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Measurement of the intrinsic properties of processing plasmas is critically important in understanding
discharges so that the optimum conditions can be achieved. Several different diagnostic methods have
been developed and tested.

A planar probe has been used to measure the ion flux and electron temperature in both inductively
coupled and capacitively coupled plasma systems, at various pressures and applied powers, using the
assumption that the electron energy distribution is a Maxwellian.

Frequency modulation spectroscopy (FMS) has been used to detect species in a plasma. It has been
shown to be very effective, giving a significantly increased S/N ratio compared to both single pass
absorption and low frequency mechanical modulation techniques. It has been used to measure excited
argon atom concentrations, in both capacitively and inductively produced plasmas. The argon atom
4s[*/,]; level concentration was found to be between 2 x 10® and 1 x 10'' atom/cm’ and to generally
increase with increasing applied power and to decrease with increasing total pressure. The temperature
of the atoms was also measured and was found to be approximately 323 + 17 K.

A simple compact laser source at 308 nm has been produced from a frequency doubled cooled
commercial diode laser. This has been used to detect the OH radical, by absorption, within the
afterglow of a microwave discharge, produced either directly or chemically. Simple kinetic models
have provided explanations of the variations in OH concentration with discharge conditions.

A novel method, cavity laser induced fluorescence (CLIF), that combines the advantages of both laser
induced fluorescence (LIF) and cavity ring down spectroscopy CRDS, has been shown to increase the
sensitivity of a diagnostic system compared to absorption. This method could be used to follow
concentration variations of a reaction in a single laser shot. Although such variation can be observed
using LIF, it requires a calibration and a many laser shot experiment with a signal recorded at each time
point. Whilst CRDS allows temporal information about the absolute concentrations of the species
observed to be obtained, it is not as sensitive as LIF. By combining the two in CLIF, it may be possible
to retain the sensitivity of LIF with the advantage of CRDS so that absolute and time varying
concentrations can be obtained in a single pulsed laser shot.

LIF and CRDS signals have been observed using the A M, — X 22; transition of the N,* ion. The
lifetime of the A °Il, state in the discharge was found to be sufficiently long for a time of flight
experiment to be contemplated (an ion with a velocity of 10 kms™' on average would travel 5 mm before
radiating). Although the preliminary tests for the time of flight experiment have shown that this method
is not feasible with a pulsed laser, the basic cavity locking procedures required for an analogous
continuous wave experiment have been successfully demonstrated.

A frequency doubled diode laser source has been constructed and tested, with the eventual aim of
detecting N,* via the B ’Z," «— X *Z," electronic transition. This has been found to be insufficiently
intense to be used for a proposed two dimensional velocity mapping experiment, but several strategies
to improve its performance are suggested.
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Glossary

Glossary of Acronyms

a.c. alternating current

AM Amplitude Modulation

AOE Actinometric Optical Emission
AOM Acousto-Optic modulator

ASE Amplified Spontaneous Emission
BOC British Oxygen Corporation

CARS Coherent Anti-Stokes Raman Scattering
CCD Charge Coupled Device

CCP Capacitively Coupled Plasma

CEAS Cavity Enhanced Absorption Spectroscopy
CFC ChloroFluoroCarbon

CLIF Cavity Laser Induced Fluorescence
CRDS Cavity Ring Down Spectroscopy

d.c. direct current

EDL Electrodeless Discharge Lamp

EOM Electro-Optic Modulator

FFT Fast Fourier Transform

M Frequency Modulation

FMS Frequency Modulation Spectroscopy
FSR Free Spectral Range

FWHM Full Width at Half Maximum

GEC Gaseous Electronics Conference

IC Integrated Circuit

ICOS Integrated Cavity Absorption Spectroscopy
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ICP

LCAO

LIF

LOGS

MCT

MIP

MMS

OE

PC

PECVD

PMT

PTFE

r.f.

RDT

RGA

S/N

SEERS

SFG

SHG

TEM

UAS

uUv

VUV

XAL

Glossary

Inductively Coupled Plasma

InfraRed

Linear Combination of Atomic Orbitals
Laser Induced Fluorescence

Laser OptoGalvanic Spectroscopy
Mercury Cadmium Telluride
Microwave Induced Plasma
Mechanical Modulation Spectroscopy
Optical Emission

Personal Computer

Plasma Enhanced Chemical Vapour Deposition
Photomultiplier Tube
PolyTetraFluoroEthylene

radio frequency

Ring Down Time

Residual Gas Analysis

Signal/Noise

Self Excited Electron Resonance Spectroscopy
Sum Frequency Generation

Second Harmonic Generation
Transverse Electromagnetic Mode
Unmodulated Absorption Spectroscopy
UltraViolet

Vacuum UltraViolet

Xenon Arc Lamp
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Chapter 1 — Introduction

Chapter 1

Introduction

This Thesis describes the application of several diagnostic methods to gas phase plasmas. In
this Chapter, plasmas and plasma diagnostics are introduced and diode lasers, one of the
radiation sources used in this Thesis, are discussed. Chapter 2 describes the plasma production
systems investigated, including some electrical measurements made on these. Chapters 3 to 5
describe the results of other investigations using optical methods including frequency

modulation spectroscopy, laser induced fluorescence and cavity ring down spectroscopy.

1.1 Introduction to Plasmas

A plasma consists of a partially ionised gas, which overall is electrically neutral, containing
electrons and ions along with neutral species such as atoms, molecules and radicals. A plasma
can be distinguished from other partially ionised gas systems (such as the Earth’s atmosphere)
because the motion of the particles is dominated by electrostatic forces and not simply

determined by randomising collisions.

Plasmas occur in nature when there is a naturally occurring ionisation mechanism. For
example, during a lightning strike, ions and electrons are produced by a current flowing
through the atmosphere. However, when this current ceases they recombine and the ionisation
is lost. Plasmas will only naturally exist in a steady state if the rate of ion-electron
recombination is low, for instance where electron and ion densities are low. An example of
this is the very low density gas system that constitutes the majority of the our solar system. In
this interplanetary space, ion-electron pairs are produced by ionisation by high energy
radiation. Recombination happens infrequently because the concentration of charged species is

very small (< 1 cm™).

To produce a plasma it is necessary to ionise a gas system. This requires energy, which is
normally supplied by an electrical current flowing across an applied potential difference which
is either fixed (d.c.) or varying (a.c.), hence the name electrical gas discharge. The
mechanisms of plasma formation are discussed in more detail in Chapter 2. The ionisation
products are removed by recombination, either in the gas phase or on the walls of the vessel

containing the plasma. Power is primarily lost by heat loss to the surroundings, but also by

1



Chapter 1 — Introduction

optical emission that is produced within the plasma. Therefore, to maintain the plasma, power
must be continuously applied. This can be achieved by using the same field that initiated the
discharge to induce either direct or alternating currents. If a.c. is used (as found in most
laboratory systems), the frequency must be above 1 MHz to maintain near continuous
discharge®, otherwise the charge is neutralised (on the timescale of the period of the applied

a.c. potential) and the plasma extinguished while the electrodes exchange polarities.

1.2 Applications of Plasmas

The use of plasmas is very wide spread, the most commonly observed example being the
fluorescent lamp. Plasmas are also important in industrial processing systems that have found
uses in the aerospace, automotive, steel, biomedical, toxic waste management and, most
importantly, the electronics industries. Below, a brief summary of some of the more common

and diverse applications is given.

Surface treatment involves the use of chemically reactive plasmas to modify the surface of a
material to improve its working properties. Examples include ion-nitriding3 in a nitrogen
plasma to harden vehicle crankshafts, machine tools and titanium alloy* which is used for
artificial hip joints. This is found to improve the wear resistance of the materials, greatly

extending their working lifetimes.

Other surface treatments include deposition and removal of material from the surface. Layer
deposition is routinely completed within plasma reactors. This may be one step of many in the
production sequence of an integrated circuit (IC), the deposition of artificial diamond onto a
tool to harden it or the production of an amorphous silicon film during solar cell manufacture.
The deposition process is described as plasma-enhanced chemical vapour deposition (PECVD)
and an example regularly used in the semiconductor industry is the Si(OC;Hs)4/O; plasmaI that
deposits SiO;, which is used as an insulating film (see Figure 1.9; a schematic of the layer
structure of a diode laser). A second method of plasma deposition is the sputtering process in
which the substrate is placed within a discharge that bombards a target material, sputtering
particles from the surface into the plasma and depositing these onto the substrate. An example

of this is the coating of stainless steel with TiN for enhanced wear applications5 :

Plasma etching is also an essential part in the IC manufacturing process. Previously, etching

was achieved using a wet etch system such as NH4F/HF. These wet systems are difficult to
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1.3.1 Applied Parameters

The properties of a plasma depend on the electrical power dissipated within the plasma, the
pressure at which it is generated and the gas from which the plasma is formed (feedgas). The
physical size of the discharge is also important in determining the properties of the discharge
and for cylindrical systems, an aspect ratio'® (radius/length) and a volume have been used to
describe the geometry of the discharge. The gas flow rate through the discharge has also been
shown to have an effect on the processing properties of the plasma''. A final significant
parameter is the actual method of plasma production; this can have a large effect on the plasma
properties. The methods of production of the plasmas investigated in this Thesis are described

in Chapter 2.

1.3.2 Plasma Density and Ion Flux

The plasma density (also referred to as the charge density), n, is the concentration of negative
charge within the plasma. In a plasma where the only ions present are positive and singly
charged, this is equal to the ion density, n;. This gives directly the fractional ionisation, x; =
nil(ng + n;), where n, is the neutral gas density. For the plasmas investigated in this Thesis x; is

of the order of 10°°.

The ion flux within the plasma is the number of ions per unit area per unit time that arrive at a
surface in the plasma. This will obviously depend on the potential of that surface and, for an
inhomogeneous plasma, the position of the surface within the plasma. By convention, the ion
flux is taken to be that observed when the object is biased negatively and therefore no positive

ions are repelled from the object. The ion flux is discussed in more detail in Section 2.4.2.

1.3.3 Potentials

If all the components of the plasma are considered to be in thermal equilibrium then the
electrons move considerably faster than the heavier ions. If an uncharged and electrically
isolated object is placed in the plasma, the electron flux arriving at the object will be greater
than the ion flux and hence the object will become negatively charged. This negative charge
will increase until the potential difference between itself and the plasma is high enough to repel
sufficient electrons, such that the electron and ion fluxes are equal. The object has therefore
acquired a negative potential, V, with respect to the bulk that is at the plasma potential, Vp,

which has been raised (usually slightly) by the loss of negative charge to the object. The
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difference between the plasma potential and the objects’ ‘floating potential’, V, is given by the

following expression®:

kT m,
V.-V, =—%In ‘ 1.1
Pl 2e (2.3me] (1.1)

where T, is the electron temperature (discussed in the following section), e is the electronic

charge and m, and m; are the electron and mean ion masses respectively. The object will reach
Vr independently of its initial charge. The difference in potential between the plasma and the
object causes a sheath to form; this is a thin region between the plasma and the object, in which
the charged species have rearranged themselves so that the bulk of the plasma is screened from
the objects’ potential. To achieve this, the sheath is electron deficient in comparison to the
bulk (which is neutral overall). In the sheath, the ions are accelerated towards the object
because of its negative potential and therefore, as they are moving faster to keep the flux
through the sheath constant, their density must decrease. The sheath is observed to produce
less optical emission than the bulk, and this can be explained by the lower electron and ion
concentrations in the sheath compared to the bulk. This results in fewer collisions and
therefore fewer electronically excited species (responsible for the optical emission) are formed.
Figure 1.2 shows the variation of potential between the object and the bulk, along with the
relative ion and electron densities. The presheath region is discussed further in Section 2.4.2.
Sheaths form around the plasma where it comes into contact with any object, including the
fabric of the vessel containing it and the electrode or electrodes driving it. The potential
difference between a grounded object, such as a metallic wall, and the plasma is given by the
plasma potential. The potential difference between the plasma and the driving electrode can be
in excess of an order of magnitude higher than this for a.c. coupled reactors, such as the
capacitively coupled system described in Chapter 2. In the case of an a.c. coupled reactor, this
is due to the ratio of the areas of the driven and grounded material, because the current flowing
to the driven electrode must be equal and opposite to that flowing to ground. Because there is
generally a larger area in the plasma which is grounded compared to that which is driven, a
larger potential difference between the plasma bulk and the driven electrode, compared to the

grounded sheath potential difference, is required to equalise the currents at each electrode.
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sinusoidally varying electric field which each species will respond to. For the r.f.
discharge systems described in Chapter 2, w./2n and w;/2n are estimated to be about
1 GHz and 3 MHz respectively. Therefore, only the electrons can efficiently follow the
13.56 MHz modulation of the electric fields supplying the energy to the plasma, and so
attain a higher proportion of the applied energy and as a result have a higher average

energy.

e Secondly, even if the applied electric fields increase the energy of the electrons and the
ions equally, the electron temperature would still be greater than the ion and neutral
temperatures because the heavy ions transfer energy efficiently with the similar mass
neutrals and ions during collisions. Conversely, much lighter electrons transfer energy

inefficiently to these heavier species.

These result in the average energy possessed by electrons in the plasma being greater than that
possessed by the more massive species. Although the electrons in a plasma are generally not in
complete thermal equilibrium', the electron energy distribution is commonly modelled as a

Maxwell-Boltzmann distribution?.

f) = n( ZZkeT ]E e{%f | (1.4)

A graphical example of the distribution is given in Figure 3.21. This model is convenient

because the distribution is controlled by one variable parameter, the electron temperature T,
which is related to the mean speed of the electrons by the following expression':
8kT,

m

e

c= (1.5)
The plasma is heated by the motion of the electrons in the sheath, caused by the varying
electric field applied to the electrode. The two main effects that contribute to the plasma
acquiring energy from the applied power are Ohmic and Stochastic heating', both of which
involve electron ‘collisions’. Ohmic heating occurs when the electrons accelerated within the
oscillating electric field in the sheath collide with and transfer momentum (and hence energy)
to the neutral species in the sheath. Stochastic heating occurs when the electrons ‘collide’
with, and are reflected by, the large decelerating field of the oscillating high-voltage sheath at
the driven electrode and therefore take energy from the moving field and deposit it into the

plasma.
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1.3.5 Debye Length

The screening of the bulk of the plasma discussed in Section 1.3.3 is known as Debye
shielding. This effect is quantified by the Debye length], Ape, Which is the distance scale over

which significant separated charge densities can spontaneously exist.

kT €
Ap, =1/ e2° (1.6)
ne

Within a single Debye length a perturbation of the potential in the plasma is reduced to T, of its

initial value. Therefore, on space scales larger than a Debye length the plasma will tend to
remain electrically neutral. The sheaths within the plasma are typically a few Debye lengths
wide. A useful way of regarding the Debye length is the approximate radius of a sphere,
within which the net interaction of the charged particles is observed to be zero by a particular

charged particle at the centre of the sphere.

