resolution
required to make accurate volume measurements, especially at the lowest pulse energy. High
resolution scans of similar patterns are also planned for the near future.

The uncertainty in the damage threshold measurements arises mainly from the fact
that the pulse energy is adjusted in finite steps, with an indexed neutral density filter set. In
addition the uncertainty in the values of the neutral density filters at 800 nm is at most 5%
(according to the company). In the near future the indexed filter wheel will be replaced by a
combination of a thin film polarizer and a half-wave plate mounted in a precision rotation
stage. This combination together with a calibrated photodiode allows continuous and very
accurate pulse energy adjustments. The uncertainty in pulse energy calculations can also be
attributed to the laser intensity fluctuations. The manufacturer’s quote of 10% RMS intensity
fluctuations were in agreement with the observed intensity instability. However, the intensity
fluctuations tend to become more severe with the aging of the Merlin laser flash lamps. The
uncertainty in the volume measurements is mainly caused by thermal drifts of the AFM
during scan. Typically error margins are 0.5 pm in a 100 ym scan. Furthermore, scanning
each crater separately would increase the accuracy of the volume measurements. However

that process is extremely work intensive and impractical.
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4.5 Discussion

The process of femtosecond laser ablation is very complicated and is still not well
understood. It is therefore difficult to explain details of the resulting surface morphology,
structure and material composition in terms of an existing model. However, it is instructive
to view our results in light of recent time resolved ablation experiments and in terms of the
physical properties of the semiconductors studied.

The ablation process begins with energy deposition. The semiconductors studied
absorb strongly in the 800 nm region. The energy is absorbed by single and multiphoton
excitation as well as by free carriers and other nonlinear processes. The nonlinear absorption
channels are very important due to high laser intensities on the order of 10'' W/cm®. The
importance of nonlinear absorption is well illustrated by the fact that the difference in the
damage threshold of Si and GaAs is only a factor of 0.8 despite the fact that linear absorption
of GaAs at 800 nm is an order of magnitude higher than in Si. In contrast, during
nanosecond ablation the damage thresholds of GaAs is 3 times lower than Si since the linear
channel is the dominant absorption mechanism [59]. High laser intensities lead to excitation
of a very dense electron-hole plasma. Estimates based on the reflectivity measurements
suggest a carrier density on the order of 10% cm™ near the melting threshold [49],
corresponding to roughly 10% of the total number of the valence electrons. Even higher
carrier densities can be reached with increasing pulse energies or decreasing spot sizes.
Exact details of the absorption dynamics such as bandgap renormalization, state filling and

carrier diffusion have not been well characterized on femtosecond time scales and high
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excitation intensities. The lattice dynamics and eventual fate of the material following
femtosecond excitation depend critically on the absorbed energy. A number of groups [48-
54] have reported two distinct ablation regimes: slow thermal melting and ultrafast non-
thermal melting regimes separated by certain fluence thresholds, with the pulse width
remaining constant.

In the fluence regime corresponding to the thermal melting, following excitation,
carriers thermalize within the electron subsystem via ultrafast carrier-carrier scattering within
tens of femtoseconds [60]. To a good approximation, a two temperature regime is
established after excitation, comprising hot carriers and a cold lattice. Hot carriers transfer
their energy to the lattice via a number of mechanisms including carrier-phonon scattering,
carrier diffusion and Auger recombination. The semiconductor heats up and melts within
several tené of picoseconds [49-53]. If the temperature of the melted layer is below the
boiling temperature, the removal of material occurs by surface evaporation. If the material is
superheated (heated above its boiling point), nucleation of gas bubbles can occur resulting in
explosive boiling of the material. Species leaving the surface cause recoil pressure, on the
order of the saturated vapor pressure, due to momentum conservation. The pressure exerted
by the vapor on the remaining liquid in on the order of tens of MPa [47]. The recoil pressure
forces the molten material outwards in a phenomenon known as liquid-phase expulsion. The
material solidifies several nanoseconds after initial excitation [51,52].

In the fluence regime corresponding to the non-thermal ablation, the absorbed energy

leads to excitation of extremely high free carrier concentrations causing destabilization of the
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lattice; ultrafast melting is observed in less than 1 ps [49-53]. The temperature of the melted
volume can reach several thousand degrees, exceeding the critical temperature of the material
(see Table 4-1). During the melting phase, no significant expansion of material can occur
since the heating rate is much faster than the thermal expansion. Following melting, the
material undergoes phase explosion. Phase explosion can be considered as a collective
transformation from a solid phase directly to a homogenous phase consisting of vapour,
liquid droplets, and clusters of different size. Thus, irradiation of the material with ultrafast
pulses in this regime leads to very high pressures within the interaction volume and the
molten material can be regarded as a hot gas at high pressure. If we assume that the material
is heated to the critical temperature (T, = 5159 K for Si), we can make a ballpark estimate of
the gas pressure based on the ideal gas law. For example, if we consider a Si crater ablated
by 200 nJ pulse, the volume of Si removed is V = 0.83 um’, corresponding to n = 7.0- 107
moles of Si. By using P = nRT/V, where R is the gas constant we obtain pressures on the
order of 3 GPa. This rough estimate is on the same order of magnitude as values reported in
the literature [52]. This pressure drives a strong compression wave into the cold part of the
sample and the material is removed by recoil and hydrodynamic flow of hot fluid. The
material also solidifies within several nanoseconds after initial excitation [51,52].

