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Abstract

The thesis describes the design and implementation of (1) a spatially resolved
ultraviolet emission spectroscopy system and (2) an ultrafast imaging experi-
mental setup to study the dynamics and composition of laser ablation plumes
suitable for Pulsed Laser Deposition (PLD) of materials. These techniques allow
the simultaneous recording of the plume absolute emission intensities up to 4
cm above the target surface, in the spectral range from 240 nm to 900 nm with
a series of frames of the expanding plume, thus furnishing spatial, temporal an
spectral information on the plume's evolution.

Emission spectra of Ga and GaN ablation plumes, in typical PLD conditions,
were obtained with this system and are presented as a function of N2 ambient
gas pressure from 1 x 10~7 to 5 mbar and ablation laser wavelengths of 266,
355, 532 and 1064 nm . Atomic level populations and excitation temperatures
are estimated from these spectra. A series of temporally resolved images of the
luminous plume expanding into N2 pressures of 1 x 10-5, 1 x 102, 1x 10-1, 1
and 5 mbar were recorded and plume velocities are estimated from these data.

Emission spectra are also presented for Li and LiF plumes expanding into vac-
uum and the corresponding atomic level populations and excitation temperatures
were estimated. Ultrafast images were recorded as a function of laser wavelength
(266, 532 and 1064nm) and spotsize (115 x 80, 340 x 250, 90 x 525, 1000 x 000
and 2000x2000 ¢¢m) yielding plume velocities. An anomalous emission line ratio

feature of these spectra was observed and discussed.
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Chapter 1

Introduction

1.1 Motivation

Todays computers and telecommunications devices will reach the physical limit
of chip miniaturisation in the not too distant future. Optical devices, such as
optical computers, will replace microelectronics as the technology of choice for
Information and Communication Technology (ICT). However, silicon (Si), the
most important and widely used semiconductor in microelectronics, is not an
efficient photonic material due its indirect bandgap and, so, is not widely used
in optoelectronic applications.

Semiconductor light-emitting devices and lasers, emitting red or infra-red
light, have been used in products from optical communications systems to com-
pact disc players. But these and other applications have been limited by the
lack of materials that can emit blue light efficiently. For example, one needs to
combine at least three colours, usually red, green and blue, to produce any visible
colour suitable for full-colour displays. A white light-emitting device made from
such a combination would be more durable and use less power than conventional
bulbs or fluorescent lamps [1].

There are many other applications that could benefit from blue light-emitting
devices. The shorter wavelength means that the light can be focused more

sharply, which would increase the storage capacity of magneto-optical and optical



disks. DVDs currently rely on red semiconductor lasers and have a data capacity
of about 4.7 Gbytes, compared with 0.65 Gbytes for compact discs. By moving
to blue wavelengths, the capacity could be increased to 15 Gbytes.

Efficient blue-emitting devices were first demonstrated in 1995 [2] after about
30 years of research by groups around the world. They have been made using
materials from the Il and V groups of the periodic table which give semiconduc-
tors with a wide bandgap. The bandgap of a semiconductor is a measure of the
amout of energy required to move an electron from the valence band, in which
electrons are not free to conduct, to the conduction band, where they are. If, in
falling from the conduction to the valence band, an electron emits a photon of
light, the higher the bandgap of the material, the higher that photon’s energy
will be [3]. This explains why compounds of the Gallium Nitride(GaN) system,
with bandgaps from 1.9 —6.2eV [4] emit from ~ 700nm down to ~ 230nm (see
figure 1.1).

Insulator Semiconductor Metal

Figure 1.1: Schematic of energy bands in various material classes.

Another photonics material of great interest is lithium niobate (LiNbO3).
This is a well known material with excellent nonlinear optical properties. These

make it ideally suited for applications in harmonic generation, optical parametric



oscillation and electro-optic modulation such as fast optical switches and electro-
optically-controlled multiplexers and demultiplexers.

Pulsed Laser Deposition (PLD) is a well established technique for the prepara-
tion of thin films for a wide range of materials. More than 120 different materials
had been grown using this technique by 1991 [5], most notably high temperature
superconductors [6, 7], diamond-like carbon (DLC) [8, 9, 10] and ferroelectrics
[6, 11]. The basic idea of the deposition process is quite simple (Figure 1.2). A
pulsed laser vaporises the surface of a target creating a plasma which expands
in vacuum or a reactive atmosphere, before condensing on a suitable substrate.
The properties of the film produced in such a way then depend on the substrate
temperature, laser fluence, target to substrate distance, the nature and pressure

of the reactive gas in the deposition chamber and, of course, the target material.

Substrate

film growth

expanding

Target

Figure 1.2: Schematic of Pulsed Laser Deposition.

PLD allows deposition of multicomponent materials by employing a single
target and can also be utilised by loading multiple targets on a rotating holder
into a chamber, which can be used to expose different targets to the laser beam,

thereby enabling the in-situ growth of heterostructures.



1.2 Objectives

Recently, PLD has attracted much attention for the synthesis of thin films of
11l-nitride materials, in particular GaN [12, 13, 14]. Studies on PLD of GaN have
examined the quality of the deposited film (Optical, Crystallography and Elec-
trical properties) and the growth parameters such as ambient gas, pressure, laser
fluence, repetition rate, target properties (Ga or GaN), substrate temperature
and target-substrate distance [12, 13, 14, 15, 16, 17].

However, regarding diagnostics of the ablation plumes of GaN, no detailed
studies have been carried out. Since the plume travels from target to substrate
and contains much of the material to be deposited, then knowledge of its con-
stituents and dynamics should bring a better understanding of the whole PLD
process. Thus it is important to study the influence of typical PLD growth pa-
rameters, such as the laser wavelength, background pressure or target material,
on the properties of the plume.

As part of this work we have used emission spectroscopy to investigate differ-
ences in the dynamics of plumes created in some of these conditions (e.g. laser
wavelength and fluence, target composition, pressure of background gas). We
have realised a special spectroscopic apparatus with imaging capability for this
study. This provided spatial information on the state of ionisation and excita-
tion of the plume between target and substrate (typically 0 to 40 mm). Fast
ICCD imaging was also used to provide temporal information to complement the
spectroscopy.

Although PLD has proven to be successful in the synthesis of many materials,
low Li content LiINbO3 remains a barrier to fabricating device quality lithium nio-
bate films [18]. Films of lithium flouride (LiF), another lithium-based compound,
are under investigation due its suitability as an active tunable waveguide in the
green-red visible region. To further understand lithium ablation, we have studied

ablation plumes of lithium metal and lithium flouride using emission spectroscopy.



1.3 Organisation of thesis

This Thesis comprises 6 chapters.

Chapter 2 presents some fundamentals of laser ablation. Theoretical con-
siderations in the experimental configurations are described. A summary of the
current developments in laser ablation of Ga, GaN, Li and LiF materials is pre-
sented.

Chapter 3 presents details on the emission spectroscopy, ultrafast imaging and
ion probe experimental setups and the corresponding measurement techniques.
Chapter 4 presents the results and analysis of the work with Ga and GaN, chapter
5 presents the results and analysis of my work with Li and LiF and chapter 6

presents the conclusions of the work and future prospects.



Chapter 2

Laser Ablation of Condensed

Target Materials

2.1 Fundamentals of Laser ablation

2.1.1 Laser-target interaction
Laser light-material interaction

When laser radiation is absorbed in the surface region of a solid target the elec-
tromagnetic radiation is initially converted into electronic excitation. When the
EM field of the radiation reaches the metallic target surface it penetrates only

to a very short depth called the skin depth. This is given by [19]:

where a' is the electrical conductivity of the material (f21 rrT1), fj,0 the perme-
ability of free space (Hm_1), A is the laser radiation wavelength (m) and c is the
velocity of light (ms-1).

From table 2.1, which lists S values for Nd:YAG laser radiation incident on

gallium metal, we can see that the skin depth is of the order of a few nanometres.



laser 5[nm)

1064 « 15.7

532 « 11.0
355 « 9.1
266 «7.8

Table 2.1: Skin depth in Gallium metal.

The electric field amplitude E of the incoming laser radiation is given by [20]:

. [ 28 N2 -
= Voneo! (2.2)

where $ is the irradiance (Wm-2, €0 the permittivity of free space (Fm_1 and
n is the refractive index, So a material with a refractive index of 2 absorbing
radiation of 5 x 108 Wm~2 power density will be subjected to a field strength of
~ 4 x 105Vm~I. When such fields interact with conduction electrons, heating,
evaporation and ionisation occur before the end of the laser pulse.

In metals thermal conduction carries the heat, initially concentrated in the
skin depth, deeper into the metal lattice to a depth of IT, known as the thermal

diffusion length, given by [21]

IT = 2-vlict (2.3)

where k is the thermal diffusivity (cm?2s_i and r is the laser pulse duration (s).
This results in the emission of thermal particles as the vaporisation front moves
with a velocity of IT/r to a depth of It-

In ablation of semiconductors at the power densities under consideration here,
it is desirable that the photon energy is greater than the bandgap E9 of the semi-
conductor. Thus, when an electron is excited from the valence to the conduction
band an electron-hole pair is formed, which, on recombination, gives up its energy
to the lattice, thus heating it. However, a small number of thermal electrons in
the valence band are sufficient to absorb the laser in the material with consequent

heating, evaporation and ionisation.



In the case of insulators, the laser photon energy is considerably less than
the bandgap of the material and the material is transparent to the radiation.
Nevertheless free electrons are produced, for example via multiphoton absorption.
Once the initial electrons are produced the laser begins to be absorbed, proceeding

as in the case of metals and semiconductors.

Interaction regimes

Depending on the time scale of the absorption and heating processes just de-
scribed and also the irradiance, a number of different interaction regimes may be

defined [22], These are given in table 2.2 [23].

low | < 106 Wcm-2
medium 106 Wcm-2 < | < 1012 Wcm*“2
high | > 102 Wcm' 2

Table 2.2 Laser-material interaction regimes.

For gallium, which has a thermal diffusivity of 0.185 cm2«-1, heat can pen-
etrate only about 7 x 10-5 cm during a pulse duration of 6 ns (equation 2.3).
However, if the pulse lasts 60 /¢secs, then heat can penetrate to about 0.7 cm into
the same metal. So, from equation 2.3 we can define a thermal time constant
for a material of thickness x as £ [24],

The laser pulse duration should be close to the thermal time constant value
for melting and welding applications. If the pulse duration is appreciably shorter
than this or the irradiation is higher, then vaporisation occurs which can be
applied to drilling. Both of these effects take place in the low irradiance regime.

In the medium irradiance regime laser absorption in the vapor becomes im-
portant. The amount of vaporised material is less than before but this material
is heated and ionised by the laser to form a plasma. This is the regime of PLD
applications.

In the high irradiance regime the laser light is significantly absorbed by the

plasma and thus decoupled from the target surface. Consequently, most of the



laser pulse energy is used to Heat the plasma to high temperatures, becoming
highly ionised. For example, research into inertial confinement fusion falls into

this regime.

Plasma formation and interaction with laser light

In nanosecond laser ablation of metals in vacuum, at irradiances higher than the
irradiance threshold for evaporation, an ionised vapour (plasma) is formed above
the target surface which can be heated and further ionised. In simplest terms
plasma is matter in a state of ionisation, either partial or complete, i.e. it is a

"gas" of electrons and ions. This “gas" is assumed to be quasi-neutral

ne= X Z) (2.4)

where ne is the electron number density and nz is the density of ions of charge
number Z.

Unlike in neutral gases the Coulomb forces between charged particles in a
plasma are both relatively strong and long-ranged. For this reason considerable
numbers of particles in a plasma interact with one another and they tend to
respond collectively to any disturbances. This dominance of collective effects is
often quantified in terms of a sphere with a radius known as the Debye length,
XD, beyond which the effects on a charge are screened. This radius is given by

[25]:

(2.5)

where the temperature, T, is in K, the electron number density, ne, is in m-3
and \ d is in units of m.

The dominant laser photon absorption process for a plasma obtained in
our conditions is collisional absorption (also known as Inverse Bremsstrahlung).
Other absorption mechanisms usually having much smaller cross sections, for

example photoionisation [26] or resonant absorption (non-linear effect). Inverse



Bremsstrahlung (IB) is a process whereby electrons accelerated by the electric
field of the focused laser light undergo momentum transfer collisions with ions

via their Coulomb interaction. The absorption coefficient for IB is given by [27]

/ \
7.8 x 10~9Zn2nA (u) (2 6)

v2(kBT)S

Kv .
/

where kT is in eV, Z is the ionic charge, ne is the electron number density, v
and vv are the wave and plasma frequencies, respectively, k(v) is the minimum
of vriwpPmin and vr/ojPmin, vt is the thermal velocity of the electrons and pmin
is the minimum impact parameter for electron-ion collisions (pmin — maximum
of Ze2/ksT or h/2'K(mekBT)1/2).

10'1 v a ®  ns=0.9 n(1064)
A n,=0.9 nc(532)
105 A n-0,9 0,(355)
v 11.-0.97(268)
105- O na0,l nqt064)
) S ) 0 n-0.1 no532)
N 10st o ©° A n-01 nq355)
! 0 O v n.-0.1ndZ68)
f.101! «  n-1x10Jnqi064)
+ n=1x103ng532)
“*10 x
n,,-1x10and355)
»
ioS S + n =1x103n (266)
* +
10°i + N
*
10'1 T

2.660x1 O7 5.320x1 O7 7.980x10‘7 1.064x1 O'6
wavelength (m)

Figure 2.1: Dependence of kv on wavelength for various electron densities at T = 3 eV.

At the beginning of the laser absorption process w » dgp and the factor
in large brackets in equation 2.6 may be taken as unity (where v = 2itu and

uip — 2Z7TVp). Therefore the rate of absorption varies as n2uj2 (figure 2.1). As

10



the energy is absorbed the electron temperature increases and produces further
ionisation which increases ne.

As the absorption increases and, thus, the ionisation, ap approaches and
becomes comparable to u)L (laser light frequency) at a surface with a density
nc, known as the critical density, at some distance into the plume. The critical

density of a laser produced plasma may be determined using the equations [25]:

nc{m %d§ - gn&gj_[z

(ra~3)

3.14 x 10_144%,

1021
(cm~3) A

2.7)

where €0 is the permittivity of free space, me is the electron mass, a is the
angular frequency of the laser radiation (= ojp, plasma frequency, at nc), Al
is the laser wavelength expressed in /¢gm and e is the electronic charge. At this
surface the plasma is opaque to the incoming laser radiation and it is reflected out
again and in the region immediately before this surface the absorption coefficient
becomes very large.

As a result of all this the laser radiation may no longer reach the target surface
until the plasma has expanded sufficiently for neto drop below nc. Equation 2.6
shows that the IB process is less efficient in the UV than in the visible or IR
regions of the spectrum due to the ¢j~2 dependence. Table 2.3 lists nc values for
Nd:YAG laser radiation,

Alaser nc(cm . 3
1064 fa 8.8 x 1020
532 « 3.5 x 102
355 fa 7.9 x 102
266 fa 1.4 x 102

Table 2.3: Critical density for Nd:YAG laser radiation.

1



2.1.2 Expansion of a laser ablation plume

During a typical PLD laser pulse a layer of ablated material is formed above the
target. This layer then expands into its vacuum or atmospheric environment.

These two regimes will be described in the following paragraphs.

Plume expansion in vacuum

Analytical solutions to the set of hydrodynamic equations describing the expan-
sion of a laser ablation plume have been found [28, 29]. The plasma is assumed to
behave as a high-temperature high-pressure gas initially expanding jsothermally
for the duration of the laser pulse, and subsequently expanding adiabatically after
termination of the laser pulse. The isothermal expansion in vacuum during the

time interval of the laser pulse is described by [28]

tJ\ /1.dYy d2y\ 2, Jd1d Z d2z \ kBTO

T S =7t +
t dt -Oﬂzr))— L e | S I QAR TR TR M
(2.8

where TO is isothermal temperature and X (t), Y (t) and Z(t) are the dimensions

\Y
m

of the expanding plume in the directions x, y and z, with x and y on the target
surface and z along the normal to the target surface. These solutions can only
be obtained for Gaussian pressure and density profiles.

The adiabatic expansion of an isothermal (uniform temperature profile) plume

in vacuum after the laser pulse has terminated is given by [28]

X «yoZo y -1 ,

1df 1dP 1dfi M \AX ()Y (1)Z(t)J [

where 7 is the ratio of specific heat capacities at constant pressure and volume,

TO is the temperature at the end of the laser pulse, M is the mass of one particle

of the plume species and X 0l YO and ZO0 are the plume dimensions at the end of
the laser pulse.

During the adiabatic expansion phase the thermal energy gained by the plasma

during the isothermal phase is transferred to the plume species as kinetic energy.

Equation 2.9 predicts that the plume acceleration will be greater along the smaller

12



initial dimension. After a brief acceleration phase the motion of the plume be-
comes inertial.

Anisimov et al [29] have considered the case of an isentropic plume (uniform
entropy profile) and also provide analytical solutions assuming elliptical pressure
and density profiles. The inital heating phase by the laser was not considered by

these authors.

Plume expansion in background gas

The interaction of laser ablation plumes with background gases, at typical pres-
sures of the order of a few mbar or less, can result in the formation of molecular
species due to gas-phase reactions between ablated material and ambient gas
species. In reactive PLD these interactions are manipulated to produce novel
species and materials. Background gas effects also play an important role in
determining the spatial and velocity distributions of the species in the expanding
plume.

As a laser ablation plume expands in a background gas it expends energy in
the heating and moving of the gas (depending on gas pressure). This results
in a deceleration of the plume-gas contact front. At higher pressures the plume
dynamics differ from that of the free expansion regime observed in vacuum.
Several models have been proposed to explain the expansion of PLD plumes into
ambient gases [30, 31].