1.3.6 Mean Free Path and Conductivity

The mean free path 4,5 of a particle is the mean distance the particle travels between

successive collisions. It is given by’

1
Aoy = —— (1.7)

tot

where ny,, is the total number of species, per unit volume, with which the particle can collide
and o is the collision cross section. If the mean speed of the particles is given by v, then the
mean time between collisions, 7, is given by A4,,5/v. This is directly related to the conductivity
of the plasma, o, for a particular singly charged species of mass m by the following

expression.

2 2
g = ne t = ne )’mﬁ’ (1.8)

Therefore, a high number density in the plasma results in a short mean free path and hence low
conductivity. Both the electrons and the ions contribute to the conductivity, however although
the ions have the same number density, their increased mass reduces their contribution and

most of the plasma current is therefore carried by the electrons.
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1.4 Indirect Plasma Diagnostics by Surface Analysis

A pragmatic approach to plasma diagnostics has involved the use of surface analysis
techniques, as most plasma uses involve surface modification. These can be split into two
types of measurements; those that can be made during the process and those that are made after

the surface modification is completed.

There are several methods regularly used during plasma processing that involve the
observation of the optical properties of the material surface. These include spectroscopic
reflectivity'> and ellipsometry'*, both of which give measurements of surface layer thickness
allowing information on deposition, etching and modification processes to be obtained in real
time. The plasma process can also be followed in real time by using a quartz piezo-electric

microbalance'>, which again measures the extent of deposition or etching at the surface.

To obtain more detailed information on the modified surface, the many techniques of the
surface scientist’s armoury can be applied to the substrate before and after the plasma process.
This gives direct information on the surface structure and is a vast field in itself. A discussion
of a selection of the techniques available to study the solid surface, and their application, is

given by Woodruff and Delchar'®.

1.5 Direct Non-Optical Plasma Diagnostics

Although surface analysis techniques give information on the discharge, it is clear that the
performance of the plasmas widely used for industrial processes depends on the intrinsic
plasma parameters described in Section 1.3. It is therefore of crucial importance to be able to
measure these plasma parameters. Plasma diagnostics are essential to determine the
relationships between the applied parameters and the intrinsic plasma parameters. In the

following sections, several direct non-optical diagnostics are described.

1.5.1 Electrostatic Probes

This method is the oldest and probably the simplest method of measuring the properties of a
plasma. The current-voltage characteristic of a metallic probe was first used as a plasma
diagnostic in the 1920s by Langmuir and co-workers'’, a technique now known as the
Langmuir probe diagnostic method. The probe is mounted in a given position in the plasma,
and the current is then measured as the probe is biased to different voltages relative to a large

conducting surface, also in contact with the plasma. The observed current depends on the

9
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probe bias voltage and on the difference in the ion and electron fluxes. An example of a

current-voltage characteristic is given in Figure 1.3.

current

ion flux region
- >

l 1
I

Vb - V}” VO Vpos
potential

Figure 1.3 Current-voltage characteristic of a plasma probe.

The current-voltage characteristic allows direct measurement of the electron temperature,

plasma potential, floating potential and ion and electron fluxes through the probe sheath®.

In an r.f. plasma, the probe current depends on the applied r.f. potential. This effect can be
removed by various methods. One possibility is to record the current using a circuit containing
an r.f. blocking filter'®. A second method is to superimpose an r.f. bias onto the probe d.c. bias
at the same frequency as the plasma drive frequency. In some cases, these ‘driven’ probes

have been found to be more effective than those using r.f. filters'”.

Two probe geometries are commonly used, the Langmuir (cylindrical) probe and the planar
probe. The Langmuir geometry consists of a metallic small diameter (= 1 mm) cylinder with
an insulating shield around it almost up to the tip. Around this tip, a sheath forms and
therefore the plasma is perturbed. The method of calculation of ion densities from probe
characteristics is given in Chapter 2 and involves measuring the electron temperature and ion
flux. With a Langmuir probe the flux observed is that crossing the bulk-sheath boundary and
therefore to calculate the ion density, the surface area of this boundary is required, making

quantitative analysis difficult.

The planar probezo is a two-dimensional measurement plate. A guard ring can be incorporated
to overcome the disadvantages of the Langmuir geometry. The flux recorded is independent of
sheath thickness and hence of the probe potential because the bulk-sheath area that the probe

interrogates remains constant as the sheath thickness varies. This ensures consistent analysis

10
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of the plasma’s current-voltage characteristic. However, because the probe must be placed on
a surface already present in the vessel containing the plasma, spatial measurements are not
possible across the bulk of the plasma. If the current flowing into the probe is recorded with
time while it is held with a low (50 Q) impedance to ground, a self excited electron resonance
spectroscopy (SEERS) signal can be obtained by comparison of the probe voltage to that
applied to the plasma. Analysis yields the mean electron density, mean electron energy and the

plasma potential.

With either probe geometry, considerable care must be exercised when interpreting results for
plasmas used in material processing, especially those that deposit material onto surfaces. Such
deposition can result in an insulating layer forming on the probe, greatly affecting the observed

current-voltage characteristic®'.

A more complete discussion of the experimental method, theory and results of an experiment

using a planar electrostatic probe are given in Chapter 2.

1.5.2 Mass Spectrometry

A second commonly used non-optical method is mass spectrometry. This technique involves
collecting the species that effuse through a small hole in the vessel containing the plasma,
(usually in an electrode or chamber wall), and then analysing these species by mass and

sometimes also by energy.

This technique generally cannot be used to measure the spatial distribution of species within
the plasma because it is difficult to pinpoint the exact volume from which the species entering
the spectrometer originated. The standard mass spectrometer allows the identification of the
species that are present in the plasma which have a sufficient lifetime to be sampled, including
both neutral species and ions. Neutral species that enter the mass spectrometer through the
sampling orifice are then ionised, separated by mass and detected. This is called residual gas
analysis (RGA) and allows the measurement of the relative concentration of the species present

in the p]asmazz.

The ions entering the mass spectrometer will have an anisotropic velocity distribution, because
a sheath must form between the plasma and sampling orifice. By using an electrostatic ion
energy analyser, the kinetic energy distribution of mass-selected plasma ions has been
obtained®. This information is of considerable interest because if the sampling orifice is in the

electrode onto which the substrate would be placed, the ion energy distribution observed is that
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impinging on the substrate. It has been shown that the surface processing properties of

plasmas depend critically on the ions present'.

1.6 Direct Optical Plasma Diagnostics

Although a considerable amount of information about plasmas can be obtained from the
methods discussed above, these generally involve some perturbation of the plasma. Optical
methods involving the absorption and emission of radiation generally perturb the plasma to a
much smaller degree. The following section gives a summary of some of the interactions of
radiation with species possessing discrete energy levels and in subsequent sections several

optical methods are discussed.

1.6.1 Absorption and Emission of Radiation

To understand the interaction of radiation and matter with discrete energy levels, it is necessary
to consider two specific energy levels of the system; an upper level L, and a lower level L,
separated by an energy E. These two levels can be linked by a transition involving emission
and absorption of radiation. There are three possibilities for a transition between L; and L;;

absorption, stimulated emission and spontaneous emission, as shown in Figure 1.4.

e

(a) (b) (c)

L

Figure 1.4 Schematic diagram of the interaction of a two level system with a radiation field: (a) absorption,
(b) stimulated emission and (c) spontaneous emission.

Absorption occurs when a photon of frequency v, such that E = hv, is absorbed by a species in
level L, promoting the system from L; to L,. This process is described as induced absorption
and the probability per second of this occurring, dP;,/dt, is proportional to the spectral energy

density p(v) of the radiation field at frequency v. The rate of absorption is then given by

dA,

—* = Baplv) (1.9)

where the constant of proportionality, B;,, is called the Einstein coefficient of induced

absorption.
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A photon of frequency v can also cause the system initially in L, to fall into L;, simultaneously
emitting a photon of frequency v. This process is called stimulated emission and is also

proportional to p(v); its rate is given by

dp,

- 1.10
= Buplv) (1.10)

where Bj; is the Einstein coefficient of induced emission.

Spontaneous emission is a random event in which the system again relaxes from L, into L,
converting its energy into an emitted photon of frequency v. The rate of spontaneous emission

is independent of the radiation field density and is given by

d P spont
dz

= A, (L.11)

where A;; is the Einstein coefficient of spontaneous emission.

At thermal equilibrium the population distribution, amongst all i levels each of energy E, is

given by the Boltzmann distribution

E

N, =N%e'ﬁ (1.12)

where N is the total number of levels available to the system, g; is the degeneracy of the i™

level and Z is the partition function of the system, which normalises the expression so that

).N, =N . If the radiation field and the medium are in equilibrium, the total radiation field

density will not change and therefore the rate of absorption and emission are equal and so
(lep(v)+A21 )Nz = B,,N,p(V) (1.13)

Using the Boltzmann distribution for the populations of the two levels, it is possible to obtain

an expression for the spectral energy density.

Az

BZ]
p(v)= - (1.14)

g, B,

This can be compared with Planck’s radiation law**
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&nv°  hv
p(v)dv = — v (1.15)
c —_———
e T -1
resulting in
B, = ile (1.16)
82
and
3
A, =T g (1.17)
c

Equation (1.16) shows that, in a given radiation field, the Einstein coefficient of stimulated
emission is equal to that of induced absorption when g, = g,. Equation (1.17) gives the ratio of

3

Az1/B;) to be proportional to v°. Therefore, spontaneous emission rates increase relative to

stimulated emission rates at short wavelengths.

1.6.2 Plasma Induced Optical Emission

The direct observation of the intensity and spectral properties of the plasma induced
spontaneous optical emission (OE) is a commonly used and completely non-invasive
diagnostic. The radiation is produced by excited species, which are formed in the plasma by
collisional processes including electron impact and ion-electron recombination, relaxing to a
lower energy level, emitting radiation isotropically. The optical emission that has been
observed from a plasma ranges from the vacuum ultraviolet® to the mid-infrared®. By careful
use of collection optics, it is possible to obtain information about the spatial variations of the

emission within the plasma®’.

By the use of narrow spectral resolution, it is possible to observe the emission signal from a
particular transition of a species within the plasma. This enables the end point observation, of
an etching process, by detection of a particular product.

The translational temperature of both neutral and ionic excited state species has been deduced

from Doppler-resolved spectra obtained using a high-resolution monochromator®®

. Study of
the widths of the emission lineshape can give information on the production mechanism of the
excited state. In a low temperature plasma, if the line shape of a neutral species is indicative of
a thermal velocity distribution, then the species was probably produced by direct excitation of

the ground state species. However, if the profile is greatly Doppler broadened, then the excited
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state may have been formed by dissociative excitation or recombination. This broadening has

been observed in the atomic emission lines of C1” and Ar in the sheath of a Cl/Ar p]asmazg.

The rotational and vibrational ‘temperatures’ can also be obtained for molecular species™ from
the optical emission spectrum because the intensity of emission from a particular energy level
is proportional to its population. The rotational temperature of species in the plasma is often
assumed to be a good measure of the translational temperature of the ground state neutral

species that make up most of the plasma®'.

The excited state ‘temperature’ one dimensional spatial profile has been obtained by a single
measurement using the detection of spectrally dispersed OE with a two dimensional CCD

array”,

A different optical method for measuring the ‘temperature’ of a plasma is pyrometery. This
involves observing the infrared emission from a surface in contact with the plasma, such as the
nozzle of a plasma torch, and calculating the temperature assuming the surface is producing a

black body emission spectrum™.

Because the intensity of emission depends on the excitation rate, which in turn depends on the
electron energy distribution (electron temperature) and electron concentration, it is possible to
obtain estimates of changes in these properties by OE**. By comparing the optical emission
from two species with significantly different electron energy dependent excitation cross
sections (for example Ar and He’, which have well known different electron energy dependent
excitation cross sections and thresholds), it is possible to obtain information concerning the

electron energy distribution function™.

Stark splitting of atomic or molecular energy levels can be observed by the consequent shift in
observed OE transition frequencies. This enables the electric field strength to be obtained from
the magnitude of the shift’®. The electron density within the plasma can also be obtained by

the Stark broadening of optical emission lines®’.

Time resolved optical emission can be used to study the chemical kinetics of many reactive
species, by observing the emission as a function of time after igniting or extinguishing the
plasma. These measurements enable the production and loss rates of particular species to be
obtained, and therefore important reaction scheme information may be elucidated®®. Fourier
transform infrared emission spectroscopy has also been used to detect both feedstock and

product molecules and to monitor their kinetics™’.
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OE only directly gives information about the excited state properties e.g. absolute and relative
concentrations and effective vibrational, rotational and translational ‘temperatures’. However,
actinometric optical emission (AOE) can be used to determine relative ground state
concentrations from the optical emission produced by the plasma, normalised for changes in
the electrical properties of the discharge. AOE relies on the assumption that the major route
for excitation of the emitting species is via electron impact excitation from the ground state and
that the excited species decay exclusively by emission. If this assumption is valid, then by
introducing a known concentration of a suitable ‘actinometer’ gas (one with a similar
excitation threshold and electron energy dependent cross section for electron impact) and
comparing its emission to the species of interest, it is possible to remove the effect of changes
in the electron energy distribution and concentration in the emission intensity> . Therefore, it is
possible to obtain the relative concentration of the ground state of the species of interest as the
applied discharge parameters are varied. There are, however, several cases in which erroneous
results can arise from AOE measurements*’, generally due to the failure of the assumption that
the excited state is only formed by direct electron impact. In addition, considerable care must

be taken in choosing the ‘actinometer’ gas to minimise perturbation of the plasma.

Time resolved AOE has been used, in a similar way to OE, to study the chemical kinetics
within a plasma. This has been achieved by recording AOE signals as the plasma is ignited at
varying time delays after extinction and comparing the concentrations observed to those under

the steady state plasma condition®.

1.6.3 Absorption Spectroscopy

Unlike emission, absorption of radiation directly gives information on the lower state of the
transition being interrogated. In principle, the absorption of radiation is the simplest method
by which ground state species can be detected. All species that absorb radiation can be studied
by this method, which readily provides the line of sight averaged number density, N/V, from
quantitative values for the absorbance using the Beer-Lambert Law®, providing that the

absorption cross section, g, at that particular frequency is known.