The thresholds fluence for melting of Si and GaAs irradiated by 100 fs pulses
reported in the literature are: 150 mJjcm® and 100 mJjcm® for thermal melting, and
300 mJ/cm’ and 150 mJ/cm? for non-thermal melting, [48-52]. To our knowledge the values

for InP were not reported. Under our experimental conditions the fluence at the damage
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threshold of Si and GaAs was 67 mJ/cm® and 45 mJ/cm’, roughly a factor of 2 lower than the
values reported in the literature. The difference cannot be accounted for by the uncertainty in
pulse energy measurements and the laser intensity fluctuations. An error in the spot size
measurements is a very likely reason for the discrepancy. An error of 1 um in the spot size
(2w,) values would result in factor of 2 difference in fluence calculations. The minimum step
size of the positioning system used in the scanning knife setup is 0.5 um. Therefore position
errors on the order of a micron can be expected. The size of the damage features observed
under SEM also suggests an overestimate of the spot size measurement. A thorough
characterization of the optical system is currently under way.

Although the threshold behaviour of the transition from thermal to non-thermal
melting has been observed and confirmed experimentally [48,54] it is important to realize
that due to the Gaussian laser beam geometry ablation will most likely involve both regimes.
Off axis areas experience a lower level of excitation due to spatial intensity variations and the
smooth transition from non-thermal to thermal melting takes place over some specific
distance. This transition was observed experimentally in spatially and temporally resolved
reflectivity measurements [S1]. The resulting surface morphology of the single shot ablation
craters is therefore a result of thermal and non-thermal melting. In our experiments the
evidence of thermal melting can be observed in all craters on the outer region and to a greater
extent at low pulse energy near the damage threshold. At the damage threshold the affected
areas are very shallow since the evaporation is a surface phenomenon. Increasing the pulse

energy leads to higher temperatures in the interaction volume and increased crater depth
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caused by the onset of explosive boiling. Within the sensitivity of our spectrometer, the
composition of the crater surfaces in the cases of GaAs and InP was found to be same as the
composition of the substrate. This fact suggests that there is no preferential loss of the more
volatile constituent. Under thermodynamic equilibrium conditions, heating of GaAs and InP
results in preferential loss of As and P and results in formation of Ga and In droplets on the
surface. Segregation of binary compounds is also observed during nanosecond ablation
[47,59]. In contrast, femtosecond irradiation results in highly non-equilibrium conditions
with very rapid heating and cooling cycles. Instead of Ga and In droplets a thin layer of
nanometer sized polycrystalline grains of GaAs and InP was found over the irradiated
surface. It is still possible that the grains were Ga or In rich but beyond the sensitivity of the
EDX spectrometer.

As the pulse energy increases, thermal melting occurs in the outside areas while the
central part melts non-thermally and undergoes phase explosion. Redeposition of material
during expansion is likely responsible for the surface irregular morphology of the craters. In
the case of InP the presence of larger In droplets on the surface is not likely to be caused by
material segregation. The possible process leading to formation of large In droplets is
condensation of In upon expansion into vacuum. A segregation of binary compounds
discussed earlier would result in nanometer size droplets densely distributed over the entire
surface, whereas the observed drops were on the order of 100 nm and considerably spread
out. If we consider ablated InP immediately after melting as a highly compressed

homogenous mixture of In and P it is likely that nucleation of the less volatile component
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takes place upon expansion. In and P have substantially different physical properties: the
boiling points of In and P are 2346 K and 550 K respectively - therefore during rapid cooling
In would be the first to condense and nucleate. The rapid heating and cooling cycles are also
most likely responsible for the polycrystalline nature of the rim.