For a sufficiently high gas pressure, when the ablated mass is small compared
to the mass of the background gas in motion, a shock front is formed and its

position as a function of time is given by [31]

Z) = w(J) 't (2.10)

where E O is the laser energy deposited in the initial vapour, pO0 is the background
gas density and £0 is a constant (see figure 2.2).
At low pressures, when the ejected mass is much greater than the mass of the

background gas set in motion, the drag force model can be applied. Here, the

13



35 r

Time, t(;i9)

Figure 2.2: Plot of plume edge position vs time with Shock and Drag model fits after [30].

viscous force is proportional to the velocity of the ejected material. The equation

of motion is a = —3v and the plume propogation can be written as [30]
v = vO0exp(—3t) = v0O—j3z (2-112)

z(t) = Zf[1 —exp(—Ot)\ (2.12)

where zj = vg/P is the stopping distance and {3 is the slowing coefficient (see
figure 2.2).

If the motion ishigh-speed another form of the drag modelcan be applied.
Herethe slowingforce is proportional to the square of thevelocity.The equation

of motion is a = —3'v2 and one obtains [32]

z(t) = -jyIn (1 + P'v0D (2.13)

14



2.1.3 Plasma equilibrium

Ablation plumes seldom achieve thermodynamic equilibrium. Although the de-
parture may be small, a system to which a pulse is added or subtracted is, at
least momentarily, out of total thermodynamic equilibrium. Equilibria exist that

are not complete thermodynamic equilibria.

Local thermodynamic equilibrium

Thermodynamic equilibrium may be restored via collisions. Since relaxation time
increases with increasing size of a system, separate small parts of a system will
reach a state of internal equilibrium long before they equilibrate with each other.
Therefore, thermodynamic equilibrium is first restored locally and is called lo-
cal thermodynamic equilibrium (LTE). At sufficiently high densities, collisional
processes, especially those involving electrons, play a more important role than
radiative processes in determining the excited state populations. LTE requires
that the free electrons are distributed according to a Maxwellian velocity distri-

bution given by [25]:
(2.14)

LTE also requires that the bound electrons occupy discrete levels according to a

Boltzmann distribution given by [19]:
(2.15)

where k denotes the upper level, n isthe population density and  the population
in the kth level, g is the statistical weight and Ek the energy of the kth level.
The partition function U (T) is given by [19]:

The free particle densities are required to follow the Saha equation given by [19]:

(2.17)

15



where Z — 1 for a singly ionised atom, x (Z —1) is the ionisation energy of Z —1
times ionised atoms in eV and Te s in eV.

For the LTE model to apply the plasma electron density must be sufficiently
high for collisional de-excitation to be at least, say, ten times more probable than
radiative decay for all transitions. One can show that this is equivalent to the
requirement that [19]

iVe > 1012T * X3(i,k) (2.18)

where Teis in K, x(hk) is the largest energy gap, in eV, between adjacent levels
of the atoms and ions in the plasma and Ne is in units of cm-3. In an optically
thick plasma LTE is valid at lower densities due to radiation being closer to
equilibrium.

When collisions occur, a Knudsen layer may be formed in the vicinity of
the surface area of the irradiated material [33], Within this layer, which ex-
tends up to a few mean free paths from the target surface, a highly non-
equilibrium collision process develops and results in a transition from the half-
range Maxwell-Boltzmann velocity distribution of equation 2.14 to a full-range
Maxwell-Boltzmann distribution in a centre of mass coordinate system. In this
case equation 2.14 contains a centre of mass velocity term and the flight distri-

butions show a shift along the normal to target surface given by [33]:

where Tk stands for the Knudsen layer temperature and vk is the centre of mass

velocity.

Coronal equilibrium

In very low density plasmas, such as those found in the solar corona, equilibrium
is maintained between collisional excitation and ionisation from the ground state
and radiative de-excitation and recombination from the upper levels to all lower
levels. As the rates of the collisional ionisation and radiative recombination

processes are proportional to electron density, the populations of the various ion
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species in the plasma are independent of electron density. The Saha equation no

longer holds but is replaced by the coronal equation given by [19]:

iVz+i _ S(z,T.) , .M
Nz or(z+ I,T.) 1 '

where S(Z,Te) is the collisional ionisation coefficient and aT(Z + 1,Te) is the
radiative recombination coefficient [34], Interpreting data within coronal model

limits will depend strongly on cross-sections used for S(Z,Te) and ar(Z + |, T €).

Collisional radiative equilibrium

In intermediate density plasmas neither LTE or CE models are valid. The coronal
model, modified to take into account collisional transitions from the higher bound
levels as well as radiative decay, and three-body recombination as well as radiative
recombination, is known as the Collisional Radiative model. Using this model we

have [35]
Nz+1= S(Z,T.)
Nz cxr(Z+ 1, Te) + Neoizb(Z+ I, T €

where a3 is the coefficient for three-body recombination. This model is particu-
larly appropriate in the 109 —1011 Wcm-2 irradiance regime for medium to high
atomic numbers. For low density plasmas Nea3 <C 1 and the CR model reduces

to the CE model. For high densities the CR model approaches the LTE model.

2.2 Emission and absorption of radiation

A spectral line has a characteristic profile which is influenced by the conditions
existing in the source. This profile can be used to ascertain local conditions in the
source, for example temperature and density. Great care should be exercised when
doing so, to remove unwanted contributions to the profile due to instrumental

effects.
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2.2.1 Einstein coefficients and the line profile

The absorption or emission of a spectral line is determined by the population of
the lower or the upper level of the line, respectively, and by Einstein’s transition
probabilities and, in the case of absorption, by the intensity of the radiation field.
Assuming thermal equilibrium, the relationships between the Einstein coefficients
are provided by the application of the principle of detailed balancing and gives
[19]:

ot 87hu3

A-ki = — & ik ——0—
9k c3

Bki = ~B ik (2.22)
9k

where Aki is the Einstein A coefficient for spontaneous emission, B ki the Einstein
B coefficient for stimulated emission, & and gk are the statistical weights of the
lower and upper levels respectively. The Einstein coefficients are constants which
depend only on the atomic properties and not on the actual situation of the
atom, despite the inital assumption of thermal equilibrium. Thus 2.22 is valid
even in the absence of thermal equilibrium.

The emission coefficient ew is defined as the radiant energy emitted by a unit
volume oftheradiating gas per unit time,per unit solidangle, and per unit
frequency, see figure 2.3.This can be resolved into adiscrete and acontinuous
component [19]:

e(u>) = £1 (0 + ec{0oj) (2.23)
where £1(w) contains the spontaneously emitted energy within the spectral line.

This energy emitted within a line per second and per era-2 is given by [19]:
EL(u>)duj = ~  Akink 2.24
!Iine (U=)d 47T ( )

where nk is the number of atoms per cubic centimetre in the upper quantum

level k.
The linear absorption coefficient, k(oj), is defined as the attenuation, Ag>, of

the intensity, O, across an optical path (see figure 2.3), Arc, and is given by [19]
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Figure 2.3: Schematic of absorption coefficient definition.

In Einstein’s classical treatment of the interaction of a two-level atom with
a radiation field that is a slowly varying function of frequency, the transition
probabilities are effectively averaged over the frequency response of the atom, i.e.
over the line profile. Since line absorption is a typical resonance phenomenon it
depends strongly on frequency. This dependence can be described by a normalised
line shape function, €u. This profile is know as the Atomic Frequency Response
given by [19]:

f ~du = 1. (2.26)
Jline

If the upper quantum level k is not populated then the absolute value of k1{u)

is given by [19]:

[  KL(oj)doj = — niBik (2.27)
C

Jline

where to is the line centre angular frequency. Then from equations 2.26 and 2.27
we obtain [19]:
hoj ..
kl(c) = — UiBikfiu. (2.28)
If some of the atoms are in the upper level k then we need to include the con-

tribution of stimulated emission. The effective absorption coeffecient becomes
[19]:

«IM = Gw(riBik  nkBK)
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= Kiw) (I - 5i]“) . (2.29)

As with the emission coefficient, the absorption coefficient can be considered

to have a continuous component and a discrete component [19]:
k(u>) = ki(cj) 4- kc(0j). (2.30)

If there is stimulated emission then the k terms should be replaced by «' terms.

2.2.2 Radiative Transfer

The radiant energy which penetrates a unit area in unit time within aunit solid

angleabout the normal to the area is known as the total intensity, |,and is given

by [19]:

1= f o] r AtV AA’Au”n -’ <-31)
where the E is the radiant energy, t is the time, A is the area and is the solid

angle, see figure 2.4.

NORMAL
0)

A H

Figure 2.4: Schematic of intensity definition.

For a spectral distribution one refers to the intensity in units of wavelength
or frequency and we have [19]:

AF1
JA>=limamTaoal for A<,Ad4Afi,AA-»0
AE

m -— — for At, AA, Ail, Aw —0. (2.32)
AtAAASIAuU \Y

I(u) =1

At the surface of a plasma or radiating gas /(A) or | (to) is a directly observable

guantity. From figure 2.5, the light intensity reaching an observer positioned at
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Figure 2.5: Schematic for discussion of radiation emission from plume.

Xi  has beenaccumulated from emission and absorption between x = 0 and
x0, the plume extent, but there is no emission or absorption outsidethis range.
The relation between the emission and absorption coefficients and the intensity

I(u>, x) is given by [19]

di(oj, x) _ A x)I(U>, ). (2.33)

This equation can be solved introducing the optical depth [19]:
fEO
t'(aj,x)= [/ K'(to,x)dx\ dr' = —n'dx (2-34)
Jx

and the source function:

In the case of an optically thin plasma (t'(oj,0) < 1) we obtain:
fx0
I(tu,x0) = I(u, 0) + J/ e(uj,x)dx. (2.36)
[0}

An absolute measurement of the total intensity of a spectral line emitted from

optically thin layers primarily yields the density of atoms or ions in the upper state
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k of the line integrated along the line of sight. This total intensity obeys [36]
(2.37)

where r0 is the classical electron radius, fki is the oscillator strength, g, and
gk are the degeneracies of the lower and upper levels of the transition and the
integral is over the line profile (see section 2.2.3).

From equations 2.15, 2.24, 2.36 and 2.37 one can derive an equation for the

intensity of a spectral line emitted from LTE plasmas
(2.38)

where U(T) is given by equation 2.16. Thus, if the plasma is in LTE, the
population adhere to a Boltzmann distribution uniquely characterised by their

excitation temperature, T c.

2.2.3 Line Broadening

One observes a spectral distribution 1(A) of the emitted or absorbed radiation
around a central wavelength Ao = hc/(Ei - Es) corresponding to a transition
with energy difference AE = Ei —Ef between upper and lower levels. The
interval 5\ =| A2—Ai | between the two wavelengths Ai and A2 for which /(A1)
= /(A2 = /(A0/2) is the Full Width at Half Maximum of the line (FWHM),
often called the linewidth or half-width of the line.

There are a number of physical mechanisms which give rise to this spectral
distribution or broadening of a spectral line. These include lifetime broadening,
broadening caused by the velocity distribution of the emitting species and Stark

broadening from collisions with charged species.

Lifetime Broadening

The Heisenberg uncertainty principle shows that the uncertainty in the energy of

a given state is inversely proportional to the uncertainty in the time during which
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the corresponding energy level is occupied

AE Atk -2~7 (2.39)
r

where AE is the energy uncertainty, Ai is the lifetime of the level and h is
Planck's constant. As a result of this energy uncertainty a distribution is required
to describe the probability of seeing a transition involving light of a certain fre-
guency. The FWHM of this distribution for a particular level, k, is determined

by the radiative lifetime of that level

r: h -k (2-40)
where 7* is the radiative lifetime of level k. This gives a line profile which has a

Lorentzian shape

) « < " > - (2-41)
with a FWHM of Awi/2 = r*j = T* + iy

Doppler Broadening

The various atomic, ionic and molecular species in a PLD plume have velocity
distributions. Light emitted from those in motion towards the observer is shifted
to higher frequencies(blue-shift) and light emitted from thosemoving away is
shifted to lower frequencies (red-shift) at the point of observation. Theobserved
frequency is given by

ul=uo (I - —~ ) (2-42)

where v is the velocity, n is a unit vector in the direction from the observer to
the particle and c is the velocity of light (see figure 2.6).

If the velocities of the species are distributed according to a Maxwellian veloc-
ity distribution with temperature T, this gives a Gaussian line profile of FWHM
[37]:

v>=2t (T rto2Y <-43)

AuD,, = 7.16 X Hr (2.44)
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Figure 2.6: Schematic of Doppler effect geometry.

where M in (2.43) is the particle mass in kg, // = M /m uin (2.44) is the particle
mass in atomic mass units, uxis the centre frequency in Mhz and T is the plasma

temperature in K.

Collisional Broadening

It is not always sufficient to consider species in PLD plumes as isolated from
collisions with their neighbours. When a particle, A, with the energy levels £* and
Ek, aproaches another particle, B, the energy levels of A are shifted depending
on the electron configurations of both particles and the distance, R, between
the particles. These shifts, AE, may be different for each level and positive or
negative. This interaction occurs when R < Rc , where 2Rc is known as the
collision diameter.

If, during the collision time rc ~ Rc/v (where v is the relative velocity),
particle A undergoes a radiative transition between the levels and E the
frequency of the emitted or absorbed radiation depends on the distance R at the

time of the transition [38]

__2*1E,(R) - EK(R) |

u)ik (2-45)

If the particles in a gas or plume can be described by a pressure and temper-
ature the distance R will have a distribution with a mean value Rm. Thus, the
emission or absorption lines will have a corresponding distribution and a peak
value of Une(Rm) which may be shifted by A (¢shift = gg- wik-

When some of the collision particles are ions and electrons, the broadening

and shift is known as the Stark effect. The linewidth of a Stark-broadened atomic
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line is approximately given by the sum of two (electron-impact and ion-impact)

terms [5]

A= 2N(W ) +3m T BWW) e
and can yield the electron density ne if the two constants W (the electron-
impact width parameter)) and A (the ion-broadening parameter) are among those

tabulated from plasma spetroscopy measurements. The number of particles in

the Debye sphere, ND, at plasma temperature Te is given by

71312

Nd = 1.7 x 10 —yt2 (2.47)
ne

with the Debye sphere radius (equation 2.5) now given by

XD = 740 (— ) 2 (2.48)
\Tlg /

where Teis in eV and neis in cm-3 in both 2.47 and 2.48.

2.3 Laser ablation of Ga and GaN

2.3.1 Deposition parameters

Various groups have utilised pulsed laser deposition to successfully grow thin films
of crystalline GaN. Different experimental configurations and parameters such as
laser wavelength and fluence, nature of target material, nature and pressure of
ambient gas were used. In these studies the target was either (1) liquid or solid
gallium, or (2) a polycrystalline pellet made from compressed GaN powder. The
nitrogen source was N2 or ammonia (NH3) or atomic N from a plasma source.
Mah et al [12] have grown GaN thin films from a pressed target of GaN
powder in 2.2 x 10-1 Torr N2with 248 nm KrF laserradiation (riceeT = 23 ns)
at atarget-substrate distance of 3cm. Mah et al[13] have alsogrown GaN
thin films from a pressed target of GaN powder in 2.2 x 10-1 Torr N2 with 248

nm KrF laser radiation (r/aser = 23 ns) at a target-substrate distance of 3 cm
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and a fluence of 4 Jem-2 on target. O'Mahony et al [14] have grown GaN thin
films from a pressed target of GaN powder in both 2 x 10-6 and 0.13 mbar N2
with 248 nm KrF laser radiation (r<@. = 23 ns) with a spotsize of 4 x 1 mm, a
fluence of 2.5 Jem-2 and at a target-substrate distance of 3 —5 cm.

Xiao et al [39] have grown GaN thin films from a liquid Ga metal target 0.75
to 1.0 Torr NH3 with 193 nm ArF laser radiation with a spotsize of 2.5 x 1 mm,
a fluence of 10 Jem-2 and at a target-substrate distance of 5 cm. Cole et al
[15] have grown GaN thin films from a pressed target of GaN powder in 0.04 to
0.2 mbar N2 and NH3 with 248 nm KrF laser radiation (Tiaser = 23 ns) with a
fluence of 2.8 Jem-2 and at a target-substrate distance of 4.5 cm. Middleton et
al [16] have grown GaN thin films from a pressed target of GaN powder in 0.13
mbar N2 with 248 nm KrF laser radiation (riassT = 23 ns) a fluence of 2.8 Jem-2
and at a target-substrate distance of 3.5 cm.

Cazzanelli et al [17] have grown GaN thin films from a pressed target of GaN
powder in both 0.2 mbar NH3 and 0.1 mbar N2 with 248 nm KrF laser radiation
(‘Tiaser = 23 ns) with fluences of 3.6 Jem-2 and 2.8 Jem-2, respectively, and at
a target-substrate distance of 3.5 cm. Willmott at al [40] have grown GaN thin
films from a liquid Ga target in 4 x 10-2Pa N2 and NH3 with 248 nm KrF laser
radiation (rioier = 17 ns) with a spotsize 0f 0.15+0.1 cm and a fluence of 5+1
Jem-2. Niehus et al [41] have grown GaN thin films from a liquid Ga target with
1064 nm Nd:YAG laser radiation.

Takahashi et al [42] have grown GaN thin films from a pressed target of GaN
powder in 1 x 10-2 Torr N2 with 248 nm KrF laser radiation (Tiaser = 20 ns)
with a fluence of 3.0 Jem-2 and at a target-substrate distance of 5 cm. Tong et
al [43] have grown GaN thin films from a pressed target of GaN powder in 5 Pa
N2 with 248 nm KrF laser radiation at a target-substrate distance of 3 —6 cm.
Sanguino et al [44] have grown GaN thin films from a liquid Ga target in both
0.2 mbar N2 pressure and a RF discharge pressure of 1 mbar N2 with 1064 nm
Nd:YAG laser radiation (Tiaser = 5 ns). Vinegoni et al [45] have grown GaN thin
films from a pressed target of GaN powder in 2 x 10~3 to 0.15 mbar NH3 with

248 nm KrF laser radiation, a fluence of 4 - 6 Jem-2 and at a target-substrate
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distance of 3.5 cm.