I; e“”(%] (1.18)

Z_

I1/ly is the ratio of the intensity of the radiation transmitted through the sample to that incident

upon it and [ is the optical path length over which the measurement is made. This law is only
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valid if the number of photons absorbed is small, so that the population produced in the upper
state is small. If this is the case, the ratio I;/Iy observed is independent of incident intensity. If
the population in the upper state becomes significant, then optical saturation is observed (I7/lo
increases as the intensity is increased). The intensity at which this optical saturation occurs is
dependent on the absorbing species. If the intensity or the cross section is very large, optical
pumping occurs as species are cycled between the lower state and the upper state by alternate
absorption and stimulated emission and thus the amount of radiation that would be expected to

be absorbed is greatly reduced.

From equation (1.18), it can be seen that the measurement is very sensitive to variations in the
intensity of the radiation source and therefore the signal to noise ratio observed in absorption
experiments is normally significantly lower than the theoretical limit*'. Therefore, either high
densities of absorbing species or very long optical path lengths are required. The long path
length can be achieved by the use of multi-pass mirrors within the chamber containing the
plasma. It is not generally possible to mount the mirrors outside the chamber because of the
optical losses associated with passing through the chamber windows. Hence, the mirrors must
be placed inside the plasma chamber, and must be carefully selected so that the mirrors’
reflectivities are not reduced by reaction with or deposition of species produced within the
plasma. Cavity ring down spectroscopy (discussed in Section 1.6.4) is a modern method of

greatly extending the path length in the plasma.

Direct absorption techniques, without the use of multi-pass mirrors, have generally
concentrated on the detection of stable species within the plasma, such as constituents of the
feedgas or stable reaction products, rather than chemically reactive transient species such as
ions or free radicals, which occur in much lower concentrations. There are exceptions to this,
either using atomic resonance lamps (which have a spectral output that closely matches the
absorption profile) or continuum lamps to monitor ground state atom concentrations (see
Section 3.2 for the example of argon). These sources can be extremely stable. Coupled with

the generally large atomic absorption cross sections, this results in excellent sensitivity.

A further technique, until now not applied to plasmas, is frequency modulation spectroscopy,
the subject of Chapter 3. This enables detection of small absorbances by encryption of the

absorption information at radio frequencies greatly reducing the observed noise.
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1.6.4 Cavity Ring Down Spectroscopy

Cavity ring down spectroscopy (CRDS) is a modern development in plasma diagnostics in
comparison to those discussed previously. A high finesse cavity (see Section 1.7) consisting of
two high reflectivity mirrors is constructed around the plasma chamber. A laser pulse is then
introduced into the cavity and its time dependent intensity is monitored by the small fraction of
light transmitted through one of the cavity mirrors. The advantages of CRDS over absorption
spectroscopy are the extremely long effective path lengths that are possible and the fact that
CRDS is based on the rate of absorption rather than its magnitude making it relatively
insensitive to intensity fluctuations in the radiation source. It is a technique that, like
absorption spectroscopy, enables detection of all species that absorb radiation providing high

reflectivity mirrors can be obtained in the required wavelength range.

A pulse within an empty cavity, with mirrors of reflectivity R, decays exponentially with time,
at a decay rate determined by the mirror reflectivities and any other losses, such as diffraction

and scattering from the mirrors. The intensity transmitted through one of the mirrors, I(7) is

I(t)=10e(%) (1.19)

where I is the intensity at = 0 and 7 is the empty cavity ring down time (RDT). The RDT is

the time taken for the intensity incident on the detector to fall to '/, of Iy and is given by*

I S
dnR| c(-R)

(1.20)

where [ is the separation of the mirrors and c is the speed of light. The average number of

round trips that a radiation pulse makes within the cavity is obtained by solving the equation
R*™ =— (1.21)

When the frequency of the laser pulse matches that of an absorption feature of a species in the
plasma an additional loss mechanism is introduced and the RDT decreases. Assuming the
absorption can be described by the Beer-Lambert Law, the radiation intensity decay will still

have an exponential dependence and equation (1.19) is modified to

t

1(t)= zoe'(%“”]' e (%) (1.22)
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where ct is the path length L = 2NI over which the absorption is measured and a is the product
of the absorption cross section and the concentration. The decay rate is given by Yo =+ ac.
If the empty cavity RDT, 7, is known, measurement of '/, as the laser frequency is scanned
enables a cavity ring down absorption spectrum to be obtained. Over the range of most scans,
the reflectivity of the mirrors varies little with laser frequency so that '/, appears as an offset

from the baseline level (where a = 0 between absorption features).

This analysis relies on the decay of radiation intensity incident upon the detector being exactly
exponential, requiring certain conditions to hold. The Beer-Lambert law requires that the
width of the absorption feature is significantly greater than the laser linewidth within the cavity
so that all the laser frequencies within the cavity are attenuated by the same amount. This only
occurs if the pulse duration is greater than the lifetime of the upper state being probed®’. The
cavity mode structure also affects the observed intensity decay (for a discussion of cavity
modes see Section 1.7). The frequency spacing of the cavity longitudinal modes must be such
that radiation of the appropriate frequency, coincident with the absorption profile of the species
of interest, is coupled into the cavity**. If the laser bandwidth is narrower than the cavity Free
Spectral Range (FSR), then the detector will observe a series of cavity transmission peaks as
the laser is scanned. As well as the longitudinal modes, the transverse modes of the cavity can
also have an effect on the observed decay. If the radiation is not carefully matched to the
lowest order transverse mode, TEMyo (achieved by controlling the size and divergence of the
input beam and/or placing apertures inside the cavity), or not injected perfectly along the cavity
axis, several transverse modes will be excited. The result of exciting several cavity modes,
which have different losses within the cavity, is to generate a multiple exponential intensity
decay. The result of this is that the observed intensity at the detector is modulated due to the
beating between different modes excited in the cavity”. Generally, this modulation is much
faster than the decay time of the exponential. In practice, the restriction imposed by the
longitudinal mode structure of the cavity is relaxed by the transverse mode structure and cavity

instabilities so that the frequencies supported by the cavity are essentially continuous.

The limit of the precision to which an RDT can be determined by CRDS corresponds to the
time interval of one cavity round trip (¢, = 2l/c), the smallest possible detectable change in the
RDT. This round trip time can be translated into a minimum detectable absorbance as follows.

The fractional loss of intensity per pass through the cavity, d1, is given by
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51 = =o¢1z(1-R)£ (1.23)
1, T

for small absorbances in a single pass (a/ << 1) and where 47, the change in the RDT when the

laser frequency is coincident with an absorption feature, is small.
AT=1-7T (1.24)

Hence, the minimum detectable fractional absorption per pass, commonly used to quantify the

detection limit of CRDS*, is given by equation (1.25).

L _(1-R)- (1.25)

6l . =(-R
min ( )T N

From this expression, it is apparent that the greater the number of round trips (the longer the
RDT), the greater the sensitivity. However, if the mirror reflectivity is very high, the observed
signal on the detector is greatly reduced and therefore uncertainties will be introduced into the

RDT measurement by the low signal to noise of the observed decay.

The standard source for CRDS is a high power pulsed laser*. The broad frequency bandwidth
of such laser sources ensures that some radiation is always coupled into the cavity but limits
the spectral resolution of such experiments. The data acquisition rate is limited by the pulse
rate and the sensitivity by the inherent trade off between mirror reflectivity and detected
intensity. This has been overcome by ‘pulse stacking’*’, although this technique has not yet

been used as a plasma diagnostic.

Continuous wave lasers have also been used for CRDS*®. The major difficulty with this
method is achieving regular and reproducible overlap between a cavity longitudinal mode and
the laser output. If this can be achieved, the noise on the decay trace due to different modes is
eliminated, and a large intensity builds up in the cavity; its throughput is only limited by the
ratio of the cavity bandwidth to that of the laser. To complete a CRDS experiment, the laser is
switched off using an acousto-optic modulator (AOM), allowing high repetition rates. The
spectral resolution of this type of experiment is limited only by the bandwidth of the cavity,

generally at least three orders of magnitude lower than the bandwidth of a pulsed laser.

Integrated cavity methods using either pulsed or continuous wave lasers have also been
developed, such as integrated cavity output spectroscopy (IC0S)* and cavity enhanced
absorption spectroscopy (CEAS)*, in which the changes in the continuous wave transmission

of the cavity is observed with laser frequency. This can be with or without rapid simultaneous
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modulation of the laser frequency or cavity length. However, these methods are still sensitive
to variations in the laser intensity as with absorption spectroscopy, but because the path length
can be greatly increased this problem is reduced by the increased absorbance. Again, these

recent developments have not yet been used for plasma diagnostics.

Although CRDS is a relatively recent addition to plasma diagnostics, this technique has been
used to detect CF, and SiF, in etching plasmas®' and negative ions (O~ and H") and powder

2

particles in industrial r.f. plasma reactors®’, as well as other radical species in flames™ and the

methyl radical concentration profile in a hot filament (diamond deposition) reactor™”,

1.6.5 Laser Induced Fluorescence

Laser Induced Fluorescence (LIF) involves promoting a species into an excited electronic state
by the absorption of laser radiation and then observing its subsequent fluorescence, at either the
excitation frequency or some other frequency. Therefore, this technique relies not only on the
species absorbing light but also that the excited state has a reasonable fluorescence quantum
yield*. Thus, although direct absorption of tunable narrow bandwidth laser radiation is
generally less sensitive than LIF, it enables detection of all species that absorb radiation. Using
LIF, only a subset of these species can be observed. Species that dissociate or are ionised on
absorption of radiation cannot be observed by LIF. In addition quenching will compete with
fluorescence. Hence the fluorescence may be reduced to below detectable limits in high
pressure systems, because of the high collision rates, or if the upper state is very long lived.
Very few species with more than three atoms have been successfully studied using LIF because

of the many possible fates of the excited state other than fluorescence.

The small bandwidth of the laser and spectrally filtered fluorescence mean that the possibility
of ambiguous detection is negligible. If the fluorescence is collected at right angles to the
direction of propagation of the laser, LIF is in theory a zero background technique. However
the plasma will generally produce species in the upper state of the LIF transition and therefore
even with very narrow spectral filtering and careful temporal and spatial filtering, the unwanted
emission from this state will give rise to a noisy background and this limits the sensitivity to
ca. 10* cm™ for diatomic species in processing plasmas‘“. LIF has been shown to be
sufficiently sensitive to detect the change in products while etching different semiconductor

layers and this makes it a useful method of detecting the end-point of an etching process5 °
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The detection region from which LIF is collected is defined by the intersection of the collection
volume of the imaging optics and the laser beam. Therefore, excellent three-dimensional

spatial resolution is possible.

Two or more photon LIF is used to monitor, in particular, atomic radicals such as oxygen57 and
chlorine®®, whose first excited states are inaccessible through conventional LIF without the use

of very specialised VUV lasers.

The LIF signal depends on the population of the upper state generated by the laser pulse, the
fluorescence quantum yield and the collection efficiency of the detection system. However,
similarly to absorption spectroscopy, saturation and optical pumping can occur if high laser
intensities are used. Therefore, only at low laser intensities does the LIF signal depend linearly
on the laser intensity. A complete discussion of saturation effects in LIF is given in a review of

laser induced fluorescence diagnostics in plasmas™.

If care is taken so that saturation is avoided, LIF enables relative ground state concentrations to
be measured, because the signal observed depends on the number of photons absorbed by the
species. Unlike absorption methods, the absolute concentration cannot be obtained directly.
However, by using the relative fluorescence intensities observed from exciting individual
rotational vibrational electronic transitions of a polyatomic species, it is possible to obtain
directly the rotation and vibration distributions of that species and therefore its rotational and

vibrational ‘temperatures’5 °,

Tunable lasers with narrow bandwidths have been used to record the velocity distribution of
species by sub-Doppler LIF®. This method, along with the spatial resolution, allowed the
velocity profile of N,* ions to be measured at 2 mm intervals through the sheath of capacitively
produced plasma. These profiles directly give information on the electric fields present in the
plasma sheath. The spatially resolved electric field strength has also been measured by the
observation of Stark mixing, enabling observation of transitions forbidden in the absence of the

electric field®.

Time resolved LIF has been used (in a similar way to OE) to obtain the time dependence of
species after extinction of the plasma®. This enabled an absolute concentration of N,* to be
obtained from a kinetic model. Hence, the LIF signal is then calibrated, enabling direct
measurement of this species’ absolute concentration within the plasma. Alternatively, it has
been possible to calibrate the detection efficiency of LIF by detecting the products of a well-

understood photolysis experiment with the same LIF collection apparatus“, or by using a
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stable species which also undergoes LIF: NO has been used to calibrate both CF and CF, LIF
signals®,

A related method, amplified spontaneous emission (ASE), has also been used to study

plasmas’’.

In this technique, oxygen atoms were excited by the two (226 nm) photon step
mentioned previously and the fluorescence at about 845 nm was observed along the laser axis.
This technique produces linewidths narrower than the Doppler width of oxygen atoms at room
temperature allowing the upper state (°P) spin orbit splitting, unresolved by LIF, to be clearly

observed.

1.6.6 Other Optical Techniques

Laser Optogalvanic Spectroscopy (LOGS) involves measuring the electrical characteristics of
the discharge (current, impedance etc.) as a laser is scanned across the absorption spectrum of a
species present within the plasma. Unlike absorption methods, only the species which produce
a change in the discharge when they absorb radiation can be detected by this method, and
clearly this necessarily perturbs the discharge. A review of this diagnostic is given by Reddy63.
The laser induced changes in the electrical characteristics of the discharge are due to generation
of extra ions and electrons by photoionisation, extra free electrons by photodetachment of
negative ions*, excited state neutrals (which have a much larger electron impact ionisation
cross section) or ions in excited states with different symmetric charge-exchange cross sections
(the process X + X* — X" + X) to those of the ground state. These differences in the
constituent species of the plasma change its conductivity. The exact changes in the discharge
impedance are hard to predict so that LOGS remains mostly a qualitative diagnostic. By
observing the Doppler profile of the LOGS signal, the kinetic energy of ions has been
measured within the sheath of a d.c. discharge®, although the information obtained was
averaged over the entire sheath thickness. Precise spatial resolution of the LOGS probe region
can be achieved with a two laser excitation process®®, however the sensitivity is greatly reduced
and the signal obtained is distinctly non-linear with applied laser intensity. The electric field
strength in a plasma has also been measured using LOGS by observing the Stark splitting of

the energy levels of Rydberg states of helium®’.

Another possibility of the interaction of radiation with matter is that the radiation is scattered
from the species present in the plasma. Thompson scattering is the scattering of photons by the

free electrons in the plasma. The electron density can be directly measured by this diagnostic,
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however the signals are generally very small due to the low cross sections so that photon

counting techniques are necessary to achieve a good signal to noise ratio®,

A further method that allows observation of the electron density is microwave interferometery.
Although in practice not a scattering optical diagnostic, it is mentioned here as it gives similar
information to that of Thompson scattering. It involves the detection of the changes in phase
shift of microwave radiation as it is passed through the plasma due to refractive index
variations caused by changes in the electron density. The average electron density along the

path can then be calculated directly from the phase shift®.