In addition to fundamental interest, the results presented contain valuable empirical
information for practical consideration in femtosecond micromachining system. In particular,
issues such as the damage threshold, the extent of material damage beyond the intended
volume, as well as structural and chemical changes resulting from ablation, are of immediate
interest. In the three materials measured, the damage threshold was highest in Si, followed
by GaAs and InP. This is the expected result based on the physical and thermal properties of
these materials, most notably the melting temperature. Above the ablation threshold a linear
dependence of the ablation yield was observed with increasing pulse energy. Although a
high ablation yield is desirable, higher pulse energies leads to a degradation in surface
morphology. Pulse energies above 1 uJ lead to removal of volumes on the order of tens of
cubic microns, but the material transport out of the ablated zone is a limiting factor.
Substaﬁtial redeposition and resolidification of material during the cooling and expansion
phases leads to poor surface morphology with large debris fields beyond the intended area.
In some cases as much as 60% of the removed volume was found around the ablation craters,
despite the fact that the experiments were performed under rough vacuum conditions.
Improving vacuum conditions or even changing the geometry and the beam delivery to the

sample may improve the situation. From a practical point of view the ability to machine
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under ambient conditions is highly desirable; however in true micromachining a vacuum
environment seems necessary.

Since the crater profiles reflect the intensity distribution in the focal plane, a flat top
intensity profile is highly desirable in order to ensure uniform excitation of the material and
minimize the thermal effects leading to the rim formation. A flat top profile can only be
approximated if the spot size is much larger than the wavelength of light. As the spot size
approaches ~A the diffraction effects will dictate the intensity distribution in the focal plane.
However, close to the diffraction limit, the high nonlinearity of the femtosecond ablation
process can be exploited to produce features on a length scale below the diffraction limit.
Our results clearly show that features much smaller than the spot size can be attained. By
using a higher magnification focusing objective it is possible to produce sub-micron features.
In recent experiments not discussed in this document, lines 20 ym by 250 nm have been

achieved with a 20x microscope objective.
4.6 Summary

We have begun our micromachining research effort by studying single shot ablation
of semiconductors. The semiconductors studied: Si, GaAs and InP, were irradiated with 130
fs pulses, centered about a wavelength of 794 nm. A microscope objective was used to focus
the pulses between 2 uJ and 2 nJ in energy to a sub-10 um spot size. The resulting surface
morphology, structure and composition of the micron scale ablation features on the
semiconductors were studied by electron microscopy and atomic force microscopy. We

found that no sharp threshold in the surface morphology was observed with increasing pulse
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energy, but three ablation regimes were identified based on the characteristic features of the
ablation craters. In the first regime the ablation features were less than 2 um in diameter and
50 nm deep. In all cases the features were much smaller then the spot size (2w, = 7 pm)
indicating a high degree of nonlinearity. In the second regime the ablation craters were
between 3 and 5 um in diameter and up to 500 nm deep. The features were well defined with
a minimum of surface debris and lateral damage. TEM analysis revealed essentially no
crystal damage beneath and in the vicinity of the ablation craters. In the case of the binary
semiconductors, 5-30 nm polycrystalline grains were found over the ablated surfaces. In the
third ablation regime the craters were ~6 um in diameter and a substantial amount of material
was randomly redeposited around the craters. The results were discussed in terms of the
existing state of knowledge of ablation dynamics. The implications for practical
micromachining applications were also presented. Our work serves as an excellent starting
point for further studies of micromachining and ablation of semiconductors and other

materials in various pulse energy, wavelength and pulse duration regimes.
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4.7 Appendix A: Physical Properties of Si, GaAs and

InP

Table 4-1 Physical properties of semiconductors

Physical Properties Si GaAs InP
Density (at 300 K) p - (g/cm’) 2.33 5.32 4.81
Number of atoms per 1 cm’ 5. 107 | 4.42. 107 [ 3.96- 107
Melting point T,, - (K) 1685 1513 1333
Specific heat capacity ¢, - (J/g- K) 0.7 0.33 0.31
Thermal conductivity - (W/cm- K) 1.3 0.55 0.68
Thermal diffusivity - cm’/s 0.8 0.31 0.372
Heat penetration depth - [, ~ 2(D- 1,)"* (nm) during 130 | 6.5 4.0 4.4

fs pulse.

Critical temperature - (K) 5159 - -
Bulk modulus - (dyne/cm’) 9.8. 10" [ 7.53- 10" | 7.1- 10"
Optical absorption @ 800nm (cm™) 124- 10° | 1.17- 10* | 3.08. 10°
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Chapter 5