Cole et al [46] have grown GaN thin films from a pressed target of GaN powder
at a pressure of 3 x 10-10 Torr with 248 nm KrF laser radiation (Tiaser = 23 ns)
a fluence of 2 - 5.9 Jem-2 and at a target-substrate distance of 5 cm. Wang
et al [47] have grown GaN thin films from a pressed target of GaN powder in
10~5to 2 Torr N2with 266 nm frequency quadrupled Nd:YAG laser radiation at
a fluence of 1.2 Jem-2 and at a target-substrate distance of 3.5 cm.

Ohta et al [48] have grown GaN thin films from a pressed target of GaN
powder in 5 x 10"2 Torr N2 with 248 nm KrF laser radiation (r/aier = 20 ns) at
a fluence of 3 Jem-2 and at a target-substrate distance of 5 cm. Ohta et al [49]
have also grown GaN thin films from a pressed target of GaN powder in 1x 10-2
Torr N2 with 248 nm KrF laser radiation (rioier = 20 ns) at a fluence of 3 Jem-2
and at a target-substrate distance of 5 cm.

Sudhir et al [50] have grown GaN thin fiims from a pressed target of GaN
powder in 10~5 to 10-1 Torr N2 with 248 nm KrF laser radiation (riassT = 38
ns) at a fluence of 2 —6 Jem-2. Ito et al [51] have grown GaN thin films from
a pressed target of GaN powder in 1 x 10-2 Torr N2 with 248 nm KrF laser
radiation (Tiaser = 20 ns) at a fluence of 3 Jem-2 and at a target-substrate
distance of 5 cm. Basillais et al [52] have grown GaN thin films from a solid
target of Ga in 0.01 mbar N2 and a nitrogen R.F. discharge with 248 nm KrF
laser radiation (riaseT = 25 ns) at a fluence of 6 Jem-2.

It can be concluded that despite the different experimental conditions all
authors report successful growth, which suggests a need to unravel the elementary

mechanisms at play. The above paragraphs are summarised in table 2.4.
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Author

Mah [12]
Mah [13]
O'Mahony [14]
Xiao [39]
Cole [15]
Middleton [16]
Cazzanelli [17]
Willmott [40]
Niehus [41]
Takahashi [42]
Tong [43]
Sanguino [44]
Vinegoni [45]
Cole [46]
Wang [47]
Ohta [48]
Ohta [49]
Sudhir [50]
Ito [51]
Basillais [52]

AL %as T F S DT-S

248 2.2 x 10"1 Torr N2 GaN 3
248 2.2 x 10-1 Torr N2 GaM 4 3
248 2 x 10_6/0.13 mbar N2 GaN 2.5 4x 1 3-5
193 0.75-1.0 Torr NH3 lig. Ga 10 1x 24 5
248 0.04 —0.2 mbar N2/NH 3 GaN 2.8 45
248 0.13 mbar N2 GaN 2.8 35
248 0.2 mbar NH3/0.1 mbar N2 GaN 3.6/2.8 35
248 4 x 103 Pa N2, NH3 Lig. Ga 51 1.5+1

1064 lig. Ga

248 1x 10-2 Torr N2 GaN 3 5
248 5 Pa N2 GaN 3-6
1064 0.2/1 mbar N2 lig. Ga

248 2 x 10-3 —0.15 mbar NH3 GaN 4-6 3.5
248 3 x 10-1 Torr GaN 2-5.9 5
266 10-5 - 2 Torr N2 GaN 1-2 35
248 5x 10~2 Torr N2 GaN 3 5
248 1x 10-2 Torr N2 GaN 3 5
248 [0“5- 10"1Torr N2 GaN 2-6

248 1x 10-2 Torr N2 GaN 3 5
248 0.01 mbar N2 Ga 6

Table 2.4: Experimental parameters used by various groups
(where \ L isin nm, T is the target material, F isthe fluence
in Jem-2, S is the spotsize in mm and Dt-s is the target

to substrate distance in cm).
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2.3.2 Plume diagnostics

Diagnostic studies of ablation plumes of Ga or GaN are less numerous than those
relating to material properties of GaN thin films,

A number of authors have studied plume dynamics using lon Probes to mea-
sure the kinetic energies of ions in GaN PLD plumes. O'Mahony et al [14]
reported a kinetic energy value of ~ 130 eV for Ga ions with a probe 3 cm from
a target of pressed GaN powder with 248 KrF laser radiation at a fluence of 2.5
Jem-2 in 10-6 mbar. Cole et al [15] reported a kinetic energy value of 70 eV for
a target of pressed GaN powder with 248 nm KrF laser radiation at a fluence of
2.8 Jem-2 at 4.5 cm above target surface. Cazzanelli et al [17] reported mean
kinetic energy values of 69 and 14 eV for Ga and N ions in 0.1 mbar N2 for a
target of pressed GaN powder with 248 nm KrF laser radiation at a fluence of
2.8 Jem-2.

Time Of Flight Mass Spectrometry has been used to study plumes of Ga by
Di Palma et al [53] in NH3 at a fluence of 5 Jem-2 using 532 nm frequency
doubled Nd:YAG or 248 nm KrF laser radiation. This author reported Ga(NH3),
clusters with n = 1—09.

Extreme Ultraviolet spectroscopy was used by Mah et al [54] to study ablation
of Ga and GaN targets by 1064 nm laser radiation at 10 Jem-2 in vacuum with
the author reporting absorption spectra and absorption contour plots for various
distances above the target surface and time delays after the laser pulse arrival.
Singly ionised Ga density values of 3+ 1 x 1016 cm-3 at 15 mm above target
and 100 ns after laser and 2+ 1 x 1014 cm-3 at 4 mm and 500 ns were reported
along with a velocity of 5 x 10s cms-1 corresponding to a temperature of 4 eV.

Mizuno et al [55] used streak photography to estimate plume velocities and
kinetic energies employing a Shifted Centre-of-Mass Maxwell Boltzmann velocity
distribution to interpret the image results. A drift velocity of 9 x 105 cms-1 and
a thermal velocity of 6 x 105 cms-1 were reported with corresponding drift and
thermal kinetic energies of 29 eV and 13 eV.

To date, no detailed spectroscopic study of Ga and GaN laser ablation plumes

has been performed.
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2.4 Laser ablation of Li and Li compounds

LiNbOa has been grown by PLD by various authors and with varying degrees
of success. Ritomov et al [56] reports growth of both LiINbO3 and Li-deficient
LiNbOs in 0.1-0.2 mbar 0 2 using 248 nm KrF laser radiation at fluences of 2.5-
3.5 Jem-2 and target-substrate distances of 4-5 cm. Ghica et al [57] also reports
growth of both LiNb03 and Li-deficient LiINbOg in 5-20 Pa 0 2 using 248 nm KrF
laser radiation at fluences of 4-8 Jem-2 and a target-substrate distance of 3 cm.

Recently films of LiF have been successfully grown by PLD. Using 193 nm
ArF laser radiation at 3-30 Jem-2 Henley et al [58] has grown films in 1 x 10-6
Torr at a target-substrate distance of 5 cm. Perea et al [59] has grown LiF films
with 2-10 Jem-2 from a 193 nm ArF laser in both 10-s mbar and 10_1 mbar He

at a target-substrate distance of 3 cm.
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Figure 2.7: Spectrum of LiAg; broken - experimental; solid - synthetic (from [60] with
permission of editor).

Spectrally resolved fast imaging was used by Sherrill et al [60] to study LiAg
ablation with 1064 nm laser at 1 Jem-2 (see figure 2.7). The author estimates

an electron density of 5 x 1017 cm-3 and a temperature of 1 eV. Sherrill et
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al [61] obtains an electron density of 1 x 1017 cm-3 in ablation of LiAg with
1064 nm laser at 1 Jem-2. In both cases a reversal of the lithium 670.8 nm
(Is2.2s —Is 2.2p transition) and 610.3 nm (Is2.2p —Is2.3d transition) emission

line intensities from the expected ratio is reported.
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Figure 2.8: Spectra of LiF at 0 mm, and 25 mm, above target (from [58] with permission
of editor).

Optical Emission Spectroscopy has been used by Henley et al [58] to study
LiF plumes ablated with 193 nm ArF laser radiation at 6 Jem-2. Again the

author reports a lithium line intensity reversal (see figure 2.8).
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2.5 Conclusions and objectives of the present

work

Despite the large interest in growing films of GaN by the Pulsed Laser Deposition
technique, only a small number of authors have studied PLD-regime ablation
plumes of Ga or GaN by spectroscopic techniques. Thus, this thesis presents
a detailed spectroscopic and fast imaging study of Ga and GaN plumes over a
range of N2 pressures from 10-7 mbar to 5 mbar and laser wavelengths through
266 nm, 355 nm, 532 nm and 1064 nm.

Similarly, few spectroscopic studies of Li ablation plumes have been in the
PLD regime and so this thesis presents spectroscopic and fast imaging study
of Li and LiF ablation plumes expanding into vacuum using a number of laser
wavelengths and spot dimensions typical of PLD conditions.

The spectroscopic setup will be described in detail in chapter 3. However,
the principle consists of imaging the plume onto the entrance slit of an imaging
spectrograph, equipped with a 2D detector, with the expansion axis of the plasma
along the slit. Thus, an intensity point in the recorded spectrum corresponds
to both a unique height above the target surface and a dispersed wavelength.
Briefly, the imaging setup provides a series of images of the expanding plume at
various times and, so, gives spatial and temporal information.

It has been suggested that the presence of excited species and ions near the
substrate play an important role in thin film growth by PLD. From the spectra
we extract atomic level populations and excitation temperatures inter alia and

estimate species velocities from the fast-frame imaging and ion probe techniques.
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Chapter 3

Experimental technigues and

details

3.1 Experimental setup

3.1.1 Overview

Plan and elevation views of the stainless steel target chamber used for experi-
ments are shown in figure 3.1. The chamber has two ports which were fitted
with fused silica windows to transmit UV light, one for laser access to the target
and the other for spectroscopic diagnostics of the ablation plume. There are also
two BK7 glass ports for fast imaging purposes. The figure also shows the turbo-
molecular pump used to evacuate the chamber. The complete pumping system
comprised two rotary pumps and one turbomolecular pump and the pumping
operation is described in more detail in section 3.1.3. We introduced N2 gas into
the chamber and the pressure was controlled by means of a needle valve. The
position of the ion probe, see section 3.4, is also shown and this could be rotated
about the position of the laser spot on target.

We configured the target surface in a horizontal orientation to facilitate the
use of molten gallium metal and the laser was incident on the target (Ga, GaN

or Li) at a 45° angle to the surface normal. This horizontal target configuration

33



provided a vertical ablation plume which facilitated the imaging of the plume onto
the spectrograph slit and this will be detailed in section 3.2. A stepper motor
was used to rotate the target after each laser shot and this was mounted on a
translation stage which could position the target either horizontally or vertically

to avoid cratering of the target (in the solid target cases).

lon Probe
Laser
Target
Holder
Achromat
Spcctrugraph
Target
Translation
Stages Motor
Turbo
Pump

Figure 3.1: Schematic of laser and target chamber.

3.1.2 Laser and laser parameters

The laser used for the majority of the experiments was a Nd:YAG from Contin-
uum. As well as the 1064 nm fundamental wavelength, there was also available
the 2nd, 3rd and 4th harmonics at wavelengths of 532, 355 and 266 nm. Table
3.1 displays the maximum output energy from each harmonic.

Some control of the energy output could be achieved by varying the flashlamp
voltage or the delay between the flashlamp trigger pulse and that of the g-switch.

This is plotted in figure 3.2 for three different flashlamp discharge voltages.
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Energy (mJ)

Alnser (tiTll)  E (mJ)

1064 465
532 230
355 130
266 58

Table 3.1: Nd:YAG maximum pulse output.

Q-Switch Delay (ysj

Figure 3.2: Q-switch delay v.s. pulse energy.
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It can be seen that for this laser the maximum output occurs when the the
g-switch delay is at « 180 ¢s The temporal profile of the output pulse was
measured with a Tektronix TDS3032 oscilloscope (300MHz, 2.5 G samples/s)
and is shown in figure 3.3 for this delay. As one increases the delay past 180 ijs
this temporal profile is degraded substantially. The FWHM was maintained at

« 10 ns.

time (ns)

Figure 3.3: Laser pulse temporal profile.

Four plano-convex lenses were used to focus the laser onto the target surface.
Each lens was specifically designed to have afocal length of 210 mm for the design
wavelength, which were the four available laser wavelengths, respectively.

To control the laser fluence on target we estimated the spot size by firing
through a target of aluminium foil while varying the position of the focusing
lens by a translation stage. An optical microscope was used to photograph the
single laser shot ablation craters on aluminium foil. The laser spot size was then
approximated as the crater dimensions (assuming all of profile makes crater). A

typical crater is shown in figure 3.4, with typical spotsizes used in this work listed
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in table 3.2.

Figure 3.4: Typical ablation crater on aluminium foil.

Knowing the spot size it was then possible to control the energy on target
by means of the flashlamp voltage. Additional control was provided by using a

beamsplitter to dump energy out of the beam.

spot dimension
115 x 80 + 15 fxm
340 x 250 + 15 /im
590 x 525+ 15 //m
1x 1+ 0.015 mm
2x 2% 0.015 mm

Table 3.2: Spot sizes used in experiments.

3.1.3 Procedures and operation

The system was pumped down in two steps: first an 8 m3h-1 rotary pump was
used to bring the chamber down to 10-2 mbar before being isolated by a valve;

then a 500 Is-1 BOC Edwards EXT501 turbomolecular pump (previously isolated
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from chamber by a gate valve), backed by an 18 m3h_1 rotary pump, was used
to reach a base pressure of 4 x 10-7 mbar.

An active pirani gauge was used to measure the pressure in the chamber down
as far as 10-3 mbar after which an active inverted magnetron gauge was used to
measure lower pressures. A second active pirani gauge was used to monitor the
backing pump performance.

When N2 gas was introduced into the chamber the turbo pump was isolated
by the gate valve and the rotary roughing pump was used, in conjunction with
the gas control needle valve, to maintain the pressure at the desired pressure in

the range of 10_1 to 5 mbar.

3.2 Emission Spectroscopy

UV-visible emission spectroscopy can be employed to yield information about
laser ablation plumes. Tables of atomic lines and molecular bands can be used
to identify the emitting species in the plume. If the system is suitably configured
these species can be studied as they travel from the target to the substrate.

Providing certain conditions are met, plume parameters such as Texc, nk and
ne can be obtained for the plume. We have used a medium-quartz spectrograph
utilising photographic film as a detector to study ablation plumes of Ga, GaN
and Li.

Equation 2.38, section 2.2.2, gives the intensity of a spectral line emitted
from an LTE plasma. From this we may obtain the excitation temperature, Texc.
However, since the plasma is in LTE, the population adheres to a Boltzmann
distribution and this temperature, Texc, may be obtained from the slope of a

Boltzmann plot [62]:

Plotting these values for a number of spectral lines of different upper energy
levels, Texc can be extracted from the slope m = -1 /kBTexc. The accuracy of

this method is improved by increasing the number of lines used for the plot and
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the energy spread along the x-axis (spread of Ek's). This method was used to
calculate excitation temperatures for Ga, GaN, Li and LiF plumes in Chapters 3
and 4.

Using equation 2.37, absolute spectral line intensities, integrated over the line
profile, can be used to calculate the population cross-section of the upper level
of the transition. We have used this method to calculate upper level population
cross-sections for Ga, GaN and Li plumes.

Equation 2.46 can be used to estimate ne, the electron density, provided the
instrument function is well known. This method was used to measure ne in LiF.
In the cases of Ga, GaN and Li the instrument function was estimated with a
He-Ne laser but was found to be strongly dependent on wavelength. That is to
say that the FWHM of the 633 nm line (He-Ne) was wider than the 610 nm line

from a Li plume but narrower than the 670 nm line from a Li plume.

3.2.1 Medium Quartz Spectrograph

The experimental setup consists of imaging the plume, using a UV achromat,
onto the entrance slit of a f/12 Hilger medium-quartz spectrograph with the
expansion axis of the plume parallel to the entrance slit as shown in figure 3.5.
Thus, an intensity point in the recorded spectrum corresponds to both a unique
height above the target surface and a dispersed wavelength. No external shutter
was used and, so, a point in the detector plane is integrated over the total
duration of the plume emission.

The medium-quartz spectrograph has quartz refracting components, having a
A range of 2000 A to 10000 A. The instrument consists of a slit, collimating lens,
dispersing element (prism), a two-component camera lens, and a photographic
plate/film cartridge (see figure 3.6).

Quartz occurs in two forms which rotate the plane of polarisation of light in
opposite senses. Thus a 60° prism can be constructed of two 30° prisms, one
from each variety of quartz, the second prism introducing a compensating rotary
effect. This is known as a Cornu prism.

The collimating lens renders light from the slit parallel and, hence, eliminates
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Figure 3.6: Hilger medium-quartz spectrograph.

astigmatism in the prism, while the camera lens brings to focus the beams of
light of different wavelengths emerging from the prism at different angles. Images
of the slit are produced in the focal plane and in this position the photographic
film is fixed in the holding cartridge. Since the focal plane of a medium-quartz
instrument is flat no adjustment of focus is necessary for any part of the spectrum.

Three of the parameters governing the performance of this instrument are
particularly important: reciprocal linear dispersion, spectral resolving power and
curvature of spectral lines. The refractive index of fused quartz vs wavelength
varies in a non-linear fashion as can be seen in figure 3.7 (after [63]). The
reciprocal linear dispersion for a medium quartz instrument varies from « 5
A/mm at 2000 A, to almost 500 A/mm at 10,000 A. Thus, for studies in the
UV region of the spectrum it is quite a useful instrument. The spectral resolving
power can be expressed as

(3.)

The theoretical resolving power was calculated and is plotted in figure 3.8. It
also varies non-linearly with respect to wavelength and from this it can be seen

that the instrument is most useful in the UV end of its range.
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Figure 3.7: Refractive index of fused quartz.
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Figure 3.8: Theoretical resolving power of spectrograph.
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Due to the fact that light originating at the two ends of the slit pass through
the prism in a direction which is slightly inclined to the principal plane, this light
will suffer slightly more deviation than the light from the midpoint of the slit,
which lies on the plane. Hence the images (spectrum lines) will be curved with
their ends displaced towards the blue end of the spectrum. This can be seen in

figure 3.9, atypical image of Ga in 10-7 mbar N2. This means that a wavelength

T wdr b A
Figure 3.9: Section of typical experimental spectrum of Ga plume expanding into vacuum.

calibration along the spectrum at a certain distance from the midpoint along any
line will differ from the wavelength calibration at the end of the line. The radius

of curvature can be calculated for a 60° prism to be

p= (I - 0.25n2Y \ (3.3)

At 2500 A, p « 467 mm and at 4046 A, p sa 515 mm, so the curvature varies
across the spectrum.