Rayleigh scattering is the scattering of the radiation by the electrons bound to atoms or ions
and is particularly large in the case of hydrogen atoms. The concentration of species can be

obtained via combination with other techniques’.

A final scattering technique is coherent anti-stokes Raman scattering (CARS)’'. This involves
interrogating a molecule with three laser beams, two pump beams and a Stokes beam of
frequencies wp and ws respectively, and observing the radiation produced at 2wp — ws. This
sum frequency generation (SFG) depends on the third order susceptibility. This has two
components; a non-resonant component that depends on the number density of the species
present and a frequency dependent resonant component depending on the amount of the Stokes
beam that is absorbed. This method enables determination of the concentrations of molecular

species and their rotational and vibrational distributions’?.

1.7 Lasers and Optical Cavities

In this section, the operation of lasers is described. A laser is simply an instrument that
amplifies spontaneously produced radiation. The unique properties of lasers have led to a wide
variety of applications. They can produce narrow bandwidth, almost monochromatic radiation,
with spatial and temporal coherence that has proven invaluable in spectroscopic applications.
Another useful property is the high intensity of radiation that they can produce which has been

used for optically pumping systems and multiphoton ionisation.

It is possible to understand the amplification process in a laser using the system of two states
discussed in Section 1.6.1. The ratio of A,)/B3; is proportional to v’, hence spontaneous
emission rates increase relative to stimulated emission rates at short wavelengths, making it

easier to construct an amplifying system for microwave radiation than for visible radiation.
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For a system where g; = g5, to achieve amplification in the medium there must be a population
inversion, i.e. the population of L, is greater than L,. This can be achieved in many ways,
including optical pumping, electrical discharge or energy transfer between different species.

The specific example of semiconductors is discussed in Section 1.8.2.

To ensure that stimulated emission dominates spontaneous emission, a high photon density is
required in the laser medium, and this can be achieved by placing the medium between two
mirrors to form a resonant cavity (see Appendix 1 for the criteria for a stable optical cavity).
This allows a photon spontaneously emitted along the axis of the cavity to be trapped and
stimulate emission of other photons, which causes a build up of radiation. For radiation to be
resonant with the cavity, it must have nodes in its oscillation at each end of the cavity. As the
stimulated radiation has a defined phase, only constructive interference occurs as the radiation
travels between the cavity mirrors. To satisfy this condition the length of the cavity must be a

whole number of half wavelengths, hence the radiation satisfies the following relationship
—=1L (1.26)

where m is an integer and L is the distance between the mirrors. The frequency separation
between adjacent modes, m and m+1, is called the free spectral range (FSR). In a cavity of
length L, containing a medium of refractive index n, it follows that

FSR=—" (1.27)
2nL

except in the special case of a confocal cavity (see Appendix 1) where the FSR is half of this

value’

. A second useful property of a passive cavity (one that has no gain medium within it)
is the finesse, which depends only on the reflectivity of the mirrors, and gives a measure of the
cavity’s ability to trap photons. The finesse, F, is approximately the free spectral range divided

by the bandwidth, and is given in terms of the reflectivity, R, of the mirrors by**.

_m/R

F =
I1-R

(1.28)

However, in the case of a laser cavity the bandwidth also depends on the frequency dependence
of the gain. Generally, this is a small effect because the gain envelope, the frequency region
over which the lasing medium amplifies, is much wider than the cavity free spectral range.
Once the laser is operating with a high gain, one mode may be selectively amplified more than

all others. Because of the avalanche of photons at that frequency, this mode will become
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dominant; all of the radiation given out by the laser will collapse into this mode. The laser is

then said to be operating in a single (axial) mode.

As well as the longitudinal modes discussed above, the resonator can also support transverse
modes, also know as transverse electromagnetic modes (TEMs). These are resonant
oscillations that propagate slightly off axis, and are distinguished by the label TEM,, where p
and g take integer values indicating the number of intensity nodes across the cavity in two
mutually perpendicular directions. For a laser to have the best coherent properties, all modes
except the TEMg mode should be suppressed, because other modes resonate at slightly
different frequencies due to their longer path length. This can be achieved by spatially filtering
the light within the laser cavity.

1.8 Diode Lasers

Many atomic and molecular systems have been used as the laser medium?®* but in this section
the semiconductor diode laser is considered. Recent interest in these devices is mainly due to
their wide availability and low cost in comparison to most other laser systems (for instance, the
pulsed laser system discussed in Chapters 4 and 5 costs more than an order of magnitude more

than a commercial diode laser system’*).

1.8.1 Semiconductors

The structure and properties of intrinsic semiconductors, for instance silicon and germanium,
can be rationalised in terms of atomic orbitals overlapping to form energy level bands. Unlike
metals, which form high coordination number structures with a continuous band structure,
these semiconductors form tetrahedrally coordinated structures, which leads to a split in the
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band structure’”. This separation of bands occurs with an equal number of states above and

below the band gap.

This main difference between a metallic material and a semiconductor is that the electrical
conductivity of metals decreases with temperature while that of the semiconductor increases.
This difference occurs because in metals, the increased temperature causes lattice vibrations
that displace the atoms from their lattice sites, thus scattering the electrons more’. However in
the semiconductor, the current can only be carried by electrons promoted into the conduction
band and vacancies (holes) in the valence band. Thus, as the temperature increases so does the

number of charge carriers causing the rise in conductivity.
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It is also possible to increase the conductivity of a semiconductor by doping — the introduction
of an impurity into the crystal structure. The material is then described as an extrinsic
semiconductor. For example, if silicon is doped with a small quantity of boron, which has one
less valence electron than silicon, then for each boron atom a hole is formed in the valence
band. An intrinsic material doped with an element with fewer valence electrons is called a p-
type semiconductor because its conductivity depends on the number of positive holes formed in
the valence band. Doping a pure material with an element with more valence electrons
introduces a set of energy levels just below the bottom of the conduction band. As these are
filled or partially filled, they provide charge carriers that are easily promoted into the
conduction band forming an n-type semiconductor. This increases the conductivity due to the

increase in negative charge carriers i.e. electrons.

It is possible to make many devices by combining n-type and p-type materials’®; here only a
single p-n junction is considered. Figure 1.5 shows the energy level diagrams of the junction.
At equilibrium, when no current is flowing (Figure 1.5a), a depletion layer forms at the
junction due to the electrons in the n-type material filling holes in the p-type material. This
depletion layer contains no charge carriers and so if a small potential is applied across the
junction no current will flow. However, as the potential difference is increased, the Fermi
levels are forced further apart, and the conductivity depends on the magnitude and sign of the

voltage difference.

pP

Conduction band

Valence band

(a) (b) (c)

Figure 1.5 Schematic diagram of the energy levels of a junction of n-type and p-type semiconductor
materials, (a) in equilibrium, (b) reverse biased and (c) forward biased.

When a potential difference is applied that holds the Fermi level of the n-type material below
that of the p-type material the junction is said to be reverse biased. At sufficiently large
reverse bias, the diode suddenly starts to conduct; this is described as breakdown. This can
have two causes: Zener breakdown or avalanche breakdown. Zener breakdown occurs in

heavily doped diodes at low voltages and is caused by electrons tunnelling through a potential
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barrier. This barrier is due to the band gap and is the width of the depletion zone. This
tunnelling occurs more easily as the temperature rises as the energy of the electrons increases.
Conversely avalanche breakdown decreases with temperature and is caused when carriers gain
energy from the electric field across the junction and make ionising collisions, forming more
electron-hole pairs. If the process is uncontrolled, it results in an avalanche. Breakdown can
cause damage to the junction by local melting so diodes should generally be operated below
their breakdown voltage. If the applied potential is smaller than the breakdown voltage, the
depletion layer increases in thickness and no current flows through the junction. This situation

is shown in Figure 1.5b.

Alternatively, if the applied potential holds the Fermi level of the n-type material above the
Fermi level of the p-type material, the junction is forward biased, as shown in Figure 1.5¢. In
this case, current can flow through the junction as either electrons injected into the conduction
band of the p-type material fall into the vacancies in the valence band or holes injected into the
valence band of the n-type material accept electrons from the conduction band. The current
voltage characteristic of a p-n junction is given in Figure 1.6. For this junction, the current
voltage relationship is given by’

ev,

I=1 e( f;w]—l (1.29)

where I, is the leakage current of the diode when it is reversed biased but not sufficiently to

cause an uncontrolled breakdown.

Figure 1.6 The current-voltage characteristic for a p-n junction diode. V;and V, are the potentials required
to be applied to the diode to cause significant current to flow by forward and reverse biasing respectively.
I, is the leakage current flowing through the diode while it is reverse biased below V,.
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1.8.2 Diode Laser Operation

Bernard and Duraffourg’’ suggested that the number of electrons occupying any state in the

conduction band, E(k;)), is given by
(1.30)

where F is the conduction band electron ‘quasi Fermi level’. Similarly, it is possible to define
F,, the ‘quasi Fermi’ level for the holes in the valence band. F,. = F, = Fj at equilibrium. If a
direct radiative transition between a state in the valence band, at energy E,(k;), and a state in
the conduction band occurs with a probability W per second then the number of photons

absorbed per unit time, N,, in a radiation field of density p(v) is given by
N, = AWF, (k, X1~ f.(, )o(v) (1.31)

If the probability of stimulated absorption is the same as that of stimulated emission, the

number of photons emitted per unit time by stimulated emission, N,, is
N, = AW (1= £, ()1, (k, Jo®) (132)

where the density of states in the valence and conduction band is included in the probability

coefficient A. For amplification to occur, N, > N, or
f(‘(ijl_fv(ki))>fv(kixl_f(‘(kj» (1'33)

which from equation (1.30) is equivalent to

F.-F, Et(kj)—E‘.(k,)
Jmﬂ>J—7r—] (1.34)
However, since the photons’ energy, hv, is equal to the energy separation of the two states
E,(k;) and E(kj), the condition in equation (1.34) reduces to

F.—F, >hv (1.35)

In this case, a population inversion is not required for amplification, differing from other laser
media due to the continuous distribution of electron levels in a semiconductor compared to the

discrete energy levels in atoms of molecules.

Figure 1.7 shows the forward bias energy level diagram for the laser discussed in Section 1.8.3.

The two quasi Fermi levels are separated by the bias applied to the diode. If radiation with a
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The optical faces of the crystal are polished perpendicular to the junction to form a resonant
cavity. To increase the amplification, the back face of the semiconductor sandwich may be

coated with a reflective coating.

1.8.3 Modern Diode Lasers

As early as 1960 a patent’® describing the ‘semiconductor maser’ (microwave amplification by
stimulated emission of radiation) was filed by Y. Watanabe and J. Nishizawa in Japan. The
specific example discussed was a 4 um tellurium device contained within a microwave

resonant cavity.

Previously in 1907, Round observed electroluminesence when current was passed through a
silicon carbide detector’” (which consists of a p-n junction — see Section 1.8.1). A discussion
of the conditions required to produce stimulated emission from a transition between the
conduction and valence bands is given by Bernard and Duraffourg’’ (see Section 1.8.2), who
proposed, amongst others, III-V compounds such as GaAs and GaSb, formed from an element
in group three and one in group five of the periodic table. Arsenic has a greater
electronegativity than gallium, so the valence band has a larger contribution from arsenic’s
atomic orbitals than those from gallium. The conduction band shows more gallium orbital
character than arsenic orbital character. Shortly after the use of III-V semiconductors had been
suggested, Nasledov et al.% reported that the line width of a GaAs light emitting diode
narrowed slightly at high current densities (1.5 X 10° A cm™), which they attributed to
stimulated emission. Later that year, several groups announced lasing from p-n junctions in

1} ’ 13 4
GaASS] 82,83,8 .

Bond et al.%’

were the first to produce a homostructure laser by cleaving parallel to the crystal
planes of an intrinsic semiconductor. These homostructure injection lasers had very high
threshold current densities at room temperature (> 5 x 10* A cm™) and were usually operated
with a duty cycle of below one thousandth using very short pulses (< 1 ups). Continuous
operation of such a device was not achieved until 1967°® and this was at a temperature of

205 K.

Heterojunction lasers were first produced87 six years after the first homostructure lasers. These
lasers consist of a layer of semiconductor with a relatively narrow band gap sandwiched
between two layers of a wider energy-gap semiconductor, reducing the threshold current

density by about two orders of magnitude.
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where P is the laser power. This linewidth is the result of spontaneous emission in the medium
producing photons with an uncorrelated phase in relation to the photons produced within the
medium by stimulated emission. The instantaneous frequency is the differential of phase with
respect to time and therefore any change of phase of the radiation causes a change in
frequency. The limiting value of Avgr for a diode laser is a few MHz, however the measured
linewidth is invariably found to be an order of magnitude higher’®. This increased linewidth
has been attributed to the change in the intensity of the electric field of the radiation caused by
the spontaneous emission’. The carrier density and hence the gain will fluctuate to restore the
steady state value. The change in the imaginary part of the optical susceptibility, because of
changes in the gain due to carrier density affects, is quantified by Ay; = —(c/2v)AG, where AG is
the change in gain>>. The change in the real part of the optical susceptibility can be related to
laser wavelength shifts using Ay,=(n/A)AA . The complex optical susceptibility of a
semiconductor is given by y = y, +iy;.. This additional broadening modifies the original

Schawlow-Townes linewidth to give
-1
, ThvA V> erbole
Avy, =(1+a2)[T“’”] l—e( o ) =(l+a?)Av, (1.37)

where a is the ratio of the change in the real part of the refractive index to the change in the
imaginary part of the refractive index, due to spontaneous emission events over the same

period of time.

1.8.6 Wavelength Tuning

The wavelength output of a single mode diode laser depends on the material it is made from
and its operating conditions. Up to now, these lasers have only been produced operating at
particular clusters of wavelengths, firstly due to the properties of the semiconductors that have
been used to make them and secondly because research has focused on commercial needs, in

particular the telecommunications and data storage industries.

A specific laser can be wavelength tuned by changing the temperature of the junction. This
affects the physical properties of the material, such as the carrier density, band gap and

refractive index. This results in a change to both the gain curve and transmission curve.

The change in the gain curve can be explained in terms of the semiconductor band structure’,
As the semiconductor’s temperature decreases, like most other solids, it contracts. This lattice

contraction causes better atomic overlap and therefore the band gap decreases. This effect
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alone would cause the wavelength of the radiation that the semiconductor produces to increase
because the energy gap has decreased. However, the decrease in temperature also causes an
increase in the electron confinement and thus an increase in the charge carrier density. This
increase in charge carrier density screens the atomic attractive forces leading to a decrease in
the effective atomic orbital overlap and thus a decrease in the widths of the bands. The second
effect dominates the change in band gap and therefore the band gap increases and the

wavelength decreases as the temperature is decreased.