Concluding Remark

During the past two years we have established an ultrafast laser laboratory, and as one
of the projects undertaken, research in femtosecond laser micromachining. In preliminary
experiments we have investigated x-ray generation during laser ablation of solids. The main
goal of our experiments was to investigate the spectral nature and absolute dose rates of x-
rays emitted during femtosecond laser micromachining. We have shown that relatively low
energy pulses (~0.3 mJ) can excite x-rays with a high energy tail extending up to ~25 keV.
The vast majority of the radiation was emitted below 10 keV with the radiation distribution
approximated by a blackbody source at 8.9 MK (0.89 keV). Under our experimental
conditions K line emission was observed from materials with Z<32. The emission exhibited
a threshold-like dependence on the intensity. We have also measured the total x-ray dose
rates during laser machining of various targets and observed dose rates as high as 10 mSv/h.
Our results imply that appropriate precautions must be taken if similar laser systems are used
in material processing applications. Our work also illustrates interesting possibilities for
using modest size, high repetition rate systems as pulsed x-ray sources for spectroscopic and
imaging applications.
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The x-ray experiments and results presented in this document serve as a good basis
for future investigations. Experiments planned for the near future include further
characterization of the intensity dependence of the x-ray generation processes and correlation
between ablation rates, quality of the material and total x-ray yields. We also suggested the
use of x-ray emission as a characterization tool, during ablation of more complex substances,
such as alloys, complex semiconductors and ceramics. Preliminary work will involve a
spectroscopic study of x-ray emission during laser irradiation of binary metal alloys and
semiconductors and analysis of the sensitivity of this process as on-line charactetization tool.

After the preliminary x-ray experiments appropriate shielding and an enclosure were
added to the micromachining setup. In the low pulse energy regime, below 2 uJ, we have
then begun micromachining research by studying single shot ablation of semiconductors.
The semiconductors studied: Si, GaAs and InP, were irradiated with 130 fs pulses, centered
around a wavelength of 794 nm. A microscope objective was used to focus the pulses
between 2 uJ and 2 nJ to a sub 10 um spot size. The resulting surface morphology,
structure and composition of micron scale ablation features were studied by electron
microscopy and atomic force microscopy. We found that no sharp threshold in the surface
morphology was observed with increasing pulse power, however three ablation regimes were
identified based on the characteristic features of the ablation craters. In the first regime the
ablation features were less than 2 um in diameter and 50 nm deep. In all cases the features
were much smaller than the spot size (2w, = 7 pm) indicating a high degree of nonlinearity.
In the second regime the ablation craters were between 3 and 5 um in diameter and up to 200

nm deep. The features were well defined with minimum surface debris and lateral damage.
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TEM analysis revealed essentially no crystal damage beneath and in the vicinity of the
ablation craters. In case of the binary semiconductors 5-30 nm polycrystalline grains were
found over the ablated surface. In the third ablation regime the craters were ~6 um in
diameter and a substantial amount of material was randomly redeposited around the craters.
The results were discussed in terms of the existing state of knowledge of ablation dynamics.

Our ablation investigations serve as an excellent starting point for further studies of
micromachining and ablation of semiconductors and other materials. In the single shot
ablation regime a very interesting parameter to explore is the wavelength of the excitation
pulse. We have the capabilities to generate ultrashort pulses spanning the wavelength range
from 3.0 pm to 300 nm through an optical parametric amplifier and associated nonlinear
techniques. In semiconductors the ablation dynamics are expected to change dramatically as
the wavelength crosses the bandgap. The effects of linear and nonlinear absorption can then
be investigated with the wavelength and pulse energy as free parameters. In addition to
wavelength, the excitation pulse duration can also be varied. Chirped pulse amplifier design
provides access to pulse durations spanning several orders of magnitude while maintaining
all the other laser parameters constant. We have ready access to pulse durations from 120 fs
to 10 ns. By employing other nonlinear techniques, such as hollow capillary compression we
can also compress our 120 fs pulses down to 10 fs. The experiments mentioned above are
currently under preparation.

The next obvious extension of the current work involves investigating the effects
associated with multiple shot exposures at high repetition rate. Ultimately most cutting and

drilling applications will be performed with multiple shots. Thermal loading and
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resolidification of the ablated material may result in a significant change of optical and
mechanical properties of the material beyond the interaction regime. On a micron scale the
extent of lateral damage is very important. In preliminary experiments we have used the
polarization resolved photoluminescence imaging technique to image residual strain in
grooves micromachined in InP and GaAs with femtosecond, picosecond and nanosecond
pulses. The preliminary results clearly illustrate a reduction in magnitude and extent of
material strain in grooves machined with femtosecond pulses. The results also demonstrate
the possibility of the polarization resolved photoluminescence as a powerful diagnostic and
evaluation tool of micromachinined structures.

In additional to semiconductors, femtosecond laser micromachining research can
readily be extended to a wide range of materials including dielectrics, metals and ceramics.
The absorption and ablation dynamics of these materials are significantly different and still
not well understood. Dielectrics are particularly interesting since they are transparent in the
near infrared and subsurface and bulk modification of these materials is possible. The exact
nature of internal modification is currently a subject of intense research due to interesting
possibilities in device fabrication. The possibility of direct writing of waveguides, gratings,
diffractive elements and three dimensional storage media has captured the imagination of the
optoelectronic and telecommunication industry.

With constant technological advances in the laser technology and increased
deployment of femtosecond lasers in the industrial market, research on ablation dynamics,
material properties and novel laser machining techniques will prove valuable to the industrial

and scientific community.
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