The wavelength calibration of the spectrograph was performed using a mer-
cury lamp with a quartz envelope (to transmit UV lines) and iron lines from a
laser plasma. Figure 3.10 shows the mercury spectrum. Using a knife edge and
the 250 nm line of galliumwe obtained the curve of figure 3.11. This is the edge

function and corresponds to the integral of the line spread function [64]:

We(x) = 7f—€0Wtdu 3.4
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Figure 3.10: Spectrum of a Hg lamp.

Pixel

Figure 3.11: Scan across knife edge (data points) and line spread function (solid).



where We is the edge trace function and Wi is the line spread function. Differ-
entiation of the edge function yields the line spread function and the width of
this determines the spatial resolution. The value obtained is 80 //m. The solid
angle subtended by the lens is given by Q = where r is the radius of the
clear aperture and R is the distance between plume and achromat and it's value
is 1.593 x 10-3 Sr.

3.2.2 Photographic Film

Models of conventional photographic processes are usually based on the assump-
tion that silver halide grains are simply photon receptors and recorders of spec-
ified absorption, size, shape and photon threshold. When the threshold number
of photons has been absorbed, the grains become activated in such a way that
after development they have a new absorption, size and shape. A grain in this
new state is a single image unit and further absorption of photons in excess of
the threshold makes no additional contribution to this image.

Following absorption of a sufficient number of light quanta, the silver halide
grain has the property such that it may be preferentially reduced to silver with a
suitable reducing agent (known as a developer). Although all grains will eventu-
ally be reduced to silver if developed for a sufficient time, the rate of reduction
is very much greater for those grains which have absorbed the threshold number
of quanta during exposure.

The exposure e is defined as the light energy received by one cm2 of the
photographic layer during the exposure time te. If the light flux is denoted by
P (t) then [65]

e= f P(t)dt. (3.5)
Jo

The most common quantative measure of photographic output is the optical
density of the developed layer. Light of intensity Jo is shone through the image

(figure 3.12) and compared with the transmitted intensity |t m This gives us
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Figure 3.12: Incident and transmitted light.

D = Iogioly- (3.6)
t

D = -logwT = log100 3.7)

where T and Oare the transmittance and opacity respectively. In practice the
density of a givenimage depends on the geometry of themeasuring system and

the wavelength over which the density is measured.

Figure 3.13: Typical characteristic curve (after [65]).

The characteristic curve relates the output density to the logarithm of the

46



input exposure as illustrated in the example of figure 3.13. The slope of the
linear part of the curve is given by:
dD
d(log1e)"

The fog, DO, is defined as the density of unexposed parts of the developed film.
Therefore absolute exposure values (ergs/cm?2) can be obtained for recorded
spectra if 7 and DO are known across the spectral range of the data. Figures
3.14 and 3.15 show the spectral sensitivity and characteristic curves for Kodak
HSI film (High Speed Infrared), the film used in this work. This film type is well
characterised and no batch variation was assumed. Work was done only in the
linear region.

The development of film from experiments was performed under strict timing
conditions, see table 3.3. The developer used was D-76. After being continuously
agitated in the development tray for the correct amount of time, the film was
then transferred to the stop bath (Kodak Indicator stop bath) for 30 s. It was
then placed in the fixer bath (Kodak Fixer) and continuously agitated for 10

minutes.

Developer 18 °C g0 21°c 2°C 24°C
Kodak D-76 11 95 79

Table 3.3: Development time (minutes) for various temperatures.

The next step was to rinse the film under running water for 30 s. It was then
placed in a tray of Kodak Hypo Clearing Agent for 2 minutes, to further wash
the film, followed by 5 more minutes under running water. Lastly it was placed
in a tray of Kodak Photo-Flo Solution to prevent water stains before being hung
up to dry in a dust-free cupboard.

The Optical Densities across the films (spectral images) were measured by
scanning with a 2000 dots-per-inch scanner. This scanner was calibrated using a
set of known optical densities (calibrated neutral density filters: optical density

known across the visible spectrum), figure 3.16, and the scanned images were
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Figure 3.14: Spectral sensitivity curves for HSI film.
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Figure 3.15: Characteristic curves of HSI at various A (A).
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stored digitally (as 'raw' pixel images). Plotting the optical density of a pixel vs
its z-position across the image yields a spectrum and these were extracted for
various heights above the target surface (*/-positions).

Using the wavelength calibration, these ~-position values were converted to
wavelength values. With these values the optical density values were then ma-
nipulated, using the wavelength-dependent characteristic curves 7 values (figure
3.15) extracted from the spectral sensitivity curve of the film and measured D0
values, together with the plume duration measured with the fast imaging tech-
nigue of section 3.3, to give the intensity of the light, in Wem-2, falling on the
film at each pixel. The spectra were finally converted to plots of the spectral
intensity in Wem_2Sr_1A_1 vs A in A. Error bars of +15 % were estimated from
the wavelength-dependent characteristic curves, plotted in figure 3.15, and the

wavelength, 7 and transmission fits.

Greyvalue

Figure 3.16: Calibration curve for scanner.
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3.2.3 Time-resolved monochromator measurements

Temporal evolution measurements of emission lines in ablation plumes were mea-
sured using the setup shown in figure 3.17 at the Instituto de Optica, CSIC,
Madrid.

Fast Photodiode

Fast
Boxcar Digitiser

Mirror 1
X (motorised)

Photomulitplier Tube

Mirror 2

Monochromator

Figure 3.17: Monochromator measurements system setup.

An ArF excimer laser (A = 193nm) was focussed on the target surface at an
incident angle of 45°. The target was mounted on a rotating holder placed in
a vacuum chamber (not shown) which was evacuated to a residual pressure of
5 x 10_6mbar.

The laser ablation plume is imaged onto the entrance slit of a 0.05A resolution
Czerny-Turner mount monochromator (3/4 m SPEX 1702) at a magnification
of 1.78 using a lens and two steering mirrors. One of the mirrors was mounted
on a motorised translation stage which allowed a controlled scan of the plume

image across the vertical entrance slit of the monochromator. The optical image
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of plume was scanned along the normal to the target. The light emitted was col-
lected by a photomultiplier (15 ns rise time) [66] connected to a boxcar averager
for spectral recording or to a fast digitiser for transient emission measurements.

Triggering was achieved with a fast photodiode.

time (us)

Figure 3.18: Typical monochromator experimental trace: emission as a function of time
for 610 nm Li line.

Measurements were averaged over 5 laser shots in the case of spectra and were
single shot traces in the case of monochromator traces. A typical experimental
trace is shown in figure 3.18. The instrument function was measured to be 0.44
A for this system for the 610.8 nm lithum line using a hollow-cathode lithium

lamp.

3.3 Ultrafast Imaging

Using the frame photography technique, imaging of the evolution of laser ablation
plumes was performed using an ICCD. The Andor DH5H7 ICCD camera has two
main components which are a CCD chip coupled to a gated image intensifier.

This camera has a spectral range of 180 to 850 nm.
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Figure 3.19: Schematic of the ICCD camera (adapted from [67]).

The silicon CCD chip consists of a 2-D matrix of 512 x 512 photo-sensors or
pixels, each 24 //m square. When light falls on a pixel element photoelectrons
are produced and are confined to their respective elements. Thus, if an image is
projected onto the array, a corresponding charge pattern will be produced. This
is then transferred (readout) off the chip and into computer memory. A typical

experimental image is shown in figure 3.20.

Figure 3.20: Typical images of Ga plume expanding into vacuum.

An image intensifier is a device that amplifies the intensity of an image. If
it is placed before the CCD chip then it can enable imaging in low light level
conditions, thus facilitating the observation of signals of intensities that might
otherwise go undetected by the CCD chip alone. As well as amplifying, an image

intensifier can be rapidly switched on and off, allowing it to be used as a very
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fast shutter. The minimum optical gate time of the DH5H7 camera system is
2.9ns.

Wavelength (nm)

Figure 3.21: Spectral response of Intensifier (adapted from [67]).

Vacuum

Coating

Figure 3.22: Schematic of the gated intensifier (adapted from [68]).

The intensifying unit itself has three main elements; photocathode, micro-

channel plate (MCP) and output phosphor screen. It is housed in an evacuated
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tube with a front window which has a photocathode coated on its inside surface.

Photons from the image hitting the photocathode emit electrons from it,
which are drawn across a short distance (~ 0.2mm) by an electric field towards
the micro-channel plate (see fig 3.22).

The micro-channel plate is of a honeycomb glass construction ~ 1mm in
thickness and has a high potential across it (500 to 1000 V) so that the photo-
electrons will cascade down a channel producing secondary electrons and exiting
as a cloud of electrons giving gains up to 104. Altering the potential across the
plate allows one to change the gain setting of the camera to an appropriate value.

The output electrons from the MCP are finally accelerated across another
small gap (~ 0.5mm) by a potential of ~ 6000 V to a phosphor coated fibre-
optic window. This intensified image is then fibre-optic-coupled to the CCD chip
where it is readout to the pc.

Using a knife edge the spatial resolution of the ICCD system was measured,

in the same manner as in section 3.2.1, to be 384 "m (figure 3.23).

pixel

Figure 3.23: Scan across knife edge (data points) and line spread function (solid).
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3.3.1 Spectrally resolved imaging

To facilitate spectrally resolved imaging of lithium ablation plumes two inter-
ference filters, transmitting light in a small band centred on the 670.8 nm
(Is2.2s —Is2.2p) and 610.3 nm (ls2.2p —1s2.3d) neutral lithium transitions,
respectively, were placed in front of the camera objective. This allowed the study
of the expansion of the corresponding excited state species in the plume. The

spectral transmission curves of the filters are shown in figures 3.24 and 3.25.

3.3.2 Measurement of velocity distributions

The ICCD images were calibrated spatially using a mm-scale ruler with 1 pixel
corresponding to fa 0.1 mm, this is taken as the error bar. The spatial resolution
was measured using a knife-edge and was found to be 0.4 mm (see figure 3.23).
The position of the luminous edge of the plume was found by taking the second
derivative of the spatial profile to find the point of inflection where the emission
signal in the image goes to zero. When plotted versus time, the slope yields
the velocity of the luminous edge of the plume. The luminous peak velocity
can similarly be found by plotting the position of peak luminosity versus time.
Velocities were estimated for Ga plumes expanding into N2 and also Li plumes
in vacuum ablated with various spot sizes.

Time-of-flight profiles of laser ablation plumes can be constructed from plume
emission images by extracting and plotting the variation of intensity with time at
fixed distances above the target. If collisions occur the dynamics of the ablation
plume may be described by the formation of a Knudsen layer (see section 2.1.3)
in the vicinity of the surface area of the irradiated material [33]. With a change

of variables from velocity to time, equation 2.19 becomes
(3.9)

where TK stands for the Knudsen layer temperature and uk is the Knudsen layer
velocity. These parameters were also calculated for Ga plumes expanding into

IM2 and also Li plumes in vacuum ablated with various spot sizes.
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Figure 3.24: Transmission curve of I/F 671FS-10-25 (Actntre =671.5 nm).

wavelength (nm)

Figure 3.25: Transmission curve of I/F 59405#1 (\@ntre = 608.8 nm).
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3.4 lon Probe

A Langmuir ion probe was setup in the vacuum chamber in collaboration with
Trinity College Dublin. It was used to estimate the time of flight (TOF), peak
velocity and kinetic energy of ablation plumes from a liquid Ga target. It was
also used to measure the charge collected by the probe, both as a function of

fluence and as a function of angle to the target normal.

3.4.1 Probe description

The probe consists of metal electrode exposed beyond an insulating casing in-
serted into the plume, typically at a distance from the target equal to the target-
substrate separation (d). Placing the probe at a negative bias (0 —30V) will
result in electrons being repelled and positive ions (which we assume to be Ga+
ions) attracted towards the probe. A 0.47 jiF capacitor is connected in series
with a 25 Q resistor and the biased probe and the charge collected in the probe
can be determined by measuring the voltage drop across the load resistor with a

fast oscilloscope.

3.4.2 Kinetic energy measurements

By looking at the current (or voltage) maximum in the time of flight spectra,
the ion energy associated with the maximum flux of ions through the probe can

be estimated

(3.10)

where mca is the mass of the gallium ion, d is the distance of the probe above

the target and tpesk is the time of arrival of the peak.
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Figure 3.26: Schematic of the ion probe apparatus.

3.4.3 Charge measurements

Integration of the TOF current over the pulse duration yields the total charge on

the probe per pulse.

(3.11)

The integral is carried out over the duration of the TOF signal, from the time

at which the laser strikes the target, io- to the end of the measured TOF signal,

tfinalm

Assuming the ions are singly charged (Qgo+ = 1-6 x 10-19 C) at the distance
of the probe above target (> few cm), the average flux per pulse is determined

as
(3.12)
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3.5 System synchronisation

A schematic of the experimental setup is shown in figure 3.27. The ICCD camera
(see section 3.3, page 51) is sychronised and delayed with respect to the firing of
the laser using two synchronised Stanford DG535 delay generator boxes. Using
LabView virtual instruments these are controlled by a PC via the GPIB interface.
The laser flashlamps are triggered at 10Hz continuously from 'delay generator
1'. The PC sets off a sequence of events that fire the laser and gate the camera
(i.e. switch on the intensifier). The PC sends a 'fire' signal via the multi-1/O
box to close the 'switch' box. This lets the 'enable’ pulse from delay generator
1' trigger 'delay generator 2' which then triggers the laser, intensifier gate and
the stepper motor at specified delays with respect to the flashlamp trigger pulse

(figure 3.28).
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Figure 3.27: Experimental setup for ultrafast imaging of laser ablation.
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Figure 3.28: Triggering sequence diagram.



Chapter 4

Gallium and Gallium Nitride

Results and Analysis

4.1 Spectroscopy

Spectral images of Gallium Nitride plumes expanding into vacuum (10-7 mbar
N2) and a background gas (5 mbar N2) are shown in figure 4.1 using a fluence of
5 Jem-2 and a spotsize of 2 x 2+ 0.005 mm with different laser wavelengths to
ablate the target. These were recorded using photographic film as the detector
(see section 3.2.2). The spatial scale is indicated in the images, as is the position
of the target surface. One observes from the images that a continuum was present
above the target surface which typically extended 1 to 2 mm. Above 2 mm the
plume emission consists mainly of discrete atomic or ionic lines. The maximum
emission occurs in the continuum region and decreases with distance from target.

It can be seen that a certain number of lines were still emitting up to ~ 30
mm or more away from the target, others tended to emit until ~ 15 mm and
still others until just ~ 5 mm. The lines in the vacuum cases were all assigned
to gallium lines (see table 4.1 which lists the measured and assigned values of
the lines numbered in figure 4.1). In the case of an ambient N2 gas pressure, the
same gallium lines were present and were broadened with respect to the vacuum

case, however no N or N+ lines were observed.
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Figure 4.1: Space resolved emission spectrum of an ablation plume of GaN created at a
fluence of 5 Jem-2 with different laser wavelengths (ALaser) and N2 background pressures
(mbar).
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Line Meas. A (A)
1 2418
2 2424
2 2424
3 2450
4 2500
5 2513
6 2624
7 2659
8 2700
9 2719
10 or (b) 2780
11 or (@) 2874
12 2943
12 2943
13 2971
13 2971
14 2993
15 3375
15 3375
16 3520
17 or (c) 3580
17 3735
19 3808
20 4034
21 4172
22 4253
23 4381
23 4381

NIST A(A)
2418.69
2423.98
2424.36
2450.08
2500.19
2513.55
2624.82
2659.87
2700.47
2719.66
2780.15
2874.24
2943.64
2944.17
2969.41

2971 multiplet
2992.84
3374.94
3375.95
3521.77
3581.19
3734.85
3806.60

«4032.99

4172.04
4251-4 multiplet
4380.69
4381.76

Assign.

Gal
Ga Il
Ga Il

Gal

Gal
Gall

Gal

Gal
Ga ll

Gal
Ga ll

Gal

Gal

Gal
Ga ll
Gall
Gall
Ga ll
Ga ll
Ga lll
Ga lll
Ga ll
Ga Il

Gal

Gal
Ga ll
Ga Il
Ga Il

fki
4.4e-03

5.0e-02

4.8e-02

1.3e-02

1.3e-02

3.0e-01

2.7e-01
3.5e-02

1.2e-01
1.2e-01

Table 4.1: Measured values of gallium lines and assignments.
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A number of lines appeared which did not originate on the target and these
were attributed to excitation in the gas (and not target impurities). These are
labelled '+ ' in fig. 4.1. From figure 4.1 one can see the usefulness of this spatially
resolved technique to track the various constituents of PLD plumes, especially if

one considers the image in terms of a "steady state” plume.

4.1.1 Emission spectra of Gallium plume

The emission spectra for a Ga plume at 2, 4 and 6 mm above target surface is
shown for 1064 nm and 532 nm laser radiation (2.5 Jem-2) in figures 4.2 and
4.3 . This is the result of scanning across , for example, figure 4.1, at 2, 4 and
6 mm above target, respectively. From figures 4.2 and 4.3 one observes that
the intensity of all the plume emission lines diminishes as one looks further away

from the target surface, eventually being below the detection limit.

6mm

wavelength (A

Figure 4.2: Gain 10~7 mbar N2at 2, 4 and 6 mm from target surface, A£Oger = 1064 nm,
2.5 Jem"2.
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6mm

wavelength (A

Figure 4.3: Gain 10 7 mbar No at 2, 4 and 6 mm from target surface, ALaser = 532 nm
2.5 Jem-2.