The changes in the transmission curve, the resonant frequencies of the semiconductor crystal,
can be explained in terms of the change in length of the crystal. The cavity contracts as the
temperature is reduced and the refractive index of the laser cavity also varies because the

optical properties of most materials are temperature dependent””.

Therefore, the laser modes move around in frequency and thus over a small temperature
change, the laser scans smoothly with temperature. However, over a larger temperature change
the gain curve shifts sufficiently far to cause the laser to ‘hop’ into an adjacent cavity mode.
This enables coarse wavelength tuning of the laser but does not lead to continuous wavelength

coverage. An example of these effects is discussed in Chapter 4.

For fine wavelength tuning, it is possible to vary the current flowing through the junction. This
changes both the carrier density and the temperature of the junction by resistive heating. It is
reported that the thermal effect is approximately an order of magnitude smaller than that due to
the current density variation’’. The change in carrier density again changes the refractive index
and band gap and changes both the gain curve of the semiconductor and the transmission curve
of the cavity causing a similar effect to that of temperature (that the laser can be continuously
tuned over small ranges but mode hops if the current is varied significantly). This current
tuning effect is explained by the same mechanisms as discussed in the previous section on the

diode laser linewidths.

It is also possible to tune a diode laser’s wavelength by placing it within an external cavity’®.
This involves interaction of the gain and transmission curve of the semiconductor with the
transmission curve of the external cavity. If the feedback from the external cavity is
sufficiently large then the laser operates on a single external cavity mode rather than its internal
mode. If a wavelength-selecting element, such as a grating, is used as part of the cavity, it is
possible to use this to vary the wavelength. If the geometry of the cavity is carefully chosen

this can enable smooth continuous scanning of the wavelength. The external cavity may also
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reduce the laser’s bandwidth®’ because of the large reduction in free spectral range but only

small changes in cavity reflectivity and gain.
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Chapter 2

The Discharge Systems

2.1 Introduction

In this Chapter, the three discharge systems used in the following Chapters are discussed. Two
of these systems are described in detail, both involving a plasma produced using radio
frequency (r.f.), firstly in a capacitively coupled system and secondly in an inductively coupled
system. The performance of both these systems is compared using a capacitively coupled
planar probe to obtain measurements of the ion currents and electron temperatures. The third,
a standard microwave discharge (EMS 214L), was used in a flowing gas to produce OH
radicals and H atoms (see Chapter 4). The remainder of this Chapter describes the plasma
chambers used for spectroscopic investigations of short lived plasma species such as
electronically excited argon atoms and N," ions. In particular the electrical characteristics of

the chambers are described.

2.2 The Capacitively Coupled Plasma (CCP) System

Capacitively coupled plasma (CCP) systems have been widely used for materials processing;
examples include semiconductor device manufacture and metal surface treatment. The
capacitively coupled plasma system used in this Thesis is an extensively modified commercial
system. The modifications were required because the system was designed entirely for

convenience in processing and not as a research system.

2.2.1 Production of a Capacitively Coupled Discharge

Capacitively driven r.f. discharges are formed between two plates or electrodes; generally one
is driven by the r.f. source and the other is grounded and consists of the rest of the chamber.
The entire system, plasma and electrodes acts as a non-ideal capacitor; that is, it acts as a
charge storage device but, once operating, the charge is carried from one connection to the
other (conduction) and so the dielectric is not perfect. The discharge is initiated by a direct
electric discharge that causes ionisation of species between the electrodes. The species that are

ionised are those with the lowest ionisation potential and are generally contaminants in the
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feedgas such as water molecules'. The free electrons that are formed are then accelerated by
the electric field; if they gain sufficient kinetic energy then in a collision they can ionise other
species that in turn cause further ionisation, resulting in an avalanche process'. A plasma bulk
forms, consisting of an overall electrically neutral system containing neutral species, electrons
and ions. Around this bulk, sheaths form to the negatively charged surroundings as discussed
in Section 1.3.2. The electric field in these sheaths vary with time because of the applied r.f.
voltage. Therefore, electrons are accelerated in different directions and by different amounts at
different points of the r.f. cycle unlike the ions because the much lighter electrons respond
rapidly to the changing potential. The energy lost to the fabric of the chamber is compensated
by that supplied to the bulk by electron stochastic heating (in which the electrons ‘collide’ with
the oscillating electric fields present in the sheath) and ohmic heating (electrons losing energy
to other species by collision) directly in the bulk'. Fast moving electrons produced in the
sheath also maintain the ion number density in the bulk by collisional ionisation. This enables
the discharge to be maintained between the two electrodes effectively shielded from each other

by the plasma bulk.

2.2.2 The Chamber

The modified Plasma Technology RIE 80 chamber is shown schematically in Figure 2.1. It
consists of two aluminium electrodes and a glass cylinder; the upper electrode (electrically
isolated from an aluminium base plate) is connected to ground while the lower electrode is
driven at 13.56 MHz. The 28 cm diameter cylindrical borosilicate glass chamber has been
modified by the addition of three QVF sidearms; diametrically opposite ports allow a
transverse optical path through the discharge. Mounted on the end of these two side arms were
either two quartz windows in anodised aluminium mounts or high reflectivity mirrors, when an
optical cavity was required. The high reflectivity mirrors were attached to gimbal mirror
mounts by a piezoelectric transducer (Lutz Pickelmann HPSt 150/20-15/12). The piezoelectric
transducer allows small (= 100 um) translations of the mirror along the cavity axis. Brewster
angle windows were fitted external to the mirrors to minimise reflection losses. This
arrangement limited the laser interrogation region between the electrodes to a distance of 0 to
50 mm above the lower driven electrode. The third port was used for the insertion of the
planar probe used for the electrical measurements discussed later in this Chapter or to enable

the observation of laser induced fluorescence (see Chapter 5).
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overestimated”. This is because the chamber is behaving like a capacitor and therefore the
current flowing is out of phase with the applied voltage®. To estimate the minimum true power
coupled into the plasma, measurements of the power dissipated into the upper electrode and
base plate cooling water were made. It was found by observing the temperature increase in a
known flow of cooling water that about 30 % of the power was transferred from the power
supply to the water cooling of the fabric of the chamber excluding the lower electrode,

although the exact proportion varied significantly with pressure and feedgas.

2.2.3 The Gas Handling System and Pumping System

The gas handing system comprised of a set of mass flow controllers (ASM AFC260 total flow
100 or 200 sccm (standard cubic centimetres per minute) of N,). Gases were mixed on the low
pressure side of the controllers and fed into the chamber via the ‘showerhead’ in the upper
electrode. The chamber was pumped by a rotary pump/Roots blower combination (Edwards
E2M40 & EH250) via the 50 mm diameter aperture under the driven electrode and a 70 mm
diameter corrugated flexible tube, which was necessary to isolate the chamber and its mounted

optics from the vibrations of the pump.

The chamber pressure was manually controlled by a VAT 70 mm valve on the outlet, and was
measured using a capacitance manometer (MKS 220A, 0 - 1 Torr). The base pressure of the
chamber was lower than 0.5 mTorr, with a leak rate for the system of lower than 1 mTorr/min,
equivalent to less than 0.2% of the total flow in the experiments described in this Thesis. The
precise flow patterns inside the chamber were not determined, but the residence time of species
was estimated to be approximately 350 msec under conditions of 50 mTorr and 42 sccm. The
feed gases used were argon (BOC 99.995 %), nitrogen (BOC 99.998 %) or helium (BOC
99.996 %)

2.2.4 Modifications to Reduce Radiated Noise

Equipment such as personal computers, optical diagnostics and, most critically, diode lasers
were found to be adversely affected by the high frequency noise radiating from the plasma
system. The relative amount of electrical noise radiated by the system was measured using a
length of unshielded cable wrapped around a ferrite ring across the input of a LeCroy 9314 M
digital oscilloscope (300 MHz 100 Msamples/s). The WP02 waveform processing firmware
includes a fast Fourier transform (FFT) routine that was used to convert the recorded time trace

into a frequency spectrum. An example of one of these spectra is shown in Figure 2.2.

44



Chapter 2 ~The Discharge Systems

9 13.56 MHz
250 (fundamental)
200 <
> 150
S
~
2
:"5 100 + 40.68 MHz
> ) (second harmonic)
501 27.12 MHz
. (first harmonic)
0. A |
| M 1 v ) v T M I M 1
0 10 20 30 40 50
Frequency / MHz

Figure 2.2 Noise spectrum of the RIE 80 plasma chamber, recorded using a simple aerial.

To reduce the radiated noise, several modifications were made to the system. Firstly, the
matching network was moved into the Faraday cage containing the base of the chamber, thus
removing the requirement for a transmission cable. Secondly, a further aluminium Faraday
cage was constructed around the chamber with the only apertures being those necessary to
allow optical access and for the input of gas and water. Thirdly, the power return was
separated from the Faraday cage earth at all points apart from the power supply, thus reducing
the current flowing in the cage and cable screen to a minimum. An electrical schematic of the
resulting system is shown in Figure 2.3. Finally, the mains electrical supply to the capacitance
manometer and the r.f. power supply was filtered. The signal line from the capacitance
manometer was also filtered. These modifications were found to reduce the radiated noise at
13.56 MHz and its low harmonics by more than two orders of magnitude, greatly reducing the
effects of the discharge on the surrounding instrumentation. However, some noise effects
could still be observed, for instance on the spectral output of diode lasers operating within the
laboratory. This interference could be further reduced with the use ferrite rings on all signal

and power cables.
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the UKAEA research laboratory in Culham, produced jointly by their beam science and
technology department and Nordiko®. It is of a similar design to the ICP version of the
Gaseous Electronics Conference (GEC) Reference Cell’, except that optical access is available

through the centre of the inductor.

2.3.1 Production of an Inductively Coupled Discharge

The power in an inductively coupled system is transferred into the plasma magnetically, rather
than electrostatically, by using a nonresonant inductive coil'. The coil is separated from the
discharge by a dielectric material (Pyrex glass in the experiments described in this Thesis).
The r.f. applied to the coil causes a time varying magnetic field and electric field to be
produced within the discharge. The electrons in the discharge are induced to move in a way to
oppose this magnetic field (according to Lenz’s law®). A diagram of how an ICP system

functions electrically is given in Figure 2.5.

['f Ip
—_— -
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Vs L, R, V,
o NN | o

Figure 2.5 Equivalent transformer coupled circuit of an inductive discharge. Ip, Vp, Lp and Rp are the
plasma current, potential, inductance and resistance respectively, while I,; and V,, are the applied current
and potential.

The plasma resistance, R,, is inversely proportional' to the plasma conductivity and hence
inversely proportional to the mean free path 4,. This resistance is attributed to the electrons
losing energy in collisions (ohmic or collisonal heating), which also further generates
ionisation, or by a process similar to stochastic heating, in which the electrons ‘collide’ with

the oscillating electric fields present in the sheath produced by the coil'.

If the electron density is too low, the current induced by the electron’s response to the
time-varying magnetic field is insufficient to sustain the discharge. Therefore, to initiate the
discharge, i.e. create the ionisation, the system must initially be capacitively driven; once the
charge reaches a threshold value the system becomes inductively driven, and the power will be

coupled into the plasma more efficiently.
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2.3.2 The Chamber

The main body of the chamber consists of a 275 mm high aluminium vessel with an internal
diameter of 350 mm that was thoroughly cleaned in an ultrasound bath before use. Thirty-two
water cooling channels are contained within the walls of the vessel, along with thirty-two slots
into which sets of four high-flux magnets (VMX 225 HR) in iron keepers have been inserted.
These one hundred and twenty eight magnets provide a field that confines the plasma, reducing
recombination losses at the walls and thus increasing the plasma density and uniformity. This
type of magnetic confinement has been shown to increase the ion density by about a factor of
two in an inductively coupled r.f. argon plasma’. Twelve 15 x 65 mm slots (at three different
heights) faced with ISO-63 vacuum flanges, allow optical access to the plasma. For simple
optical experiments, these were directly fitted with 12 mm thick quartz windows. For cavity
experiments, they were fitted with the aluminium boxes containing high reflectivity mirrors
attached to gimbal mirror mounts. The top of the vessel consists of a water cooled stainless
steel lid containing a 12 mm thick, 240 mm diameter Pyrex window. The lid also has a ring of

small holes around the circumference of the window through which the feed gas flows into the

chamber.

A hollow water cooled aluminium electrode of 200 mm diameter was mounted approximately
190 mm below the window in the lid, on an adjustable pedestal controlled by a stepper motor
allowing it to be translated vertically by up to 36 mm. An r.f. bias may also be applied to this
electrode if required, but for the experiments described here, the potential of this electrode was
allowed to float. Around the electrode pedestal, a stainless steel baffle plate acts as a dark

space shield to minimise the charge density reaching the pumping system.

The stainless steel chamber base supporting the electrode consists of a 280 mm diameter
cylindrical chamber, from which three 78 mm internal diameter 240 mm long tubes connect to
a second stainless steel chamber of diameter 225 mm, onto which the pumping system is
attached via an ISO-63 flange. The space between the three tubes contains the electrode height
adjustment mechanism and stepper motor. This base, also water cooled, is mounted directly
through a hole cut into the optical table. All the water cooled components were maintained at

15 °C using the closed loop water cooling system.

The pressure in the chamber was measured using a capacitance manometer, and was used as

the sensor for a pressure controller, to vary the pressure between 10 and 100 mTorr, with an
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accuracy of 1 mTorr, by operating a butterfly valve mounted directly onto the bottom of the

chamber base.

2.3.3 The Gas Handling System and Pumping System

If the feed gas consisted of a single component gas (argon, nitrogen or helium) then its flow
was controlled by a mass flow controller. If more than one gas was used, a set of mass flow

controllers was required, and the gas was again mixed on the low pressure side of the

controllers.

The chamber was rough pumped through a bypass valve by an Edwards (E2M2) rotary pump,
with the pressure before the pump monitored using a Pirani gauge. After rough pumping, the
bypass valve was closed and the chamber was pumped by a Varian Turbo-V70D
turbomolecular pump. This was fitted with a fine mesh inlet screen and a vibration damper,
designed to reduce the transmission of its intrinsic vibrations onto the optical table. Pressures
below 1 mTorr were measured using a Penning gauge. The base pressure of the system, with
the turbo-rotary combination, was measured to be less than 107 Torr, with a leak rate of less
than 0.06 mTorr/min. This leak rate is equivalent to less than 0.03 % of the total flow in the
experiments described in this Thesis. The residence time of species was estimated to be

approximately 10 s under conditions of 50 mTorr and 10 sccm.