4mm

Intensity @V cm'2A'1Sr])

wavelength (A)

Figure 4.4: Ga in 10 7 mbar N2 at 2, 4 and 6 mm from target surface, ALaser = 355 nm
2.5 Jem*“2. 66



Figures 4.4 and 4.5 shows emission spectra from Ga plumes generated with
355 and 266 nm laser radiation, respectively, and correspond to the same condi-

tions as figures 4.2 and 4.2 (2.5 Jem-2, 10~7 mbar N2, liquid Ga target).

6mm

wavelength (A

Figure 4.5: Gain 10“7 mbar N2 at 2, 4 and 6 mm from target surface, ALaser = 266 nm
2.5 Jem-2.

Influence of laser wavelength

One may observe, from the preceding figures, that the emission intensity of the
plumes scale downwards with decreasing laser wavelength. This is illustrated in
figure 4.6 which plots the integrated intensity of Ga, Ga+ and Ga2+ marker lines
vs laser wavelength at a fluence of 2.5 Jem-2. These lines are marked as (a), (b)
and (c) in figure 4.1 and correspond to the 2874.24 A , 2780.15 A and 3581.19
A lines from table 4.1. This effect does not seem to be strongly dependent on
ionisation as a similar pattern is followed by all three lines. However, the effect

is less significant for neutral Ga at short laser wavelengths.
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Referring to figure 2.1 on page 10 showing the inverse bremsstralung ab-
sorption coefficient vs wavelength, we note that the ablation plume absorbs the
incident laser radiation to a higher degree at higher laser wavelengths. This
absorption excites the patrticles in the expanding plume, thus the excitation tem-
perature of ablation plumes created with IR radiation will be higher than that of

plumes created with UV radiation and they will show a higher emission intensity.

* om

2)=tg 2=

laser wavelength (A)

Figure 4.6: Ga emission in 10 7 mbar N2: ion stage vs AlLaser, 2.5 Jem 2, 5 mm above
target.

This increased absorption of higher laser wavelengths also has the effect
of lowering the laser intensity reaching the target compared with shorter laser
wavelengths [69]. This reduces the amount of material ablated and the energy
initially deposited in it, thus driving an expansion which is slower with 1064
nm than 266 nm laser radiation. Thus, with shorter laser wavelengths the laser
reaches the target creating a faster, denser but colder (less absorbing) plume and
with a higher proportion of neutrals, when compared to longer laser wavelength
plumes. This was observed in the case of lithium ablated with 266, 532 and 1064

nm laser raditation at a fluence of 6.5 Jem-2 and is tabulated in table 5.3.
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Influence of pressure

The emission spectra from a Ga plume at 10~7, 10-2, 10“1 and 5 mbar N2
background gas pressures is shown at 5 mm above target surface in figures 4.7
and 4.8 for 1064 and 532 nm laser radiation at 2.5 Jem-2 on a liquid gallium
target. Figures 4.9 and 4.10 shows emission spectra from Ga plumes generated
with 355 and 266 nm laser radiation, respectively, and correspond to the same

conditions as figures 4.7 and 4.8 (2.5 Jem-2, liquid gallium target, 5 mm above

target).
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Figure 4.7: Gain (a) 10 7, (b) 10 2, (c) 10 1 and (d) 5 mbar N2, 5 mm from target

surface, XLaser = 1064 nm.
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Figure 4.8: Ga in (a) 10-7, (b) 10-2, (c) 10 1 and (d) 5 mbar Ni, 5 mm from target
surface, XLaser = 532 nm.
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Figure 49: Ga in (a) 10~7, (b) 10“2, (c) 10 1 and (d) 5 mbar N2, 5 mm from target

surface, X1q,sqt —355 nm.
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Figure 4.10: Gain (a) 10 7, (b) 10 2, (c) 10 1 and (d) 5 mbar Nj, 5 mm from target
surface, ALaser = 266 nm.

It may be observed, in all cases, that the emission was substantially enhanced
in 5 mbar N2 whereas in the range of 10- 7-10-1 mbar gas pressures there were
very little differences in the spectra. This pattern was reproduced for all four laser
wavelengths. This is illustrated, for 1064 nm laser radiation, in figures 4.11, 4.12
and 4.13 where the integrated intensity (integrated over A and fi) is plotted vs
distance above target surface for each of the three marker lines, respectively, at
each abmient gas pressure. These marker lines have been indicated in figure 4.7.

Figures 4.14, 4.15 and 4.16 shows this for 532 nm laser radiation, 4.17, 4.18
and 4.19 for 355 nm laser radiation and figure 4.20 shows the 266 nm laser

radiation case (absence of ionic emission).
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Figure 4.11: Ga: Ga emission intensity vs distance from target surface for a range of

pressures of No, \Laver — 1064 nm.
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Figure 4.12: Ga: Ga+ emission intensity vs distance from target surface for a range of

pressures of N2, ALaser = 1064 nm.
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Figure 4.13: Ga: Ga2+ emission intensity vs distance from target surface for a range of

pressures of N*, ALaser = 1064 nm.
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Figure 4.14: Ga: Ga emission intensity vs distance from target surface for a range of

pressures of N2, Ai a,er = 532 nm.
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Figure 4.15: Ga: Ga+ emission intensity vs distance from target surface for a range of

pressures of Ng, X iaaer = 532 nm.
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Figure 4.16: Ga: Ga2+ emission intensity vs distance from target surface for a range of

pressures of N2, \Laser = 532 nm.
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Figure 4.1.7: Ga: Ga emission intensity vs distance from target surface for a range of

pressures of N2, ALaser = 355 nm.
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Figure 4.18: Ga: Ga+ emission intensity vs distance from target surface for a range of

pressures of N2, ALaser = 355 nm.
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Figure 4.19: Ga: Ga2+ emission intensity vs distance from target surface for a range of

pressures of N2, ALaser = 355 nm.
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Figure 4.20: Ga: Ga emission intensity vs distance from target surface for a range of

pressures of N2, Phaser = 266 nm.
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The fast frame imaging technique suggests, in section 4.3, that the plume
acts as a piston propogating into the ambient gas at supersonic speeds and forms
a compression front which may support a shockwave [30]. This decelerates the
plume and heating occurs in the region just behind the compression front [70].
This conversion of the plume particles kinetic energy to thermal energy behind
the compression front results in enhanced emission from this region [71].

One can see that for the 5 mbar case at all laser wavelengths that the emission
increased sharply from the surface up to a maximum distance and then decreased
more slowly. This max distance is listed in table 4.2. The maximum distance for
the neutrals and different ion stages vary, being shorter for more highly charged
ions. This is because the higher ion stages recombine more quickly in the denser
region close to target and has also been observed in ion probe measurements of
GaN target ablation in N2 using KrF 248 nm laser radiation at a fluence of 2.5

Jem'2, [14], where the ion probe signal is reduced at higher ambient pressures.

Xlaser (nm) Ga Ga+ Ga2+

266 3 - -
355 5 3 1
532 7 4 3
1064 12 9 4

Table 4.2: Position (in mm) of emission peak in 5 mbar N2 (fluence = 2.5 Jem 2).

It can be seen from the table that the plume intensity increases with laser
wavelength which can be understood in terms of laser absorption in the plume,
as discussed in section 4.1.1.

Mah et al, [72], grew GaN films by PLD using a liquid gallium target with
KrF 248 nm laser radiation at 8 Jem-2. The author reports that at pressures
of < 3 Torr N2 (< 2.25 mbar) crystalline GaN could not be grown and, so, N2
pressures of 5 Torr (3.75 mbar) were used. This suggests that the arrival on
target of neutrals and ions, excited in these conditions, plays an important role

in film growth.
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4.1.2 Ga level populations in Ga plume

From the integrated intensities of the 417.2, 287.4, 272.0 and 250.1 nm lines, and
using equation 2.37 and tabulated data [73], one can estimate the populations
in the 4s25% (« 3.1 eV), 4s24d (w 4.3 eV), 4s26s (~ 4.7 eV) and 4s25d (ss 5.1
eV) excited levels. The estimation of populations hinges on the fact that these

are absolute intensities. The level populations are shown in figures 4.21, 4.22,
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Figure 4.21: Level populations of Ga (Ga plume in 10 7 mbar N2) vs excited state energy
at various distances from target surface, ALaser = 1064 nm.

4.23 and 4.24 for a Ga plume, generated by 1064, 532, 355 and 266 nm laser
radiation, respectively, at various distances above the target surface. Since the
spectra are integrated along the line of sight through the plume and over the
emission duration, so too are the population estimates. However, as the plume
passes any point above the target quite fast, this emission duration is short

(?a 200 - 300 ns, as we shall see in section 4.3.2).
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Figure 4.22: Level populations of Ga (Ga plume in 10 7 mbar N2) vs excited state energy
at various distances from target surface, X[ja,er = 532 nm.
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Figure 4.23: Level populations of Ga (Ga plume in 10 7 mbar N2) vs excited state energy
at various distances from target surface, Alaser = 355 nm.
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Figure 4.24: Level populations of Ga (Ga plume in 10-7 mbar N2) vs excited state energy

at various distances from target surface, \Laser = 266 nm.

4.1.3 Excitation temperature in Ga plume

Figures 4.25 and 4.26 display Boltzmann plots for Ga plume in 10-7 mbar N2
(ALaser = 1064 nm, fluence = 2.5 Jem-2) at 2 and 4 mm above target. These
were plotted using equation 3.1, section 3.2, and the excitation temperature Texc
can be extracted from the slope of such a plot. The error bar is the experimental
value combined with a value of 10 % from the oscillator strength (varies from 3
to 50 %). In figures 4.27, 4.28, 4.29 and 4.30 the excitation temperature from
these plots are displayed vs distance above target surface in the same conditions
(“Laser = 1064, 532, 355 and 266 nm, respectively, fluence = 2.5 Jem-2, 10-7
mbar N2). The errors bars in these figures are from the respective Boltzmann

plots for each distance.

80



8.5
8.0.
7.5H
7.0-
6.5-
6.0
o 5.5-
£ 5.0
c
= 4.5%
4.0-
3.5
3.0-
2.5-
2.5 To" 35 4.0 4.5 5.0

(eV)

f)

/

8 Ga Boltzmann Plot (10-T mbar N2) at 2 mm from target,

8.5-
8.0-
7.5
7.0-
6.5-
6.0-
5.5-
5.0
4.5-
4.0
3.5
3.0
2.5
2.5 3.0 3.5 4.0 4.5 5.0

(eV)

In(Ix3gf)

81

5.5

= 1064 nm.

Figure 4.26: Ga Boltzmann Plot (10-7 mbar N2) at 4 min from target, ALauer — 1064 nm.



30000 -

20000 -

10000-

—;

distance from target surface (mm)

Figure 4.27: Ga: Texc (in 10 7 mbar N2) vs distance from target surface, Al,ascr = 1064

One observes that the temperature drops off from an initially higher value to
a constant value after a few mm. This is more pronounced at 1064 nm where the
temperature drops from a maximum value of ~ 30000 K close to target to ~ 7000
K for greater distances. In the 532 nm laser radiation case the temperature is
~ 10000 K close to target, dropping to ~ 5000 K farther away, while at 355
and 266 nm the temperatures are close to ~ 4000 K. This behaviour has been
observed by Fuso et al [74] in ablation of Ti with XeCl 308 nm laser radiation at
2 Jem-2 where the time-resolved temperature dropped from a maximum value
of 30000 K to 7000 K.

It has also been reported by Hermann et al [75] in ablation of Ti with XeCl 308
nm laser radiation at 12.5 Jem-2. Here the time-resolved temperature dropped
from an maximum value of ~ 3 eV (~ 35000 K) to less than 1 eV (~ 11600
K). Toftmann et al [76] report time-resolved temperature estimations using ion

probe measurements of Ag ablation plumes created with 355 nm Nd:YAG laser
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Figure 4.28: Ga: Texc (in 10-7 mbar N2) vs distance from target surface, ALaser = 532
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Figure 4.29: Ga: Texc (in 10~7 mbar N2) vs distance from target surface, ALaser = 355
nm.
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radiation at 0.8 and 1.3 Jem 2. Temperatures typically dropped from ~ 1 eV to
less than 0.5 eV.

distance from target surface (mm)

Figure 4.30: Ga: Teac (in 10-7 mbar N2) vs distance from target surface, ALaser = 266

The temperatures estimated here support the discussion of section 4.1.1,
where we suggested that the ablation plumes created by laser radiation of higher
wavelengths would have higher excitation temperatures due to their higher ab-
sorption of the laser radiation.

We have also estimated the excitation temperatures in the case of gallium
plumes expanding into 5 mbar of N2. These are shown in figures 4.31, 4.32, 4.33
and 4.34 for plumes ablated with 1064, 532, 355 and 266 nm laser radiation at
a fluence of 2.5 Jem-2.

One observes that the temperatures initially decreased from a high value, as
in the vacuum case. However, further from the target surface.the temperature
increased to a 2nd maximum value (lower than the initial maximum value) before

decreasing more slowly. This supports the discussion of section 4.1.1 where we
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£4.31: Ga: T&C (in 5 mbar N2) vs distance from target surface, Aiaeer = 1064 nm.

Figure 4.32: Ga: Teac (in 5 mbar N2) vs distance from target surface, xiaser = 532 nm.
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Figure 4.33: Ga: Texc (in 5 mbar N2) vs distance from target surface, Xia~r 355 urn.
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Figure 4.34: Ga: T<zc (in 5 mbar N2) vs distance from target surface, AlJaser 266 nm.
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suggested that a compression front develops and results in the conversion of the

plume particles kinetic energy into thermal energy.

4.1.4 Emission spectra of Gallium Nitride plume

Since many authors have successfully grown GaN films from a GaN target, see
section 2.3.1, spectra were also recorded for ablation plumes created on a target
of pressed GaN powder. The emission spectra for GaN plumes at 2 mm above
target surface are shown for (a) 1064, (b) 532, (c) 355 and (d) 266 nm laser
radiation (2.5 Jem-2, 10-7 mbar N2) in figure 4.35.

wavelength (A

Figure 4.35: GaN ablated with (a) ALaser = 1064, (b) ALaser = 532, (c¢) ALaser = 355 and
(d) ALaser = 266 nm at 2.5 Jem-2 in 10-7 mbar N2 at 2 mm from target surface

On comparison with figures 4.2, 4.3, 4.4 and 4.5, which are the corresponding
spectra for a liquid gallium target, one sees little difference in the spectra. Again
there is an absence of atomic or ionic nitrogen emission, despite the fact that

nitrogen is present in the GaN target.
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One may, again, observe that the emission intensity of the plumes scale
downwards with decreasing laser wavelength, though this is less significant for
neutral Ga. This is illustrated in figure 4.36 which plots the integrated intensity
of the Ga, Ga+ and Ga2+ marker lines vs laser wavelength. This figure shows
the same behaviour as figure 4.6 and the reader is referred to the discussion in

section 4.1.1.

laser wavelength (A)

Figure 4.36: GaN emission in 10-7 mbar N2: ion stage vs AlLaser-

The emission spectra from a GaN plume at 5 mbar N2 background gas pres-
sure is shown at 5 mm above target surface in figure 4.37 for (a) 1064, (b) 532,
(c) 355 and (d) 266 nm laser radiation (2.5 Jem-2).

It may be observed, in all cases, that the emission is substantially enhanced
in 5 mbar N2 when compared with the 10~7 mbar case of figure 4.35 due to
collisions between the plume particles and those of the gas. This is illustrated,
for 1064 nm laser radiation, in figures 4.38, 4.39 and 4.40 where the integrated
intensity is plotted vs distance above target surface for each of the three marker
lines respectively, at each ambient gas pressure.

Figures 4.41, 4.42 and 4.43 show this for 532 nm laser radiation, 4.44, 4.45

88



and 4.46 for 355 nm laser radiation and figures 4.47 and 4.48 show the 266 nm

laser radiation case.

wavelength (A

Figure 4.37: GaN ablated with (a) ALater = 1064 nm, (b) ALaser = 532 nm, (c) ALaser =
355 nm and (d) ALaser = 266 nm at 2.5 Jem 2in 5 mbar N2 at 5 mm from target surface

One can see that for the 5 mbar case at all laser wavelengths that the emission
increased sharply from the surface up to a maximum distance and then decreased
more slowly. This pattern of behaviour is identical to that from a liquid gallium
metal target and the reader is referred to the discussion of section 4.1.1 where
we suggested that collisions between plume and gas leads to enhanced excitation
and emission from the plume. This can be related to the fact that various authors
successfully grew films in a range of conditions (see section 2.3.1) and points to

an underlying common growth mechanism.
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Figure 4.38: GaN: Ga emission intensity vs distance from target surface for a range of

pressures of N2, ALaser = 1064 nm.
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Figure 4.39: GaN: Ga+ emission intensity vs distance from target surface for a range of

pressures of N2, ALaser = 1064 nm.
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Figure 4.40: GaN: Ga2+ emission intensity vs distance from target surface for a range of

pressures of N2, "Laaer = 1064 nm.
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Figure 4.41: GaN: Ga emission intensity vs distance from target surface for a range of

pressures of N2, ~Lamr = 532 nm.
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Figure 4.42: GaN: Ga+ emission intensity vs distance from target surface for a range of
pressures of N2, Al,zaer = 532 nm.
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Figure 4.43: GaN: Ga2+ emission intensity vs distance from target surface for a range of

pressures of Na, ALaser = 532 nm.
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Figure 4.44: GaN: Ga emission intensity vs distance from target surface for a range of

pressures of Na, ALaser = 355 nm.
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Figure 4.45: GaN: Ga+ emission intensity vs distance from target surface for a range of
pressures of N2, XLaser = 355 nm.
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Figure 4.46: GaN: Ga2+ emission intensity vs distance from target surface for a range of
pressures of N2, Ai,ager = 355 nm.
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Figure 4.47: GaN: Ga emission intensity vs distance from target surface for a range of
pressures of N2, Ai a,er = 266 nm.
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Figure 4.48: GaN: Ga+ emission intensity vs distance from target surface for a range of

pressures of N2, ALaser = 266 nm.

4.1.5 Ga level populations in GaN plume

The populations in the 4s25s (« 3.1 eV), 4s24d (~ 4.3 eV), 4s26s (= 4.7 eV) and
4s25d (« 5.1 eV) excited levels were estimated from the integrated intensities of
the 417.2, 287.4, 272.0 and 250.1 nm lines in a manner similar to the previous

case of section 4.1.2.
The results are displayed in figures 4.49, 4.50, 4.51 and 4.52 for a GaN

plume, generated by 1064, 532, 355 and 266 nm laser radiation, respectively.
These show similar behaviour to the gallium metal case. Note: some data points

overlap.
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Figure 4.49: Level populations of Ga (GaN plume in 10 7 mbar Na) vs excited state

energy at various distances from target surface, \ Laser = 1064 nm.
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Figure 4.50: Level populations of Ga (GaN plume in 10 7 mbar N2) vs excited state

energy at various distances from target surface, ALaser = 532 nm.
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Figure 4.51: Level populations of Ga (GaN plume in 10 7 mbar N2) vs excited state
energy at various distances from target surface, ALaser — 355 nm.
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Figure 4.52: Level populations of Ga (GaN plume in 10 7 mbar N2) vs excited state
energy at various distances from target surface, XLaser = 266 nm.
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4.1.6 Excitation temperature in GaN plume

In figures 4.53, 4.54, 4.55 and 4.56 the excitation temperatures, which were
estimated from equation 3.1 in a similar manner to section 4.1.3, are displayed
vs distance above target surface for a GaN plume created by AlLaser = 1064, 532,
355 and 266 nm laser radiation, respectively, at a fluence of = 2.5 Jem-2 in 10“7
mbar N2.

distance from target surface (mm)

Figure 4.53: GaN: Teae (in 10“7 mbar N2) vs distance from target surface, ALaser = 1064

The excitation temperatures in vacuum, which are similar values to those
from gallium metal plumes, drop off with distance from target in a similar fashion
to that of gallium metal plumes as discussed in 4.1.3 and also with respect to
the laser wavelength and the reader is again referred to section 4.1.1, where we
suggested that the higher excitation temperatures at higher laser wavelengths is

due to the higher absorption of the laser radiation.
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Figure 4.54: GaN: Teac (in 10-7 mbar N2) vs distance from target surface, XLater = 532

nm.

distance from target surface (mm)

Figure 4.55: GaN: Te&C (in 10-7 mbar N2) vs distance from target surface, Xiater = 355

nm.
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Figure 4.56: GaN: Tcxc (in 10-7 mbar N2) vs distance from target surface, ALaser = 266
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Figure 4.57: GaN: TeC(in 5 mbar N2) vs distance from target surface, xiaser = 1064 nm.
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distance from target surface (mm)

Figure 4.58: GaN: T&C (in 5 mbar N2) vs distance from target surface, XLaser = 532 nm.

distance from target surface (mm)

Figure 4.59: GaN: Texc (in 5 mbar N2) vs distance from target surface, xiaser = 355 nm.
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For GaN plumes expanding into 5 mbar of N2, we have also estimated the
excitation temperatures. These are shown in figures 4.57, 4.58, 4.59 and 4.60
for plumes ablated with 1064, 532, 355 and 266 nm laser radiation at a fluence
of 2.5 Jem-2.

Similar to the gallium metal target case, the temperatures initially decreased
from a high value before increasing to a 2nd maximum value (lower than the
initial maximum value) before decreasing more slowly. Again, this supports the
discussion of section 4.1.1 where we suggested that the interaction of the plume
and ambient gas results in the conversion of the plume particles kinetic energy

into thermal energy.

10000-1

8000-

6000-

)  4000-

2000.

distance from target surface (mm)

Figure 4.60: GaN: Tcxc (in 5 mbar N2) vs distance from target surface, XLatter —266 nm.
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4.1.7 Spectral behaviour of nitrogen
Atomic and ionic nitrogen

In the spectra recorded at N2 pressures up to 10-1 mbar, all the lines can be
accounted for as transitions in Ga, Ga+ or Ga2+ (see table 4.1) however, atomic
databases indicate a wealth of lines in the range 2000-5000 A for the NI-NVII
ionisation stages [73].

However, in the course of the present work, we could not detect any spectral
features that could be attributed to known emission lines in atomic nitrogen or
its ions. Indeed, as can be seen from, for example, figures 4.2, 4.3, 4.4, 4.5 and
4.35, the Ga and GaN targets always produced similar spectra (free of atomic or
ionic nitrogen emission).

We now discuss possible reasons for this absence of nitrogen emission. From
[73] it can be seen that the radiation transitions probabilities are very small for
low Z elements, and decay is preferentially via Auger emission if energetically
possible. Also, Cowan et al [77] have seen that N- can be produced from
e+ e+ N+, with large cross-sections, suggesting that collisional de-excitation
may be very efficient process here.

Another point is that the majority of the excited states involved in transitions
that would produce lines in the region of the spectrum recorded have very high
excitation potentials. The one exception is a low-lying level with a transition into
the ground state, however this is, in fact, a forbidden transition.

Most likely the combination of small transition probabilities with high exci-
tation potentials is the reason we cannot record any atomic or ionic nitrogen

emission in our conditions.

Molecular nitrogen

Some extra lines appeared only at a N2 pressure of 5 of mbar. To aid in the
identification of these lines and to determine whether the extra features are
source features or ambient gas features, spectra were recorded in 5 mbar Ar. If

similar features were observed in high pressure Ar then this would imply that the
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features originated in the target.

These lines are attributed [78] to molecular N2 emission, namely the N2 2nd
positive system and the 1st negative system, and are displayed in figures 4.61,
4.62 and 4.63.

N~ 1st negative system emission has been observed in ablation of graphite
in nitrogen using a KrF 248 nm laser at ~ 6 Jem-2 fluence in 0.5 Torr N2 by
Vivien et al [79]. Both systems were observed by Dutouquet et al [80] in 1064
nm ablation of a boron nitride target in N2. These authors also observe diatomic
spectra of CN and BN, respectively, although the absence of lines which could
be the GaN molecule does not rule out the presence of GaN molecules.

Comparing figure 4.1 and figure 4.61 we can see that the appearance of these
lines spatially above target corresponds to the region where the velocity of the
plume edge begins to slow appreciably, that is to say in the compressed region,
where there is heating and excitation in the interaction of the plume with the

gas.

wavelength (A)

Figure 4.61: Ga spectra in N2 vs Ar atmospheres, ALaser —1064 nm, 2.5 Jem-2.
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wavelength (A)

Figure 4.62: 2nd positive system of N2, XLaser = 1064 nm, 2.5 Jem 2.

wavelength (A)

Figure 4.63: 1st negative system of N j, XLaser = 1064 nm, 2.5 Jem 2.



4.2 lon probe measurements and analysis

Probe measurements were obtained for a GaN target in 10-7 mbar N2 with 1064
nm laser radiation. The cylindrical probe was biased at —30 V. Its dimensions
were 10 mm length and 0.5 mm diameter giving an effective area A = 0.05 cm2.
The probe was positioned at a distance of 4 cm from the target surface.

Figure 4.64 displays the collected charge as a function of laser fluence and
shows a linear yield of ions with fluence. The results of the previous sections

were for a fluence of 2.5 Jem-2. The peak velocity of the ions was measured
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i4x1021"
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0 1 2 3 4 5 6

Fluence J cm'2

Figure 4.64: GaN (in 10 6 mbar N2); NGo+ collected by probe as a function of fluence,
ALaser = 1064 nm.

and is shown in figure 4.65. From equation 3.10, the kinetic energy of the peak
of the time-of-flight distribution is estimated. This is shown in figure 4.66 as a

function of the laser fluence.
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Fluence J cm’2

Figure 4.65: GaN (in 10-8 mbar N2); velocity of TOF peak as a function of fluence,
Aioser = 1064 nm.

Fluence J cm'2
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Figure 4.66: GaN (in 10-8 mbar N2); TOF Kkinetic energies as a function of fluence,

ALaser = 1064 nm.



The ion probe signal at 4 cm from target for 2.5 Jem-2 ablation of GaN
is shown in figure 4.67. Fitting the shifted centre of mass Maxwell Boltzmann
distribution of equation 3.9 yields Tk = 105 eV and uk = —2.9 x 10s cm-1.
This may be compared to the values obtained from optical signals in section
4.3.2. The negative sign may point to the large spotsize would have a gaussian
distribution of expansion-driving temperatures, thus the shifted centre of mass
Maxwell Boltzmann distribution may not be a good description. In addition we

fitted a Maxwell Boltzmann distribution and this yields a temperature of 93 eV.

time (jxs)

Figure 4.67: Time-of-flight curve of GaN (in 10-6 mbar N2) ALaser = 1064 nm.

100 80

Figure 4.68: GaN (in 10 6 mbar N2): polar plot of distribution of N<jO+ collected by the
probe, XLaser = 1064 nm.
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The probe was also positioned at various angles to the target normal (plume
expanison axis). This is shown in figure 4.68 as a polar plot and the results of

an Acosn (8) fit are listed in table 4.3 for various laser fluences.

Fluence (Jem 2) n

1.0 25
2.5 2.9
5.0 4.9

Table 4.3: Acosn (6) fit to angular distribution of ions.

Kelly [81] gives a similar power dependence for the shifted centre of mass
Maxwell Boltzmann velocity distribution where n fa (1 + M )21 with the degree
of forward peaking n related to M, the Mach number. From this we get values
of M = 055, M = 0.66 and M = 1.15 at 1.0, 2.5 and 5.0 Jem-2, respectively,

suggesting that the plume expansion is subsonic at lower fluences.

4.3 Digital frame photography

A series of images were recorded with the digital framing photography technique
described in section 3.3, at various time delays with respect to the laser pulse, for
ablation plumes of gallium only. This isjustified because in the previous sections
of this chapter we have seen that there are little differences between the ablation
plumes of Ga and GaN targets.

False colour images of gallium plumes expanding into vacuum (10-5 mbar)
and various N2 gas pressures (10-2, 10-1, 1 and 5 mbar N2) are shown in figures
4.69, 4.70, 4.71, 4.72 and 4.73. The liquid target was ablated with 1064 nm
radiation at a fluence of 2.5 Jem-2. Images are displayed for time delays ranging
from 100 to 1000 ns, at intervals of 100 ns, in each case and with an exposure
duration of 2.7 ns. (Note: the intensity scales are not scaled with respect to

intensifier gain setting in these images but subsequent processed data are.)
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Figure 4.69: ICCD images of Ga plume expansion from 100 ns (top left) to 1000 ns (bottom
right) after the laser pulse in 10-6 mbar N2, ALaser = 1064 nm.

Figure 4.70: 1ICCD images of Ga plume expansion from 100 ns (top left) to 1000 ns (bottom
right) after the laser pulse in 10-2 mbar N2, \Laser = 1064 nm.
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Figure 4.71: 1CCD images of Ga plume expansion from 100 ns (top left) to 1000 ns (bottom
right) after the laser pulse in 10-1 mbar Na, Axa*er = 1064 nm.

Figure 4.72: 1CCD images of Ga plume expansion from 100 ns (top left) to 1000 ns (bottom

right) after the laser pulse in 1 mbar Ns, XLaaer = 1064 nm.
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Figure 4.73: ICCD images of Ga plume expansion from 100 ns (top left) to 1000 ns (bottom
right) after the laser pulse in 5 mbar N2, ALaser = 1064 nm.

4.3.1 The expansion of the plume

From these images one can extract spatial profiles along the expansion axis of
the plume at the various times recorded, as in figure 4.74. In figures 4.75 and
4.76 spatial profiles are plotted for a range of gas pressures at 250 and 500 ns.

It is clear that the expansion behaviour in 10“1, 1 and 5 mbar N2 is very
different to that at 10-5 and 10-2 mbar N2. At the higher pressures a bright
emission peak is formed at the leading edge of the plume and the so-called plume-
splitting behaviour is clearly visible [82]. The intensity of the peak increases with
increasing pressure. This increased emission as pressure increases was also evident
from the Ga and GaN spectra and has been discussed in section 4.1.1.

The position of the luminous edge of the plume was estimated by taking the
second derivative of the spatial profile to find the point of inflection where the
emission signal in the image goes to zero. This is shown at the pressures of

interest in figures 4.77, 4.78, 4.79, 4.80 and 4.81.

112



At the two lower pressures (10-5 and 10-2 mbar N2), in figures 4.77 and 4.78,
the velocity of the leading luminous edge of the plume behaves in a linear fashion
typical of the free expansion of a plasma plume. However, one can observe in
figures 4.79, 4.80 and 4.81 the quite different expansion behaviour in the presence

of higher pressures of N2.

distance from target (cm)

Figure 4.74: Spatial profiles of Ga plume expansion in 10~5 mbar N2, ALaser = 1064 nm,
2.5 Jem-2.

The edge velocities in 10-5 and 10-2 mbar N2 were estimated from 4.77 and

4.78 and are given in table 4.4.

P (mbar)  \edge (cms“1)
L(T5 2.8+ 0.2 x 106
1Q“2 25+ 0.2 x 106

Table 4.4: Plume expansion edge velocities.
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Figure 4.75: Spatial profiles of Ga plume expansion vs pressure at 250 ns, Au»er = 1064
nm, 2.5 Jem-2.

distance from target (mm)

Figure 4.76: Spatial profiles of Ga plume expansion vs pressure at 500 ns, A/,0»er = 1064
nm, 2.5 Jem-2.
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time (us)

Figure 4.77: Ga plume edge expansion in 10“6 mbar N2, Arattcr = 1064 nm, 2.5 Jcm~a.

time (fis)

Figure 4.78: Ga plume edge expansion in 10“2 mbar N2, A/joscr = 1064 nm, 2.5 Jem-2.
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Figure 4.79: Ga plume edge expansion in 10 1 mbar N2, XLaser = 1064 nm, 2.5 Jem 2.

time (us)

Figure 4.80: Ga plume edge expansion in 1 mbar N2 mbar, ALaser = 1064 nm, 2.5 Jem-2.
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Figure 4.81: Ga plume edge expansion in 5 mbar Ns, Xhaeer = 1064 nm, 2.5 Jem-2.

The data in figures 4.79, 4.80 and 4.81 (10-1, 1 and 5 mbar N2) are fitted to
the shock model of equation 2.10 in section 2.1.2, however it does not describe
the data very well, although the fit improves at higher pressures. The classical
drag model of equation 2.12 and the high-speed drag model of equation 2.13
were also fitted. These provided much closer fits to the data at these three higher

pressures, with the high-speed drag model being slightly better.

P (mbar) n (cm 3) A (cm)
i0-5 2.4 x 101 6.8 x 102
'JfHZ 24 x 104 6.8 x 10*1
10-1 2.4 x 1015 6.8 x 10~2

1 2.4 x 1016 6.8 x 10“3
5 1.2 x 1017 14 x 10"1
1013 25 x 1019 6.6 x 10“6

Table 4.5: N2 Particle densities and Ga mean free paths in N2 at various pressures.

The pressure "threshold" at which the expansion behaviour of the plume
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changes appreciably occurs at ~ 10”1 mbar. Below this value the plume passes
through the ambient nitrogen gas unhindered. Above this value the plume no
longer expands freely but is slowed and heated (see discussion in section 4.1.1).

Table 4.5 lists the mean free paths in N2 for the various pressures. This is
the average distance that a gallium atom travels between collisions with nitrogen

molecules and is given by

A= (4-1)
where d = 3.7 A is the diameter of a nitrogen molecule and n is the molecular
number density calculated from p = nkT. The "threshold" pressure, above which
the plume expansion is modified, coincides with the pressure at which the gas

flow state becomes continuous instead of molecular.

4.3.2 The dynamics of the plume

The ICCD images were used to plot the variation of intensity with time at fixed
distances above the target surface yielding the plume time-of-flight distribution.
In figures 4.82, 4.83, 4.84, 4.85 and 4.86 the time-of-flight curves are plotted for
Ga plumes in 10-5, 10-2, 10_1, 1 and 5 mbar N2. It may be observed that the
time-of-flight curves are more intense and have a sharpened profile at the higher
pressures and greater distances from target.

Fitting the shifted centre-of-mass Maxwell-Boltzmann distribution, equation
3.9, to the low pressure free-expansion cases yields the values listed in table 4.6.
The velocity values for the centre of mass are an order of magnitude higher than

the (negative) value estimated from the ion probe measurements (section 4.2).

P (mbar) Tk (eV) u*r (cms X
10~5 -152 6.2 x 106
Id“2 -152 6.2 x 106

Table 4.6: Plume expansion in N2.
The Knudsen layer temperatures are similar in magnitude to the corresponding
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ion probe estimate, however they must be considered with caution due to the
negative value. This suggests that the velocities do not follow a shifted centre
of mass Maxwell-Boltzmann distribution, that is to say that this distribution is
not a good description of the plume dynamics and translation temperature. The
reason for this probably lies in the fact that since the laser has a gaussian profile,
and therefore so has the spot on target (2 x 2 mm), then so too would the
initial plume. This plume would then have a distribution of expansion-driving

temperatures as opposed to a single value.
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Figure 4.82: Ga plume time-of-flight for various distances above target in 10 5 mbar N2,

ALaser = 1064 nm, 2.5 Jem-2.
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Figure 4.83: Ga plume time-of-flight for various distances above target in 10 2 mbar N2,
AlLaser = 1064 nm, 2.5 Jem-2.
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Figure 4.84: Ga plume time-of-flight for various distances above target, in 10 1 mbar N2,
ALaser = 1064 nm, 2.5 Jem-2.
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Figure 4.85: Ga plume time-of-flight for various distances above target, in 1 mbar Na,

AlLaser = 1064 nm, 2.5 Jem-2.
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Figure 4.86: Ga plume time-of-flight for various distances above target, in 5 mbar N2,

ALaser = 1064 nm, 2.5 Jem*2.
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Chapter 5

Lithium and Lithium Flouride

Results and Analysis

5.1 Spectroscopy and Transients

5.1.1 Emission spectra of Lithium

Lithium metal was ablated in vacuum (10-s mbar N2) using three harmonics of
a Nd:YAG laser, 266, 532 and 1064 nm, at fluences of 2.2 Jem-2, 4.4 Jem-2 and
6.5 Jem-2, respectively, with a spotsize of 115 x 80 /¢m. Spectra were recorded
using photographic film as the detector (see section 3.2.2). Figure 5.1 shows the
emission spectrum of a lithium plume expanding into vacuum at various distances
above the target surface in the 1064 nm case. Figures 5.2 and 5.3 are emission
spectra for the 532 and 266 nm cases.