The turbomolecular pump could be isolated from the chamber by an ISO-63
electropneumatically operated gate valve (VAT 1203 PA44). The vacuum pumps and valves
and their respective controllers, the pressure controller and gauges and the r.f. power supply are
automatically sequenced, interlocked and supervised by an in-house designed and constructed

programmable controiler.

2.3.4 The Source

Above the Pyrex window in the lid is seated a double start 1%2 turn planar inductor, constructed
from 6 mm diameter copper tubing, through which cooling water flows to maintain its
temperature at around 15 °C. The external diameter of the coil is 180 mm and the internal
diameter is 120 mm. It is therefore possible to get longitudinal optical access to the plasma
through the centre of the inductor through a 75 mm viewport. The coil water cooling is
necessary as the r.f. current flowing in the coil can be as high as tens of ampss, which causes
significant resistive heating of the coil. By adding a ferrite material around the coil, it is

possible to increase the mutual inductance between the coil and the plasma and so reduce the
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coil losses®. In this case, a set of 16 ferrite half rings spanned the coil with the aim of
enhancing the field inside the plasma chamber, reducing the external field in the viewport and

reducing coil power losses.

The coil and matching network consists of two vacuum spaced variable capacitors (Jennings
UCSL-5S, one in parallel and the other in series with the coil), contained in an aluminium can
to minimise the effects of interference on the plasma diagnostic systems caused by the radiated
power from the plasma source. The matching network is used to minimise the reflected power
by making itself, the plasma and the coil collectively have a real impedance of as close to 50 Q
as possible at the drive frequency. The power for the source was supplied by either an ENI
Power Systems HF300 (capable of delivering up to 400 W) or an Advanced Energy RFX 600
(capable of delivering up to 600 W) power supply.

Preliminary tests showed that the system maintains a stable plasma with a net applied power of
below 5 W (at 10 mTorr), although at higher pressures larger powers were required to strike
the discharge. Again, in an ICP, just like the CCP, the net applied power (the power applied to
the matching network and coil minus the reflected power returning to the power supply,
generally less than 5 % of that applied) will not be completely coupled into the plasmag. Some
of the power is used to heat the cooling water flowing through the inductor and its
environment, some will be lost in the matching network and some will be lost in the cabling.
In an attempt to measure the power that is transferred from the power supply to the plasma,
which is then lost to the surfaces within the chamber by collision of species from within the
plasma, the power that was dissipated into the cooling water was determined. This was
achieved by isolating the water circuits that cooled the lid body, electrode and base of the
chamber. The inlet and outlet temperatures were carefully measured using Pt100 platinum
resistance thermometers and the flow rate was also recorded using a pre-calibrated stainless
steel ball flow meter. The power dissipated into the fabric of the chamber and then into the
water can therefore be calculated from basic thermodynamics]o. Figure 2.6 shows the results
of these measurements; a similar measurement was made of the power dissipated into the water
flowing through the inductor. From the figure, it can be seen that at low powers (below
100 W), about two thirds of the net applied power is dissipated into the fabric of the chamber

and the rest is lost in the inductor.
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To minimise disruption to the plasma, the probe should be placed flush with a surface within
the chamber (an electrode or a wall), thus enabling a direct measurement of the ion flux
incident on that surface. The probe was mounted in three configurations in the ICP chamber

and one in the CCP system.

Initially the probe was positioned in the ICP chamber flush with the wall through one of the
middle row of transverse access slots (position (1)). However, due to the magnetic field
produced by the magnets contained within the walls, the probe only gained a very small
negative bias. Therefore, a second position (2) was tried involving a lengthening of the probe
by 50 mm, while still positioning it in the plasma through the access slot, so as to penetrate the
bulk of the plasma. The final probe position (3) pointing vertically upward adjacent to the
lower electrode. This position is preferable because firstly, in position (2) the probe will
perturb the plasma significantly by its presence in the bulk and secondly, in position (2) it is
hard to verify that the effect of the magnets present in the walls has been completely overcome.
Within the CCP, the probe was positioned through one of the QVF ports so that it was flush
with the chamber walls, with the surface of the probe perpendicular to the electrode surface. In
this case, no magnetic confinement was present so that the flux observed by the probe is the

same as that striking the walls.

The potential of the probe and the guard ring were recorded using a pair of identical
oscilloscope probes with either 10 M impedance or 100 M impedance on a LeCroy digital
oscilloscope allowing acquisition of the traces with 11 bit resolution. A diagram of the layout
of the measurement circuit is given in Figure 2.8a. The equivalent electrical circuit after the
r.f. burst is shown in Figure 2.8b. The parasitic capacitances C,; and C,; are present because
of the connecting cables, but were minimised by keeping these cables as short as possible. A
pair of similar parasitic capacitances are present in the guard ring circuit but are neglected from

the diagram because they do not affect the probe measurements.
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It was necessary, when taking measurements with low ion fluxes, to account for the leakage
current through the probe, especially when using the pair of 10 MQ impedance probes, as it
was found to be comparable to the ion current observed. This effect was accounted for simply
by correcting the time dependent current observed by adding V(t)/(10 MQ) to it. When using
the 100 MQ probes, the effect is clearly reduced by a factor of 10 and therefore the correction
was less important, however it was applied to minimise systematic errors introduced into the

measurements.

The r.f. power to bias the probe was provided by a pulsed 13.56 MHz source separate to that
maintaining the plasma. An in-house 20 A, 13.8 V power supply was used to power the r.f.
source. The high power was required to maximise the negative bias acquired by the probe
during the r.f. burst and thus give a long saturation curve (see Section 2.4.2), increasing the
accuracy of the ion flux measurement. The pulsed r.f. source was used to bias both the probe
and the guard ring through separate variable capacitors and then switched off and the resulting
decay trace observed. The guard ring capacitance C, was varied until the discharge rate was
equal to that of the probe. An exact superposition of the two curves of V against ¢ indicates
correct tuning. This results in the plasma not being able to distinguish between the probe and
guard ring and therefore, for sheath depths less than the difference in radius of the probe and
guard ring, edge effects are eliminated. The geometry is therefore two dimensional and fluxes
measured at the planar probe should equal those at the interface of the plasma presheath and
sheath. For the plasmas discussed in this Thesis, the dominant ions are singly charged, and

therefore the mean ion charge is taken to be e.

2.4.2 Theory

The current flowing to the probe can be obtained directly from the gradient of the recorded

trace of the time dependence of the potential by

dv.
1(t)=C, P 2.1)

where C, is the capacitance of the discharging capacitor attached to the probe. If the negative
bias acquired by the probe is sufficiently large, the only contribution to the current observed
will be due to the positively charged ions present in the discharge; all but the very high energy
electrons will be repelled and therefore deflected from the probe. The current flowing into the
probe is thus constant (due only to the positive ion flux as the electron current is negligibie)

and at a maximum. This is called the saturation current Iy and can be obtained from the
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asymptote of a plot of current versus potential at large negative potential. The corresponding
ion flux incident at the surface of the probe can be found from the area of the probe and the

saturation current.

Flux  , = I—;; (2.2)
e

probe

The flux at the probe can be assumed to be the flux at the plasma-sheath interface using the
assumption that all ions that enter the sheath above the probe will be accelerated to it by the
electric field existing as a result of the potential difference between the bulk and the probe.
The flux will be equal to the product of the ion density and the velocity of the ions in the
direction of the probe, vy,, at the interface of the sheath and plasma. A minimum for this

velocity can be obtained from the Bohm sheath criterion'*.

T,
>y, = (2.3)
m.

i

Vo:
This velocity, vg (the Bohm velocity'?), is the minimum velocity required for an ion to enter the
sheath. This is because the sheath has a higher positive ion density than electron density owing
to a positive space charge shielding of the electrically neutral plasma from the wall. All ions
with a velocity greater than the Bohm velocity will be accepted into the sheath. The region
adjacent to the sheath is called the presheath. The field in the presheath is determined by the
electrons and therefore their temperature determines the ion velocity. By equating the kinetic
energy attained by the ion across the presheath (Vam;vg®) with the potential energy drop across
the presheath (eV);) it is possible to obtain the result that the energy gained per ion across the
presheath is kT,/2. Therefore, to obtain the ion density in the bulk, n;, it is necessary to apply

the Boltzmann relation across the presheath’

eV,

AT, (2.4)

n =nc

A !

where n, is the ion density at the sheath-presheath interface. This expression, with eV, =

kT./2, gives n; = 1.65n;.

The maximum ion density, Ry, can be obtained from the ion flux by assuming that all the
ions that enter the sheath are travelling at the Bohm velocity of ions at the presheath-sheath

interface.
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1.65Flux
N S Mgy = (2.5)

Vg

To obtain a value of the Bohm velocity it is necessary to evaluate the electron temperature of
the discharge, which can be obtained from the probe current voltage characteristic. The shape
of this can be explained as follows. Only the ion saturation current flows until the potential
becomes high enough that the electrons in the high energy tail of the distribution have
sufficient energy to reach the probe, reducing the observed rate of discharge of the capacitor,
Cx. This reduction of discharge rate increases until eventually the floating potential of the
probe is reached, at which point the positive ion current is exactly matched by the electron and

negative ion current.

The current due to the electrons can be obtained assuming a Maxwellian electron distribution at
a temperature T,. The total current variation with time is then given by the difference of the
ion current, Ip, and the electron current'’.

I(t)=1, 1~ e[e(v%vo)]

(2.6)

where Vj is the steady floating potential and V is the potential of the probe surface. The

current-voltage characteristics were fitted to this expression to obtain the parameters Iy and 7.

The reproducibility of the method was investigated'*. Twenty measurements were made, over
a short time, at a power of 100 W and at a pressure of 10 mTorr in the ICP chamber, and were
found to give a standard deviation of less than 1 % in the saturation current and less than 2 %
in the electron temperature. The reproducibility of these results is unusually high; errors >

20 % in plasma physics are not uncommon".

This procedure of measurement of the electron temperature effectively involves fitting to the
high energy tail of the distribution and then extrapolating the entire distribution from this tail.
This is because even though the floating potential of the probe is still below the plasma
potential only the highest energy electrons have sufficient energy to cross the sheath. To
measure the entire electron energy distribution, a Langmuir probe could be used but with the

disadvantages over the planar probe as discussed in Section 1.5.1.

An example of the raw data trace of probe potential (and guard ring potential) against time is
given in Figure 2.9a. This clearly shows the initial straight line (in the saturation region) as the

potential rises linearly with time and then the plot curves asymptotically to the floating
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chamber by collisions and that lost by energetically excited (mainly neutral) species leaving the
discharge through the flow outlet, ¢, per ion lost to the wall. Therefore, the power lost can be
found from the product of the particle flux with the surface, the total surface area available for
particle loss and the energy lost per particle'. The mean kinetic energy lost per electron is
found to be 2kT, for Maxwellian electrons. The mean kinetic energy lost directly via collisions
with the fabric of the chamber per ion, ¢;, depends largely on the sheath potential due to the
acceleration of the ions by the corresponding electric field. The plasma is electrically neutral
overall, hence the number of electrons lost is equal to the number of ions. Therefore, the mean
energy lost per charged particle pair is the sum of the mean energy lost per ion and per
electron. The mean energy lost by neutrals can be directly related to that lost via charged
species because the energy stored by the neutral species in the plasma is initially obtained by
recombination of ions and electrons or collisonal excitation by these charged species. Thus,
the mean energy lost by the neutral species can be directly related to the mean energy lost by
the ions or electrons from which they were formed. This can therefore be expressed as an
energy loss per ion lost to fabric of the chamber. From this it is possible to write an expression

for the total mean energy lost per ion, er.
E; =€, +2kT, + &, 2.7

Thus the energy lost per unit time can be found from the product of er, the total surface area of
the chamber, Ay,,, and the ion flux (the product of the Bohm velocity and ion number density at
the sheath edge). This power loss is equal to the power absorbed by the plasma in a steady

state of operation, P, given by
P, =0.61n,v,A €, (2.8)

Therefore, in agreement with that observed in Figure 2.10, the ion density is predicted to
increase with increasing power absorbed by the plasma providing that the Bohm velocity and
total mean energy lost per ion do not change significantly. Both properties are weakly
dependent on the electron temperature, which is observed to change only slightly during these

experiments.

The flux in the argon plasma is greater than that observed in either the nitrogen or helium
plasma. A significantly greater flux in an argon discharge than the nitrogen discharge was
previously observed'® in a GEC reactor’. This is due to the lower electron densities observed
in nitrogen plasmas compared to those measured in argon plasmas'®. The lower flux in the

helium plasma than the argon plasma can be explained by its significantly larger ionisation
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potential (IPy. = 24.6 eV and IP4, = 15.8 eV)'” and therefore the energy lost by the plasma for

each ion electron pair removed is greater in helium than in argon and thus a lower plasma

density will result.

The figure clearly shows that the flux decreases with increasing pressure. This can be
explained because the mean free path of the electrons decreases as the pressure increases,
resulting in a reduction of the electron temperature and therefore a decrease in the flux due to a
lower ionisation rate. This effect was observed previously by an optical method (LIF) under

the same conditions in a nitrogen plasma produced in this system'®.

In all three plasmas the electron temperature was found to be between 16 000 K and 39 000 K
(corresponding to energies of 1.4 to 3 eV respectively). As mentioned previously electron
temperature measurements are much more susceptible to errors than flux measurements.
Within the expected errors of the measurements the electron temperature was found to be
independent of power. An increase in pressure of 100 mTorr decreased the mean value of the
temperature by approximately 10 % (a value well within the expected experimental error).
Similar effects were certainly observed in the ICP system (see Section 2.4.4). To understand
these electron temperature dependencies, charged particle conservation must be considered; in
the steady state plasma the rate of production of ions must be equal to the rate of ion loss. The
rate of production of ions in the entire plasma volume, V can be written as a the rate at which
the ion electron pairs are created (almost exclusively) by an energetic electron colliding with a

neutral gas molecule.

Production rate = k, (Te )n A% (2.9)

Here n, is the neutral gas number density (proportional to the pressure), n. is the electron
number density and k;(T,) is the electron temperature dependent rate constant. This is equal to
the loss rate, the product of the flux of ions entering the sheath, 0.61n,vp, and the total surface

area for particle loss, A, i.e.,
0'61v8niA = ki (Te )ng neV (210)

However, because the plasma is electrically neutral, the number of ions in these electropositive

plasmas must be equal to the number of electrons (n; = n,), thus this expression reduces to

k(T) 1

€

0.6lv, n,d,

(2.11)
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where dg is the effective plasma size (V/A). Equation (2.11) implies that T, is independent of
the plasma density and therefore the input power as observed. The rate constant k;(T,) can be
approximated by an Arrhenius relationship over a small temperature range with an activation

energy corresponding to the ionisation potential of the neutral species.

k(T.)=k, e{klg] (2.12)

Thus for a particular feedgas, the Bohm velocity and the ionisation rate constant depend only
on the electron temperature. Also, as the temperature dependence of the ionisation rate
constant from equation (2.12) is stronger than the square root dependence of the Bohm
velocity, the ratio vglk(T,) depends on the pressure (ng) in the discharge, the electron

temperature is predicted to fall as the pressure is increased as observed.