As with Ga and GaN plumes, one observes that the plume emission decreases
with decreasing laser wavelength and increasing distance from the target surface,
as do the number of emission lines. The lines have all been assigned to transitions
in lithium and table 5.1 lists their photographically measured values and assigned

values.
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Figure 5.1: Li in 10 5 mbar N2 at various distances from target surface, = 1064

nm, 6.5 Jem™2, 115 x 80 fim laser spot.

WHyvalBiipth (A)

Figure 5.2: Li in 10 5 mbar N2 at various distances from target surface, xiaaer = 532 nm,
4.4 Jem-2, 115 x 80 /mi laser spot.
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Figure 5.3: Liin 10 5 mbar N2 at various distances from target surface, bottom Xiaser
266 nm, 2.2 Jem-2, 115 x 80 /¢m laser spot.

meas. (A)
3196
3196
3196
3196
3196
3233
3233
3685
3685
3685
3915

Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li

Assign

1

AjV/I5t (A)
3196.318
3196.318
3196.381
3196.381
3196.381
3232.657
3232.657
3684.602
3684.700
3684.754

3915.30

fki
1.76e-02
1.41e-01
3.56e-04
1.26e-02
1.46e-0I
1.83e-03
3.67e-03
1.05e-01
6.29e-02
2.10e-02

Ei (ev)
69.58530
69.58530
69.58538
69.58538
69.58538
0.00000

0.00000
68.78081
68.78081
68.78081

Ek (ev)
73.46315
73.46315
73.46315
73.46315
73.46315
3.834260
3.834260
72.14478
72.14469
72.14464

Config.

Is.3d-Is.5f
Is.3d-Is.5f
[s.3d-Is.5f
Is.3d-Is.5f
Is.3d-Is.5f
Is2.2s-1s2.3p
Is2.2s-1s2.3p
Is.3s-Is.4p
Is.3s-Is.4p
Is.3s-Is.4p

Table 5.1: Measured values of lithium lines and assignments.
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Amess. (A)
3915
4133
4133
4133
4273
4273
4325
4325
4325
4325
4325
4325
4603
4603
4603
4672
4672
4672
4672
4672
5485
5485
5485
5485
6104
6104
6104
6708

Assign

Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li
Li

N

1
1
1
1

Ajvisr(A)
3915.35
4132.557
4132.613
4132.615
4273.062
4273.124
4325.342
4325.415
4325.419
4325.542
4325.615
4325.784
4602.821
4602.889
4602.893
4671.629
4671.764
4671.764
4671.764
4671.880
5483.462
5484.403
5485.086
5485.65
6103.53
6103.64
6103.66
6707.76

fki

4.52e-02
4.07e-02
4.53e-03
4.19e-03
4.20e-03
3.83e-01
1.27e-01
4.28e-01
7.66e-02
5.10e-03
5.10e-01
1.22e-01
1.10e-01
1.22e-02
8.98e-01
2.27e-03
8.05e-02
9.30e-01
1.01e+00
3.43e-02
1.71e-01
1.03e-01

6.67e-01
6.00e-01
6.65e-02
5.02e-01

Et (eV)

1.847819
1.847861
1.847861
1.847819
1.847861
69.36922
69.36922
69.36936
69.36936
69.36936
69.36947
1.847819
1.847861
1.847861
69.58530
69.58538
69.58538
69.58538
69.58545
59.02083
59.02083
59.02083

1.847819
1.847861
1.847861
0.00000

Ek (eV)

4.847155
4.847157
4.847155
4.748535
4.748535
72.23488
72.23483
72.23496
72.23488
72.23483
72.23483
4.540722
4.540725
4.540722
72.23854
72.23854
72.23854
72.23854
72.23854
61.28126
61.28087
61.28059

3.878609
3.878614
3.878609
1.847861

Config.

Is2.2p-1s2.5d
Is2.2p-1s2.5d
Is2.2p-1s2.5d
Is2.2p-1s2.5s
Is2.2p-Is2.5s

Is.3p-Is.4d
Is.3p-Is.4d
Is.3p-Is.4d
Is.3p-Is.4d
Is.3p-Is.4d
Is.3p-Is.4d

s2.2p-1s2.4d
Is2.2p-Is2.4d
Is2.2p-Is2.4d

Is.3d-Is.4f
Is.3d-Is.4f
[s.3d-Is.4f
Is.3d-Is.4f
Is.3d-Is.4f
Is.2s-Is.2p
Is.2s-Is.2p
Is.2s-Is.2p

[s2.2p-1s2.3d
Is2.2p-1s2.3d
Is2.2p-1s2.3d
Is2.2s-1s2.2p

Table 5.1: Measured values of lithium lines and assignments.
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meas. (A) Assign  “nist{A) fki Ei (eV) Ek (eV) Config.

6708 Li 1 6707.91 2.51e-01 0.00000 1.847819 Is2.2s-1s2.2p
8126 Li 1 8126.22 1.15e-01 1.847819 3.373130 Is2.2p-1s2.3s
8126 Li 1 8126.45 1.15e-01 1.847861 3.373130 Is2.2p-Is2.3s

Table 5.1: (continued)

Figures 5.4 and 5.5 show emission spectra from 1064 nm laser radiation
ablation of lithium with a spotsize of 2000 x 2000 ¢¢mat 10 Jem-2 and 1 Jem-2
fluences. One observes Li+ (548.4 nm) emission from the 6.5 Jcm_2(figure 5.1)
and 10 Jem-2 cases, but not at 1 Jem-2.The emission spectra when 532 nm laser
radiation was used to ablate lithium are displayed in figures 5.6 and 5.7. The
spotsize was 2000 x 2000 /¢m and the fluences were 10 and 1 Jem-2, respectively.
The Li+ (548.4 nm) emission is overshadowed by scattered laser light, and this,
in fact, dominates all spectra. For this reason the wavelength axis is broken in
this region so as to ease the display of the rest of the spectrum.

The observation of ionic lithium lines can be understood in simple terms of
inverse bremmstrahlung absorption, see figure 2.1 showing the inverse bremm-
stralung absorption coefficient and section 4.1.1 where similar behaviour was
discussed in the case of the gallium plumes. This increases the excitation tem-
perature and, thus, the ionisation fraction. The integrated intensity of the 610.3
and 670.8 nm lines (see table 5.1) is plotted in figure 5.8 for each laser wave-
length in the case of a 115 x 80 “m spot size and in figure 5.9 for each laser
wavelength in the case of a 2000 x 2000 /¢m spot size.

For the lithium plumes created with laser higher fluences there is a larger
intensity of this radiation available for absorption in the plasma, and the larger
spotsize produces more particles, so a higher emission intensity is recorded from

these plumes (figure 5.9).
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Figure 5.4: Li in 10-5 mbar N> at various distances from target surface, ALater = 1064
nm, 10 Jem-2, 2000 x 2000 ¢tm.
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Figure 5.5: Li in 10 5 mbar N2 at various distances from target surface, Azascr = 1064
nm, 1 Jem-2, 2000 x 2000 /;m.
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Figure 5.6: Li in 10-B mbar N2 at various distances from target surface, Ai atcr
10 Jem-2, 2000 x 2000 /im.
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Figure 5.7: Li in LO‘6 mbar N2 at various distances from target surface, A¢0O<er
1 Jem-2, 2000 x 2000 (¢m.
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Figure 5.8: Li plume emission vs laser wavelength, 115 x 80 fim spot.
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Figure 5.9: Li plume emission vs laser wavelength, 2000 x 2000 /.;m spot.
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5.1.2 Li level populations in plume

The populations in the Is22p (« 1.85 eV), 1&3s (« 3.37 eV), Is23d (« 3.88
eV)rls24d (?» 4.54 eV) and Is 25d (« 4.85 eV) excited levels can be estimated
using equation 2.37 and the integrated absolute intensities of the 670.8, 812.6,
610.3, 460.2 and 413.2 nm spectral lines.
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Figure 5.10: Level populations of Li at various distances from target surface, Xia
1064, 6.5 Jem-2, 115 x 80 jj,m laser spot.

These populations are plotted for each laser wavelength in figures 5.10, 5.11
and 5.12 for various distances above the target surface. One observes, with
all three laser wavelengths, that one can fit a straight line to the integrated
populations of the 1s23s, 1s23d, Is24d and Is25d excited levels but that the
population of the Is 22p excited level would not lie along this line. This suggests
that the plume is in partial LTE and this will be further discussed in section 5.1.3.
Populations are also plotted for the larger spotsize at 1 Jem-2 and 10 Jem-2 in
figures 5.13 and 5.14 for 1064 nm laser radiation and 5.15 and 5.16 for 532 nm.
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Figure 5.11: Level populations of Li at various distances from target surface, ALaser = 532,
4.4 Jem-2, 115 x 80 yim laser spot.

Figure 5.12: Level populations of Li at various distances from target surface, ALaser = 266

nm, 2.2 Jem-2, 115 x 80 ¢¢m laser spot.



B 2mm

e 4mm
O 6mm
1E13- 0 8mm
+ 10mm
n
0
o)
?
?
1E11, 9

Em(eV)

Figure 5.13: Level populations of Li at various distances from target surface, ALaser = 1064
nm, 10 Jem-2, 2000 x 2000 /¢m spot.
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Figure 5.14: Level populations of Li at various distances from target surface, \ Laser = 1064
nm, 1 Jem*“2, 2000 x 2000 /tm spot.
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Figure 5.15: Level populations of Li at various distances from target surface, Afjas(,r = 532
nm, 10 Jem*2, 2000 x 2000 /tm spot.
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Figure 5.16: Level populations of Li at various distances from target surface, xiater = 532
nm, 1Jem-2, 2000 x 2000 txm spot.
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5.1.3 Excitation temperature in Li plume

Figures 5.17, 5.18 and 5.19 display the excitation temperatures for lithium ablated
with 1064, 355 and 266 nm, at fluences of 6.5 Jem-2, 4.4 Jem-2 and 2.2 Jem“ 2,
respectively, with a spotsize of 115 x 80 £ 5 /¢m. These were estimated from
equation 3.1 in a similar manner to that employed in section 4.1.3.

The populations estimates of section 5.1.2 suggest that the Is22p excited
level is not in thermal equilibrium with the Is 23s, Is 23d, Is 24d and Is 25d excited
levels. Fujimoto et al [83] define levels as being in partial LTE from level p if
equation 2.17 applies to it and all higher-lying levels, so we have estimated the

excitation temperature using the 1s23s, Is23d, Is24d and |s 25d excited levels.

distance from target surface (mm)

Figure 5.17: Li Texc at various distances from target surface, ALaser = 1064 nm, 6.5

Jem-2, 115 x 80 (im laser spot.

The excitation temperature is also plotted for the larger 2000 x 2000+5 /¢m
spotsize at fluences of 1 Jem-2 and 10 Jem-2 in figures 5.13, 5.14, 5.15 and

5.16 for 1064 and 532 nm laser radiation , respectively.
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distance from target surface (mm)

Figure 5.18: Li TQ<Cat. various distances from target surface, XLaser = 532 nm, 4.4 Jem-2,

115 x 80 /ira laser spot.

distance from target surface (mm)

Figure 5.19: Li Tcxc at various distances from target surface, xLaser = 266 nm, 2.2 Jem-2,

115 x 80 /ira laser spot.
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Figure 5.20: Li Ttxc at various distances from target surface, ALaacr = 1064, 10 Jem-2,
2000 x 2000 /um spot.

distance from target surface (mm)

Figure 5.21: Li Teac at various distances from target surface, XLaser - 1064, 1 Jem"2,
2000 x 2000 fim spot.

136



1200Ch

10000-

8000-

£ 6000-
8

H 4000-

2000.

distance from target surface (mm)

Figure 5.22: Li Tcxc at various distances from target surface, ALaser = 532, 10 Jem 2,

2000 x 2000 ¢/m spot.

Figure 5.23: Li Teac at various distances from target surface, Xntner = 532, 1 Jem 2,

2000 x 2000 jJin spot.

137



Similar to the Ga and GaN cases, one observes that the lithium excitation
temperature drops off from an initially higher value to a constant value of about
~ 4000 K after a few mm. Gordillo-Vazquez [84] reported the excitation tem-
perature using Nb emission lines in plumes of LiNb03, ablated with 193 nm ArF
laser radiation at 1.2 Jem" 2, giving values of ~ 0.7 eV (~ 8100 K) for both
time-resolved and time-integrated measurements. Sherrill et al [60] reported an
excitation of 1 eV (~ 11000 K) in LiAg plumes ablated with 1064 nm laser at 1
Jem-2.

5.1.4 Lithium Flouride

Spectra of LiF ablation plumes were recorded using the setup described in section

3.2.3 at various distances above the target surface.

6106 6108 6110 6112 6708 6710 6712 6714 6716 6718
wavelength (A)

Figure 5.24: Spatially resolved spectra of LiF, 10“5 mbar N2, 1.5 Jem“2, ALaser = 193
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These are shown in figure 5.24 for the 610.3 and 670.8 nm lines, where
ablation was carried out with 193 nm radiation, from an ArF excimer laser, at a
fluence of 1.5 Jem-2 and the plume expanded into vacuum (6 x 10~6 mbar Ar).
The spectra are integrated over the plume duration.

Excitation temperatures were estimated using equation 3.1 and the peak
heights of the 610.3, 460.2 and 413.2 nm lines (latter two lines not shown) in
collaboration with F.J. Gordillo-Vazquez at Madrid. This is plotted as a function
of distance in figure 5.25, where the error bars are estimated at £10%. Again,
similar to the Ga, GaN and pure lithium cases, the levels corresponding to these

lines are probably in partial LTE.

distance from target surface (mm)

Figure 5.25: Texc from lithium emission spectrum obtained from ablation of LiF, 10-5
mbar N2, 1.5 Jem-2, ALaser = 193 nm.

Using equation 2.46 in the case of the 610.3 nm line, together with the instru-
ment function width, the electron density, Ne, was calculated, in collaboration
with F.J. Gordillo-Vazquez, and is plotted in figure 5.26 as a function of distance
above target. Bekefi [85] suggests that the errors in these type of measurements

are in the 20-30% range, and so we have given an error bar of 30%, accordingly.
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Figure 5.26: Ne from lithium emission spectrum obtained from ablation of LiF, 10 6 mbar
N2, 1-5Jcm~2, \ i aer = 193 nm.
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Figure 5.27: LiF plume time-of-flight. for various distances above target, 10 5 mbar N2,
1.5 Jcm~2, A£Qig,. = 193 nm.
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Monochromator traces were recorded by setting the wavelength at the centre
of the 610.3 nm line and recording the emission intensity as a function of time
at various heights above the target (see section 3.2.3).

These time-of-flight curves are plotted in figure 5.27. From these transients
one obtains velocities of 5 x 106 cms-1 and 3 x 106 cms-1 for the leading edge

and transient peak, respectively (figures 5.29 and 5.29).

time (us)

Figure 5.28: Expansion of LiF plume luminous edge, 10~5 mbar N2, 1.5 Jem-2, \ Laser =
193 nm.

Fitting shifted centre of mass Maxwell-Boltzmann velocity distribution, equa-
tion 2.19, to these curves yields average values of 7 eV for 1K and —2 x 106
cms-1 for u*.

All the spectra recorded contained just four lithium lines (670.8, 610.3, 460.2
and 413.2 nm) and no emission lines from flourine despite quite a number of lines
in the range 4000A to 8500A listed in atomic databases [73]. This is a similar
situation to that of the absence of atomic nitrogen from the GaN ablation plumes
of chapter 4.

From [73] it can be seen that all of the flourine excited states that would pro-
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Figure 5.29: Expansion of LiF plume luminous peak, 10-5 mbar N2, 1.5 Jem-2, ALaser —
193 nm.

duce lines in the region of interest have very high excitation potentials. Therefore,
at this low fluence, it is possible that the LiF plume was not at a high enough
excitation temperature (less than | eV from figure 5.25) to excite the flourine
out of its ground state excited level, and, so, flourine emission would not be
observed. Also, as in the case of nitrogen, the radiation transitions probabilities
are very small [73] in F, suggesting weak emission line intensities.

From previous discussions on the influence of the laser wavelength (sections
2.1.1, 41.1 and 5.1.1), we note that the inverse bremsstrahlung absorption co-
efficient is low for 193 nm laser radiation (figure 2.1) and thus little excitation
of the plume via Inverse Bremsstrahlung would take place. This is supported
by the value of the excitation temperature of less than \ eV from figure 5.25,
whereas Tk = 7 eV represents the average kinetic energy of expansion. How-
ever, this value of TK should be considered with caution as uk comes out of
the numerical fit with a negative sign suggesting that the shifted centre of mass

Maxwell-Boltzmann velocity distribution may not be a good description.
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5.2 Digital frame photography

The temporal and spatial evolution of lithium plumes expanding into vacuum
(5 x 10-6 mbar N2) were recorded for three harmonics of the Nd:YAG laser (
266, 355 and 1064 nm) and various ablation spot sizes and fluences, see table
5.2.

The images were recorded either unfiltered or through interference filters for

the 610.4 and 670.8 nm lines using the setup described in section 3.3.

A (nm) spot dimension Fluence (Jem 2)
266 115 x 80+ 15 fjm 2.2
532 115 x 8015 /an 4.4
1064 115 x 80+ 15 /¢m 6.5
1064 340 x 250 = 15 /¢m 6.5
1064 590 x 525 15 /¢m 6.5
1064 1x 1+ 0.015 mm 6.5
1064 2x 2+x0.015 mm 6.5

Table 5.2: ICCD imaging conditions.

5.2.1 The expansion of the lithium plume

Spatial profiles were extracted from unfiltered images the along the expansion
axis of the plumes. Typical profiles are displayed in figure 5.30, From these
profiles the luminous edge position was obtained. This is plotted as a function
of time, together with the luminous peak position (centre of luminosity, COL) in
figures 5.31, 5.32 and 5.33 for the 115 x 80 /¢m spotsize at 1064 nm, 532 nm
and 266 nm.

Figures 5.34, 5.35, 5.36 and 5.37 plot the larger spotsize, 340 x 250 /¢m,
590 x 525 /im, Ix | mm and 2x2 mm) cases at constant fluence (6.5 Jem-2).

The resulting velocities are given in table 5.3 for these cases.
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distance from target (mm)

Figure 5.30: Spatial profiles of Li plume expansion (unfiltered), 115 x 80 fim spot, ALater =
1064 nm, fluence = 6.5 Jem-2.

time (]iS)

Figure 5.31: Li plume expansion (unfiltered), ALater = 1064 nm, 115 x 80 /;m spot, 6.5
Jem-2.
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Figure 5.32: Li plume expansion (unfiltered), ALaser = 532 nm, 115 x 80 fj,m spot, 4.4
Jem-2.

time ("s)

Figure 5.33: Li plume expansion (unfiltered), \Laeer = 266 nm, 115 x 80 /im spot, 2.2
Jem-2.
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Figure 5.34: Li plume expansion (unfiltered), XLaaer — 1064 nm, 340 x 250 /zm spot, 6.5
Jem-2.

time (49

Figure 5.35: Li plume expansion (unfiltered), xLaser = 1064 nm, 590 x 525 //m spot, 6.5
Jem-2.
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Figure 5.36: Li plume expansion (unfiltered), Xiaeer = 1064 nm, I x | mm spot, 6.5
Jem-2.

0.0 0.1 0.2 0.3 0.4 0.5
time (us)

Figure 5.37: Li plume expansion (unfiltered), AxO«er = 1064 nm, 2x2 mm spot, 6.5
Jem*“2.
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A (nm) spot dimension redge (CMs 2)  vycoL (cms 1)

266 115 x 80 % 15 jim 3.6 x 106 1.7 x 106
532 115 x 80+ 15 nm 2.7 x 106 1.3 x 106
1064 115x 80+ 15 nm 2.3 x 106 1.2 x 106
1064 340 x 250+ 15 nm 7.6 x 10® 1.6 x 106
1064 590 x 525 + 15 /zm 8.5 x 106 1.8 x 106
1064 1x 1+ 0.015 mm 7.4 x 106 2.0 x 106
1064 2 x 2d0.015 mm 7.6 x 106 0.8 x 106

Table 5.3: Lithium plume velocities (white light).

Spatial profiles were also extracted for the images images recorded with the
interference filters. The resulting luminous edge and peak positions (centre of
luminosity, COL) are plotted as a function of time, in figures 5.38, 5.40 and 5.42
for the 115 x 80 nm spotsize at 1064 nm, 532 nm and 266 nm using the 610.3
nm filter. The luminous edge and peak positions (centre of luminosity, COL) are
plotted for the 670.8 nm filter in figures 5.39, 5.41 and 5.43 for the 115 x 80
nm spotsize at 1064 nm, 532 nm and 266 nm using the 610.3 nm filter. The
resulting velocities are given in tables 5.4 for the 610.3 nm line and 5.5 for the

670.8 nm line.
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Figure 5.38: Li plume expansion, 610.3 nm line, Axaser = 1064 nm, 115 x 80 /;m spot, 6.5

Jcm-2.

time (us)

Figure 5.39: Li plume expansion, 670 nm line, \Laaer = 1064 nm, 115 x 80 jjxa. spot, 6.5

Jcm™” 2.
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Figure 5.40: Li plume expansion, 610.3 nm line, Xiaeer = 532 nm, 115 x 80 fim spot, 4.4

Jem-2.

time (|xs)

Figure 5.41: Li plume expansion, 670 nm line, ALaser = 532 nm, 115 x 80 //m spot, 4.4

Jcm-2.
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Figure 5.42: Li plume expansion, 610.3 nm line, ALaser = 266 nm, 115 x 80 fim spot, 2.2

Jem” 2.
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Figure 5.43: Li plume expansion, 670 nm line, Azoser = 266 nm, 115 x 80 /*m spot, 2.2
Jem”2.

151



A (nm)  uedge (CMS“1) vcol (cms-1)

266 3.7 x 106 1.4 x 106
532 2.1 x 106 1.1 x 106
1064 2.2 x 106 0.9 x 106

Tcible 5.4: Lithium plume velocities at 610.3 nm.

A (nNM)  Uedge (cMs-1) vcoL (Cms X)

266 3.7 x 106 2.2 x 106
532 2.3 x 108 1.2 x 106
1064 3.3 x 106 1.7 x 106

Thble 5.5: Lithium plume velocities at 670.8 nm.

The general pattern is that the plume created with 266 nm laser radiation
travels faster than that created with 532 nm radiation, which is, in turn, faster
than the 1064 nm case at a constant spot size. This suggests that more laser
energy is absorbed initially with 266 nm laser radiation (shorter skin depth implies
higher absorption) and this drives a faster expansion than at longer wavelengths.

The inverse bremsstrahlung absorption coefficient may also, simultaneously,
play a role. The laser radiation at 1064 nm is absorbed more strongly by the
plume, and thus contributes less to driving the expansion than in the shorter
wavelength cases. Instead it goes into plume excitation, which manifests itself
in the plume emission as discussed previously. At shorter laser wavelengths the
radiation propogates through to the target and ablates a plume that has more
mass and momentum, but less excitation.

The velocities listed in tables 5.4, for the 610.3 nm line, and 5.5, for the 670.8
nm line, suggest that the plume velocity is largely independent of the wavelength
of emission from the plume. This suggests that the same atomic kinetics applies
throughout the plume and it justifies an approach in which the hydrodynamics

can be evaluated first (for example to provide densities), with the atomic kinetics
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calculated from the resulting parameters.

5.2.2 The dynamics of the Lithium plume

The variation of intensity as afunction of time at fixed distances above the target
surface was extracted from unfiltered lithium ICCD images. In figures 5.44, 5.45,
5.46, 5.47, 5.48, 5.49 and 5.50 the TOF curves are plotted for all cases (table
5.2). One observes that the intensity and width of the time-of-flight curves
increases with spot size (from a width of ~ 150 ns to ~ 300 ns), as previously
seen in the spectra.

The shifted centre of mass Maxwell-Boltzmann distribution of equation 3.9

was fitted to the data and gave the average temperatures and average velocities

listed in table 5.6.

A (nm) spot dimension Tk (eV) uk (cms *
266 115 x 80+ 15 /xm 35 44 x 105
532 115 x 80+ 15 /im 32 55 x 105
1064 115 x 80+15 /im 33 55x 105

1064 340 x 250+ 15 /im 98 -1.0 x 107
1064 590 x 525+ 15/¢m 340 -2.3 x 107
1064 1x 1+ 0.015 mm 71 -8.9 x 106

1064  2x 2+ 0.015 mm 48 1.0 x 107

Table 5.6: Lithium plume shifted centre of mass Maxwell-Boltzmann temperatures and

velocities.

Comparing table 5.6 with tables 5.3, 5.4 and 5.5, the fit appears to be much
better for the 115 x 80 /im spotsize than the larger spotsize cases, with the
plume centre-of-mass travelling at speed comparable to the centre-of-luminosity
and with temperatures a few times greater than the corresponding excitation
temperature values.

Since the laser intensity has a gaussian profile so too has the spot on target.

The initial plume would then have a distribution of expansion-driving tempera-
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tures with this profile. However, as the spotsize is reduced considerably this initial
plume becomes smaller and more point-like and the profile more "top-hat". The
adiabatic expansion of an isothermal plume [28] would then describe the plume
behaviour. Conversely, at larger spotsizes, this laser profile leads to distribution
of expansion-driving temperatures, as opposed to a single value, and the plume
behaviour would be better described by the isentropic model of [29]. This is

confirmed by Stapleton [86] in computer simulations of lithium plumes.

0.00 0.25 0.50 0.75 1.00
time (jxs)

Figure 5.44: Li plume time-of-flight for various distances above target, 115 x 80 fim spot,
AlLaser = 1064 nm, 6.5 Jem-2.

154



— b > 1 < e ' I ' I
0.00 0.25 0.50 0.75 1.00
time ("s)

Figure 5.45: Li plume time-of-flight for various distances above target, 115 x 80 fj,m spot,
Axoser = 532 nm, 4.4 Jem-2.

time (us)

Figure 5.46: Li plume time-of-flight for various distances above target, 115 x 80 pm spot,
Axoser = 266 nm, 2.2 Jem-2.
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Figure 5.47: Li plume time-of-flight for various distances above target, 340 x 250 nm spot,
Az,o«er = 1064 nm, 6.5 Jem-2.
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Figure 5.48: Li plume time-of-flight for various distances above target, 590 x 525 /an spot,
AiageT = 1064 nm, 6.5 Jem-2.
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Figure 5.49: Li plume time-of-flight for various distances above target, | x | mm spot,

Alaser = 1064 nm, 6.5 Jem-2.
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Figure 5.50: Li plume time-of-flight for various distances above target, 2x2 mm spot,

*\taser = 1064 nm, 6.5 Jem-2.
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5.3 Anomalous line intensity ratio in Li spec-

tra

From the table of lithium lines and energy levels (5.1) one expects, in Maxwell-
Boltzmann equilibrium, that the 670.8 nm line (Is22p-Is22s), which is the res-
onance line, would be the more intense emission line in comparison to the 610.3
nm line (Is23d-1s22p). However, it is clear from figures 5.1, 5.2 , 5.3, 5.4, 5.5
and 5.6 , in various experimental conditions, that this is only the case at large
distances above the target surface.

We also observed this effect in 193 nm ablation of LiF (see figure 5.24).
Figures 5.51, 5.52, 5.53, 5.54, 5.55 and 5.56 show the integrated intensities of

the two lines as a function of distance above target surface.

—8 —670.8m
—# —610.3m

om

=" A

distance from target (mm)

Figure 5.51: Integrated intensities of 610.3 nm and 670.8 nm lines, 115 x 80 pm spot,
AlLaser = 1064 nm, 6.5 Jem-2 .
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Figure 5.52: Integrated intensities of 610.3 nm and 670.8 nm lines, 115 x 80 pm spot,

\La«er = 532 nm, 4.4 Jem-2 .

ogth 0 01 om

Figure 5.53: Integrated intensities of 610.3 nm and 670.8 nm lines, 115 X 80 pm spot,

AlLaser = 266 nm, 2.2 Jem-2.
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Figure 5.54: Integrated intensities of 610.3 nm and 670.8 nm lines, 10 Jem 2, XLaser
1064 nm, 2000 x 2000 pm spot.
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Figure 5.55: Integrated intensities of 610.3 nm and 670.8 nm lines, 1 Jem 2, Araser = 1064
nm, 2000 x 2000 pm spot.
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Figure 5.56: Integrated intensities of 610.3 nm and 670.8 nm lines, 10 Jem-2, ALaser = 532
nm, 2000 x 2000 pm spot.

One observes, in figures 5.51, 5.52, 5.53, 5.54, 5.55 and 5.56 that the 610.3
nm line intensity is greater than that of the 670.8 nm line for a certain dis-
tance above target (depending on laser wavelength, fluence and spotsize) before
reverting to the situation where the 670.8 nm is most intense.

Henley et al [58] observed this intensity reversal in LiF plumes using 193 nm
ArF laser radiation at 6 Jem-2, while Sherrill et al [60, 61] have observed the
effect in plumes of LiAg ablated with 1064 nm laser at 1 Jem-2.

Sherrill [60, 61] observes that the 670.8 nm line is more intense than the
610.3 at 50 ns after the laser pulse, but the 610.3 nm line is more intense at 75
ns. This is observable in the time domain, for our conditions, in figures 5.57, 5.58
and 5.59 where the ratio of the intensities of images (corrected for transmission)
recorded with the tuned interference filters are plotted. It is observed that the
inversion ratio is large and lasts for most of the plume duration close to the target

while at greater distances the ratio is reduced but still long lasting. This suggests
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Figure 5.57: Ratio of 610.3 nm line to 670.8 nm line vs time at various disatances above
target, A¢cascr = 1064 nm, 115 x 80 /tm spot, 6.5 Jem-2.

time (gs)

Figure 5.58: Ratio of 610.3 nm line to 670.8 nm line vs time at various disatances above
target, Acaier = 532 nm, 115 x 80 pm spot, 4.4 Jem-2.
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Figure 5.59: Ratio of 610.3 nm line to 670.8 nm line vs time at various disatances above

target, XLaser = 266 nm, 115 x 80 //m spot, 2.2 Jem-2.

that the level populations are not in a Boltzmann equilibrium (see sections 5.1.2
and 5.1.3) and that eventually all levels decay to the Is 22s ground level via the
670.8 nm line.

Sherrill et al [60, 61] suggest that time-dependent effects on the atomic
kinetics of the plasma plume are important. In this case electron-ion recombina-
tion takes place much slower than if the atomic kinetics were in steady-state (in
steady-state conditions equilibria are quickly restored).

Henley et al [58] suggest that the effect is due to self-absorption in the 670.8
nm line, since this line has a very high / value and terminates on the ground
state. The significant concentration of ground state lithium atoms will absorb
some of the 670.8 nm radiation before it escapes from the plume.

Modelling by [86], in the same conditions as our experiments, suggests that
the effect is neither opacity nor time-dependent atomic kinetics, but in the rate

coefficients for the levels involved, in steady-state conditions.
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Chapter 6
Conclusions

GaN nitride is a key material for semiconductor technology due to its wide
bandgap and it has been successfully grown by many authors using the technique
of Pulsed Laser Deposition (PLD). This has been achieved under a wide range
of experimental conditions such as laser wavelength (from 193 nm to 1064nm),
background gas pressures (from ~ Ix -10 mbar to ~ 4 mbar of N2) and target
material (Ga metal or pressed GaN powder). Lithium-based compounds, such
as LINbO3 and LiF, are also of interest in optoelectronics. A literature review
was carried out and revealed a dearth of spectroscopic studies relating to laser
ablation of Ga, GaN, Li and LiF in the Pulsed Laser Deposition regime. Thus,
the design and implementation of a Pulsed Laser Deposition diagnostic system
was carried out.

Emission spectra of Ga and GaN ablation plumes, in typical PLD conditions,
were obtained with this system and presented as a function of N2 ambient gas
pressure from 1 x 10~7 to 5 mbar and ablation laser wavelengths of 266, 355,
532 and 1064 nm . Atomic level populations and excitation temperatures were
estimated from these spectra. A series of temporally resolved images of the
luminous plume expanding into N2 pressures of 1 x 10-5, 1 x 10-2, 1x 10-1,1
and 5 mbar were recorded and plume velocities were estimated from these data.
Such data are important as they provide a quantitative picture of the plume at

the deposition substrate.
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The behaviour of plumes of Ga and GaN was found to be not strongly depen-
dent on whether the target was gallium metal or pressed gallium nitride powder.
On the other hand, it was found to be strongly dependent on the ablation laser
wavelength and the ambient gas pressure. It was observed that shorter laser
wavelengths drive faster expansions (higher kinetic energy temperature) whereas
the 1064 nm laser always produced spectra 2 or 3 orders of magnitude brighter
than those of shorter laser wavelengths (higher excitation of the plume). This can
be understood in terms of the greater absorption of the radiation in the target at
shorter wavelengths creating higher kinetic energy plumes. In addition, the higher
Inverse Bremsstrahlung absorption coefficient at longer wavelengths increases the
absorption of the laser in the plume (and the excitation temperature) and also
shields the target from the incoming laser radiation. These two processes result
in relatively highly excited low velocity plumes with long laser wavelengths and
lowly excited fast velocity plumes with shorter laser wavelengths.

The behaviour in a background gas was observed to have two distinct regimes.
At low pressures free expansion of the plume took place, while the known phe-
nomenon of plume splitting was observed at pressures higher than 10-1 mbar N2,
together with increased emission. The expansion at higher pressures was best
described as high-speed drag in which the plume travelled through a gas which
was in the continuous flow state. It was postulated that a compression front
formed. The increased collisions in this region led to the increased plume emis-
sion and provide excited species at the substrate. These results are supported by
recent experiments on growth, for example Takahashi et al [87] have grown GaN
films on LiGa02 substrates for the first time, using 248 nm laser radiation at 3
Jem-2 and a N2 gas pressure of 10-1 Torr.

Emission spectra were also presented for Li and LiF plumes expanding into
vacuum and the corresponding atomic level populations and excitation temper-
atures were estimated. Ultrafast images were recorded as a function of laser
wavelength (266, 532 and 1064nm) and spotsize (115 x 80, 340 x 250, 90 x 525,
1000 x 000 and 2000 x 2000 /¢m) yielding plume velocities. Again the absorption

of the material and plume as a function of wavelength was found to be important
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in determining the evolution of the plume. It was found that the plume behaviour
could be described using the Knudsen layer shifted Maxwell-Boltzmann velocity
distribution and it was suggested that with smaller spotsizes the plume behaviour
is more isothermal. An anomalous emission line ratio feature of these spectra
was observed and discussed.

This diagnostic system is capable of monitoring the evolution of ablation
plumes temporally, spatially and spectrally, and can provide valuable informa-
tion on the PLD technique. Some improvement, however, could be of benefit.
Absorption measurements, particularly using Laser Induced Flourescence, would
allow one to probe the non-emitting atomic and molecular species, thus enhanc-
ing the knowledge of the growth process. This could be combined with electronic
detection on the focal plane of the spectrograph, for example an apparatus con-
sisting of a photodiode array or a ccd array could enhance the excellent spectral
and spatial imaging characteristics of this instrument by providing a fast, stable

and user-friendly detection setup.
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Appendix B

Photographs of System

ICCD camera
<

Figure B.l: Picture of target chamber showing achromat lens and spectroscope.
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Figure B.2: Another view of target chamber,

Figure B.3: Chamber pumping system
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Figure B.4: The Hilger medium quartz spectrograph
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Figure B.5: A view of the target holder, translation and rotation setup.
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Figure B.6: The self-contained laser, harmonics separator and power unit setup.
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