The electron temperature is expected to be different for different feedgases due to different
ionisation potentials and electron energy dependent collision cross sections. Because of the
substantial variations in the electron temperature measurements it is unfortunately impossible

to make sensible comparisons of the three plasmas.

2.4.4 Ion Flux Measurements in the ICP System

d]4’]9, and are

Measurements on a nitrogen plasma in this system have been previously recorde
reproduced together with new results on argon and helium plasmas, for comparison with other

plasmas in this system and measurements made in the CCP chamber.

The initial measurements were made with the probe in position (1) (flush with the wall). In
this position the probe gained insufficient negative bias to allow measurements to be made,

implying the charge loss rate to the walls is small.

Lengthening the probe into the bulk of the plasma, position (2), allowed measurements to be
taken at the expense of perturbations to the discharge. These measurements'® show the same
trends in the ion flux and electron temperature with plasma parameters in a nitrogen plasma as
the measurements'® made at position (3). However, the ion flux was found to be about an
order of magnitude lower at position (3) than position (2) and the electron temperature was
found to be about a factor of two lower. The difference in ion flux can be explained in terms of
the probe position relative to the source; in position (2) it is much closer to region of plasma
generation (closer to the coil), and therefore the charged species in the plasma have less time to

recombine before arriving at the presheath-sheath interface of the probe than those impinging
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The above table gives the average electron energies (above an applied power of 100 W), along
with standard deviations of the measurements, at the two different pressures for the three
different plasmas. As previously mentioned, the percentage error in the measured values of
electron temperature are greater than those of the ion flux. Again within the measurement
errors the electron temperature appears almost invariant with power. In the nitrogen plasma an
increase in the electron energy (from about 1.3 eV to about 2 eV) is observed at the same
power (= 75 W) where the gradient discontinuity in the flux curve is observed. Equation (2.12)
implies that the electron temperature should be invariant with power, and therefore certainly
does not explain the limited power dependence of the electron temperature. This change in
electron temperature with power can, however, be again explained by the transition from
purely capacitive behaviour discussed above, causing an increase in the electron heating

efficiency and thus an increase in the electron temperature.

In this case T, is certainly found to fall with increasing pressure, which can be explained by the

change in pressure reducing the ratio of the ionisation rate constant to the Bohm velocity.

The three different plasmas were found to have different electron temperatures at different
pressures which is due to their different ionisation potentials and electron energy dependent
collision cross sections. Again because of the large standard deviations found for the

measurements it is impossible to make sensible comparisons of the three plasmas.

2.4.5 Ion Densities

From the measurements of Iy and T, in both chambers, and using equations (2.3) and (2.5), it is
possible to make an estimate of the ion density in the chambers. From these estimates it is

possible to directly compare the two chambers.

Measurements in the two chambers at identical powers and pressures are hard to obtain
because the CCP system does not operate stably below 200 mTorr and the ICP pressure control
system does not work above 100 mTorr. Also, above 50 mTorr in the ICP no obvious
capacitive-inductive transition was observed. Despite these difficulties, measurements were
made in nitrogen plasmas at 100 mTorr and 250 W in both chambers. The maximum ion
density in the CCP system is estimated to be 2 X 10° cm’ kT, = 1.5eV and Iy = 2.2 X 10'8
ions cm'3s") while that for the ICP system is 4 X 10® cm™ kT, =15eV and Iy = 5.7 X 10"
ions cm>s™). Thus the plasma density is observed to be higher in the CCP system. This can be

explained in terms of the power dissipated into the discharge per unit volume; the capacitive
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discharge is about '/s the volume of the inductive discharge hence the power density per unit
volume in the ICP is lower than that in the CCP. Also the ion density has been measured to
fall with increasing pressure]8 and at 100 mTorr the CCP system is operating efficiently,
however 100 mTorr is a high pressure for an inductively coupled discharge. The plasma
density measured in the CCP is an order of magnitude lower than the density measured (= 2 x
10" cm™) by an optical method (LIF)'8 (see Chapter 5) in the same system under identical
conditions. The discrepancy between these measurements may be partially due to the error in
the measurements of the electron temperature but is the most probably due to inhomogeneity in
the discharge. The LIF optical method recorded the plasma density in the centre of the bulk of
the discharge rather than at the edge, which is where the electrical method observes the density.
The plasma density has previously been observed to vary marked]yzo with position in the
discharge and it is therefore unsurprising that the density observed by the two methods is
significantly different. A set of planar probes on the upper electrode of the CCP system and
lower electrode of the ICP system, which would allow spatially resolved measurements across

their diameters to be made, is being devised.

2.5 Conclusions

The i1on flux in both the ICP and CCP were measured for a variety of plasma conditions. It is
found that the flux was generally larger in the ICP system but as this operates at lower
pressures higher fluxes are expected. The electron temperature was also recorded in both
systems, but due to large variations in its measured value it is difficult to deduce which system
shows the higher temperature. The ion density was calculated for both systems under
comparable conditions and it was found that the ionisation ratio was greatest in the CCP due to
its larger applied power density. The transition between an inductively produced and
capacitively produced discharge was observed in the ICP system, however attempts to observe

a hysteresis effect were unsuccessful.
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Chapter 3

Frequency Modulation Spectroscopy of Atomic Argon

3.1 Introduction

In Chapter 1, several optical plasma diagnostics were discussed. However, until now,
frequency modulation spectroscopy (FMS), a technique that has been widely used in many
fields', has not been used to study low temperature plasmas. In this Chapter, one tone FMS is
discussed as a novel plasma diagnostic. To assess its usefulness, it is compared to absorption

spectroscopy and a low frequency laser modulation technique.

Argon atoms were chosen as the target species because the absorption cross sections are
relatively large in the wavelength range of readily available diode lasers, and the
concentrations of the excited states produced in the plasma chambers discussed in Chapter 2
were expected to be sufficiently large to allow detection. In addition, unlike some other
species (for example iodine molecules), the absorption line profiles are symmetric and
uncongested under these conditions. Furthermore, measurements of argon atoms are useful

because of the wide variety of applications for which these atoms are used.

Argon is used as a dilutant gas in semiconductor wafer processing and welding, it has also been
used as an inert buffer gas for kinetic studies®. Although argon atoms in their ground state are
very unreactive, once electronically excited, for example by an electric discharge, argon atoms
can become chemically reactive, and the kinetics of reactions of excited argon atoms have been
studied. For example, the rate constants of the reaction of argon atoms (3P2 and 3Po) with F,,
Cl,, CCl,, PCl; and SOCI, have been measured’ by the observation of ArCl* and ArF*

excimers.

The excited states of argon can both give and receive energy. Studies of the relaxation of many
molecules have been carried out with excited argon atoms as the energy acceptor, for instance,
in the vibrational relaxation of N,*. Conversely, the energy transfer from Ar* to ground state

N, also plays an important role in the electron beam Ar-N; laser mechanism’.

The excitation of other species by Ar atoms has also been widely studied including energy

transfer from metastable Ar atoms to metal halides, causing the halide to dissociate®. The
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quenching rates of the argon metastable atoms, with SFs Cl,, BCl3 and N,, in radio-frequency
glow discharges, similar to those described in Chapter 2, have also been measured’. The
energy transfer process occurring between ground state hydrogen atoms and metastable argon
atoms has also been investigated and the results compared with those obtained from the

calculated potential curves for the reaction®.

The measurement of the translational temperature of argon metastables in a plasma has enabled
indirect measurements of the temperature of heavy particlesg. This is possible because the
metastable levels live for several seconds, considerably longer than it takes for many collisions
to occur in the discharge, thus these argon atoms are in thermal equilibrium with their

surroundings.

Summarising, it can be seen that there are many uses for measurements on excited Ar atoms.
A simple method that enables measurement of their concentration and temperature, in plasmas

and other environments, is therefore exceptionally useful.

3.2 Previous Studies of Argon Plasmas

In 1980, a research note'® was published containing an investigation of various light sources
for measurements of absorption of radiation at 811.5 nm by metastable argon atoms in an
inductively coupled plasma (ICP). The sources considered were all incoherent; an argon-
sealed mercury electrodeless discharge lamp (EDL), a xenon arc lamp (XAL, a continuum
source) and an atmospheric pressure argon microwave-induced plasma (MIP). This
investigation was completed in a similar manner to the low frequency modulation
measurements made in this Chapter. Both the measurements with the EDL and the XAL
failed. In the former case, this was due to the emission from the ICP overwhelming the
emission from the lamp. The XAL measurements were unsuccessful because the
monochromator had insufficient resolution to allow isolation of the atomic line of interest.
Although in this publication the relative number density of the metastable level was measured
as a function of plasma parameters and even plasma composition, no absolute number density

was obtained.

Absorption measurements to obtain absolute number densities of excited argon levels have
been completed in various types of plasmas. Measurements on sputtering plasmas were
reported in 1979'! and the following year similar measurements were made in a wall-confined

arc plasmalz. In 1985, Moussouda ez al.'? published work containing measurements of
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metastable number densities in a microwave plasma and the next year, Hart ez al.’* measured
the concentrations of the four levels associated with the (1s22s22p63s2)3ps4sI electronic
configuration for the first time in an ICP. In this study, using a Xenon arc lamp as the light
source, the concentration measurements were made with and without the presence of water and
nebulizing gas. The metastable number densities were found to be between 2.3 x 10'° and 7.4

x 10" em?, depending on the ICP conditions.

The first diode laser (line-of-sight) absorption measurements of Ar* were reported in 1991".
These were carried out by current tuning a free running diode laser over two excited argon
atom transitions, and although absolute concentrations of the excited argon atoms were not
reported, the translational temperatures of the argon atoms were calculated despite observing in
excess of 30 % absorption. This method of diode laser line-of-sight absorption has been
subsequently used for many measurements. Jonkers et al. !5 measured the radial dependence of
the absolute number density and temperature of argon Ar* in an inductively coupled argon—
mercury plasma in a Philips QL ‘light bulb’ at different pressures. The concentration was
found from the fractional absorption at the peak of the line and the temperature determined
from the line shape. Similar sets of measurements have been conducted in a low-density argon
plasma produced from DC hot filament discharges within a 40 1 vessel'’. In the same year, the
Ar metastable translational temperature was measured to be about 600 K in an ICP'®, while
simultaneously the argon ion velocity distribution was recorded by Doppler resolved LIF. In
1999, a much more extreme plasma, the argon arcjet, was also studied by this technique'’
yielding simultaneous velocity and temperature measurements of the plume. This enabled the
total enthalpy, thrust efficiency and thermal efficiency of the arcjet, similar to those used as
positioners on spacecraft, to be determined. Concurrently, measurements of the spatial
distributions of metastable argon atoms were made in a Gaseous Electronics Conference (GEC)
reference cell’®. The number density was found to be approximately 10" cm™ and found to

vary significantly across the diameter of the chamber.

From the Doppler widths of the absorption transitions, observed using a diode laser, argon
metastable temperatures have been measured in a 100 MHz argon ICP® working at atmospheric
pressure. As mentioned in Section 3.1, spatial variations of heavy particle temperatures were

deduced from these measurements.
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3.3 Spectroscopy of Argon Atoms

The ground state electronic configuration of Ar is 1s22s22p63s23p6. The first excited states
arise from the excitation of an electron from a 3p to a 4s, 4p, 3d, 5s or 5p orbital. The energy
level diagram is given in Figure 3.1. In this Chapter, one of the ‘red line’ transitions between
the first, ls22s22p63523p5 4s', and the second, ls22s22p63s23p54p], excited configurations is used
to detect argon atoms in the plasmas. The following sections discuss the terminology required

to identify the transition that has been used.
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Figure 3.1 A partial energy level diagram for argon.

3.3.1 Atomic Spectroscopy

In many electron atoms, the electrons occupy orbitals similar to those in hydrogen. Unlike
hydrogen however, the Schrodinger equation cannot be solved exactly due to electron-electron
interactions and so the energy levels and the wavefunctions cannot be obtained exactly. To
understand the spectra of many electron atoms, an approximation needs to be made — one
possibility is the orbital approximation. This states that the total wavefunction for the atom can
be written as the product of single electron wavefunctions, which can be hydrogen like orbitals.
These hydrogenic single electron orbitals are described by the same set of four quantum

numbers n, [, m; and m; that are used in the hydrogen atom.

n is the principal quantum number and gives the number of the shell that the electronis in. Ina
hydrogen atom, it is directly related to the mean distance of the electron from the nucleus and

therefore the energy of the electron.
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I, the azimuthal quantum number, is directly related to the amount of orbital angular
momentum, | 1 | = [I(I+1)]*A, the electron possesses in that orbital. In hydrogen atoms, the
orbitals with the same value of n but different values of / have the same energy. However, in
multi-electron atoms, this degeneracy is removed; the lower the value of I, the lower the

energy. [ and n together define the radial distribution of the wavefunction and the number of

radial nodes (where the wavefunction changes sign) is equal ton — [ — 1.

m; is the magnetic quantum number that characterises the angular distribution of the
wavefunction. For each value of [ there are 2/ + 1 independent wavefunctions, with quantum
numbers m; = =I, [ +1, ... , | =1, I. These define the orientation of the wavefunction with

respect to an arbitrary z-axis within the atom.

mys, the electron spin quantum number, quantifies the amount of intrinsic angular momentum

the electron possesses and is given by m; = + V2.

The Pauli exclusion principle states that no two electrons in an atom can have the same set of
four quantum numbers and together with the Aufbau Principle is used to generate the electronic
configurations of atoms. The orbital approximation gives approximate orbitals for the
electrons in many electron atoms, but the electrons couple to each other. For light atoms, H,
He and those in the first full row of the periodic table, the Russell-Saunders coupling

approximation works well. This is discussed below.

3.3.2 Russell-Saunders Coupling Notation

For light atoms there is only a weak interaction between the spin and orbital angular momenta
and an LS coupling scheme is used (i.e. electrostatic coupling dominates magnetic spin orbit
coupling). In this scheme, the orbital angular momentum of each of the electrons, [, is summed
to give a total orbital angular momentum L. Similarly, the total spin angular momentum, S, is
also found by summing the individual spin angular momentum, m;, of all the electrons. L is
then coupled with S to give the total angular momentum, J, of the level. The energy level of
the atom can then be described by a term symbol, ZS+]LJ, where the 2S+1 term is called the
multiplicity. The value of the total orbital angular momentum, L, is expressed as a letter: 0=S,
1=P, 2=D, 3=F... . For example, the ground state energy level of Ar can be expressed as 'So.
The LS coupling term symbols are included in the energy level diagram given in Figure 3.2.
However, because in Ar the spin orbit coupling interaction is strong, it is considered a heavy

atom and the LS coupling scheme is not a good approximation and hence its nomenclature is
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not a good description of the system. Therefore, other notation has been introduced to specify

the levels.

3.3.3 Paschen Notation

Paschen used a semi-empirical convention that has been widely used in the literature for rare
gas electronic states where only one electron is excited”'. The notation takes the form of (n-
3)l;, where n is the principal quantum number of the orbital which contains the single excited
electron and the azimuthal quantum number of this orbital, [, is represented by the letter (i.e. s,
p, d, ...), corresponding to its type. i is an arbitrary label specific to the level within a
particular orbital configuration, and by convention is numbered as an increasing integer from

the highest energy level down to the lowest.

3.3.4 Racah Notation

Racah proposed a jI notation based on the jj coupling scheme. The jj coupling scheme is used
when the spin-orbit interaction is significant compared to electrostatic effects such as electron-
electron repulsion and therefore the Russell-Saunders quantum numbers are not good for
describing the energy levels. In the jj scheme, each unpaired electron spin angular momentum
is coupled directly by spin-orbit coupling to its own orbital angular momentum to produce a
total angular momentum, j. The total angular momentum of each of the unpaired electrons is
then coupled together to get the total angular momentum quantum number of the atom, J. For
two unpaired electrons J takes the values j; + jo, ji + j2-1, ... ,| ji— j2 |, where j; and j are
the total angular momenta of the unpaired electrons 1 and 2 respectively. The energy levels are
then labelled by (ji, j2);. In Ar*, with a single excited electron, the excited atom is considered
as a Rydberg system; a parent ion (the nucleus and core electrons) and an excited electron,
because the excited orbitals are at a significantly higher energy than the orbitals occupied in the
ground state. The strongest interaction is that of the spin-orbit coupling of the unpaired
electron in the core, described by a quantum number j..r. The next strongest interaction is the
electrostatic interaction between the Rydberg electron and the core, which is stronger than the
spin-orbit coupling interaction of the Rydberg electron. Once the parent ion has been assigned
a total quantum number, j..r, this can be coupled with the orbital angular momentum of the
excited electron, ., to give a resultant energy level denoted by the quantum number K, hence
the description as jI coupling. K is then coupled to the spin of the excited electron to give a

total atomic angular momentum quantum number J. The Racah notation of an energy level is
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calculated the absorption cross section at the line centre for this transition to be

1.77 x 10""> cm” from the transition probabilities of Borge and Campos™.

3.3.7 Absorption Linewidths

The temperature of an atomic species can be obtained from its absorption profile (see Section
3.2). This is possible because the absorption line of an atom or molecule is not infinitely
narrow but is broadened by several effects, including Doppler and lifetime broadening

mechanisms.

Doppler broadening occurs due to a shift of the transition frequency if the species, of mass m,
is moving towards or away from the radiation source. For thermal motion, this results in a
Gaussian line profile. The full width at half maximum (FWHM) of a line broadened only by
the Doppler effect is given by**

Av=— —In2
c | m

%
_ 2v, ( 2kT ] 3.1)
where vy is the line centre frequency. For the atomic transition observed in this Chapter the

Doppler width has a value of 723 MHz at room temperature.

Lifetime broadening occurs because it is impossible to specify the energy levels exactly for a
system that is changing with time due to the Heisenberg uncertainly principle and gives a
Lorentzian profile, with a FWHM that can be calculated from equation (3.2)%.

Ayl (3.2)
T

If the lifetime, 7, of the state is only controlled by its radiative lifetime, then Av is called the
natural linewidth of the transition. For the 4p[3/2]1 and 4s[3/2]1 states in argon, studied in this
Chapter, the radiative lifetimes are 29 ns and 10 ns respective]y25 . The lifetime of the lower
4plh]; level is very short considering that within the Russell-Saunders coupling scheme this
transition ('Sy < 3P,) is forbidden. The lifetimes of the other J levels, *Pq (4s['/2]o) and °P,
(4s[*/],), are 50 s and 60 s respectively, showing that the selection rules for J (AJ = 0, £1 but
not J = 0 « J = 0) are still valid. This is because the system must conserve angular
momentum, and when a photon (always possessing one unit of angular momentum) is
absorbed or emitted the atom’s angular momentum must change by a quantum of angular
momentum (if J = 0). The linewidth of the 4p[3/2]1 «— 4s[*/,], transition is dominated by the
shorter lived 4s [*/,], level’s radiative lifetime, which gives a FWHM line width of 100 MHz.
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This is almost an order of magnitude less than the Doppler line width and thus can be

neglected.

A second lifetime broadening mechanism, collisional broadening, can occur in which
collisional deactivation decreases the actual lifetime of the species in the excited state. This
also gives rise to a Lorentzian profile with a FWHM also given by equation (3.2) where 7 is the
average time between collisions. This collisional lifetime depends on pressure and assuming

simple collision theory26, is given by

1 4po

. = T (3.3)

where o is the collision cross section (0.36 nm? for argon26) and p is the pressure. This gives a

collisional broadening of about 6.5 MHz/Torr at 300K. In the plasmas investigated in this
Chapter, the maximum pressure used was 1 Torr, giving a theoretical maximum collisional
broadening of 6.5 MHz. This is two orders of magnitude lower than the Doppler broadening

and can therefore also be neglected.

Thus, the line profiles of the argon absorption are expected to be fitted well by a Gaussian

function with a FWHM defined by equation (3.1).

3.4 Frequency Modulation Spectroscopy

Frequency modulation spectroscopy (FMS) was introduced into the analytical scientists’ tool
kit in 1979 by Bjorklund®’. 1In his letter, he described how a continuous wave dye laser,
externally modulated at 925 MHz, could be used to detect the absorption of a Fabry-Perot
resonator. External modulation introduces side bands on the spectral output of the laser,
separated from the fundamental frequency by the modulation frequency, and are used to detect
the absorption feature. The high sensitivity of this technique is due to the narrow bandwidth
detection systems and the encoding of the absorption signal at the modulation frequency,
where the laser and mechanical noise is lower compared to lower frequencieszg. Silver®®
discussed many experimental methods in 1992 and concluded that the minimum detectable

absorbance is about 10 with a 1 Hz detection bandwidth.

In Bjorklund’s conclusion, he discusses the use of this technique not just to measure weak
absorption features but also time-varying absorptions in the nanosecond regime. Since the
introduction of FMS, it has been applied to many diverse situations including measurements on

transient species, for example TiS and PtC”®.

77



Chapter 3 — Frequency Modulation Spectroscopy of Argon Atoms

Until now, FMS has not been used as a plasma diagnostic, although it has been used to
measure the line positions of Na, NaH and Ar (5p—4s) transitions between 340 and 440 nm.
These were produced in a specialist laser-guided plasma, which consists of a low frequency
(310 Hz) discharge between two copper cylindrical electrodes in a heat pipe oven (at = 680 K)

guided by a continuous wave dye laser and probed by a second continuous wave dye laser.

3.4.1 The Theory of Frequency Modulation Spectroscopy

Frequency modulation spectroscopy involves the generation of two sidebands at wo* @,
where w,, is the modulation frequency, either side of the fundamental laser frequency, wo.
Typically, this is achieved with an external electro-optic phase modulator, enabling many types
of continuous wave laser to be modulated. For instance, the first reported FMS study was
completed using a ring dye laser’’. However, as discussed in Chapter 1, it is possible to tune
the frequency of a diode laser by varying the current flowing through the junction, and hence it
is possible to produce modulated radiation by directly modulating the laser’s injection current.
A typical intensity spectrum of the current modulated laser diode used in this study, is shown

in Figure 3.3.

1.0

0.8

o
=)
1

0.4

Nomnalised Intensity

0.2

0.0 S—
-1500 -1000

“y

T T v T v L M 1
-500 0 500 1000 1500
Detuning Frequency, AQ/MHz

Figure 3.3 Frequency spectrum of a diode laser modulated at 350 MHz.

When the intensity of the laser beam (proportional to E(?)-E()***, the square modulus of its
field strength) is time independent, the optical field, E(#), produced by a laser subject to pure

FM, can be expressed as

E@) = Eo(—-’g—e““’°“""')'+e’“’°’+gei(“’°+w”)') (3.4)

78



Chapter 3 — Frequency Modulation Spectroscopy of Argon Atoms

where Ej is the electric field amplitude and g is the modulation index and is less than or
approximately equal to unity. The modulation index is a measure of the depth of modulation,
and can be estimated from the spectral output of the laser because the ratio of intensity in one

of the sidebands to the carrier frequency is */4 from equation (3.4).

When the optical field, given by equation (3.4), is passed through an absorbing medium of
length L, refractive index n(w), and intensity absorption coefficient a(w), each component of
the field may experience different amplitude attenuation, due to the frequency dependent
absorption, and different phase shifts, because of the frequency dependent refractive index of
the medium. It is convenient to define this attenuation, utilising the Beer-Lambert Law, to be
dons = aoniL/2 and the phase shift to be ¢ = noLwo/c, g) = npl{wo + wm)/c and ¢; = nil(wo —
wm)/c for the individual components (the subscripts A, | and 0 denote the higher frequency
sideband, lower frequency side band and fundamental laser frequency, wo, respectively). From

these it is possible to define the amplitude attenuation of each component to be
TO.h.l — e(‘5o.h./—i¢o,h.t) (35)

Thus, once the field has passed through the absorbing medium it is modified to
E@t)= Eo(— T, ge’(w°'“’"' YLT e+ T, gei(“’°+w'" ¥ ] (3.6)

Taking the square modulus of this expression to obtain an expression for the intensity of the
laser on a detector after the absorbing medium, neglecting terms of order ,32 and assuming that

| 60— O], | do— 01 |, | 90— ¢n | and | po— ¢ | are all << 1, results in

2
cE,

I(r) = ge‘z% (1+(8, -8, )Bcos(w, 1)+ (¢, + 9, —2¢, )Bsin(w,)) (3.7)

Therefore, the detector will observe a beat signal at the modulation frequency, w,;, provided
that (§; — 6,) # O or that (¢; + @i — 2 @) # 0. The first condition occurs when the two sidebands
experience different amplitude attenuation (in-phase, absorption) and the second occurs if the
average of the phase shifts experienced by the sidebands is different to that experienced by the
fundamental laser frequency (quadrature, dispersion). Signals corresponding to the magnitude
of the absorption and dispersion can be obtained by demodulating the detector signal with the

modulation applied to the laser. The demodulated output is in fact a linear combination of the

in-phase, Io(y) < B(J; — o), and quadrature, Qo(x) o< B(g: + ¢n — 2 @o), signals, where y is a
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parameter defining the position on the spectral feature. Generally, the observed signals I(y) and

Q(x) are given by

I(x)=1,(x)cosO + Q,(x)sin0 (3.8)

Q(x)=1, (x)cos( 0 —%)+ Qo (x)sin[e - %) (3.9)

where 6 is the relative phase angle between the detector signal and the laser modulation signal
at the point of demodulation. Thus, the absorption and dispersion signals can be separated with

careful adjustment of this phase.

The observed signals depend on the ratio of the width of the absorption feature compared to the
modulation frequency. In the limit when the modulation frequency is much smaller than the
width of the feature being interrogated, the cosw,t term in equation (3.7) is proportional to the
derivative of the absorption feature while the sinw,t term is proportional to the second

derivative of the dispersion. Simulated signals for this condition are shown in Figure 3.4a.
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Figure 3.4 Extremes of FM signals ((i) absorption and (ii) dispersion): at a modulation frequency (a)
smaller than profile width and (b) greater than profile width.
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The other extreme of FMS is when the modulation frequency is much greater than the width of
the absorption feature, in which case only one of the three parts of the laser frequency spectrum
interrogate the feature at any one time, and therefore the absorption profile is obtained
independently and directly by each of the side bands. Simultaneously, the first derivative of the
dispersion is obtained directly by all three parts of the laser intensity spectrum. This limit is

shown in Figure 3.4b.

The absorption signal (6; — J;) can be simulated assuming the expected Gaussian absorption

profile.

—[w%( %)}é (w-w, )]_

where Abs. is the absorption of the species, of mass m, at the line centre, w,. The

(3.10)

Abs(w) = Abs, e = Abs e™*

dimensionless quantity y is introduced as a reduced detuning or reduced velocity parameter.
The dispersion can be obtained from the absorption profile using the Kramers-Kronig

relationship3], and for a Gaussian absorption profile T

2Abs,

N

The integral can be either calculated using Simpson’s rule®? or alternatively by the sum given

Dis(w) = -

et jo"e“z du (3.11)

in equation (3.12) which was found to require less computational time.

2s+1

X 0 < X
du = E s .
Io © au ~ (2s+l)s! (3:12)

This was obtained by performing a Taylor series expansion of the exponential term in the
integral, an exact expansion, and then integrating the sum. For the analysis in this work it was
found that truncation of this sum after less than one hundred terms was found to introduce a

smaller error than the Simpson’s rule method with the same number of terms.

3.4.2 Amplitude Modulation

The asymmetry of the sidebands shown in Figure 3.3 is due to amplitude modulation of the
laser. This occurs simultaneously with the frequency modulation because the electrical power
dissipated at the diode junction varies with injection current, see Figure 1.8 in Chapter 1, and
therefore the intensity of the radiation emitted changes (amplitude modulation, AM). This

effect can be quantified in terms of the a factor introduced in Section 1.8.5 which couples

81



Chapter 3 — Frequency Modulation Spectroscopy of Argon Atoms

amplitude to phase fluctuations and hence amplitude fluctuations to frequency fluctuations.
The radiation produced by directly modulating the current of the laser is therefore both
frequency and amplitude modulated. Thus to understand quantitatively the signals produced
from passing this radiation through an absorbing medium, both amplitude and frequency

modulation must be considered.

The optical electric field of the laser that is simultaneously being frequency and amplitude

modulated is given by equation (3.13)*
E(t) = E,[1 + M sin(w, t +y )Jel@+Fsnom)] (3.13)

where M is the amplitude modulation index and y defines the phase difference between the
AM and the FM. From expansion of equation (3.13)34, the intensities of each of the three
frequency components of the modulated laser are given below, again assuming a strong carrier

at wo and two weak side bands at wg + W,

1(t) = E*(w, )= E? (Jj (B)+ M272(B)cos* (w)) (3.14)

(8 [J e 0206)]

1<r>ocEZ<wo+wm>=Eﬂ—M—Js(ﬂ)J;(ﬂ)cos(zw)

5 S (3.15)
+MJ, (BT, (B)+ 7, (B)lsin(w)
7260+ 36)+ 126

10 = E*(0,~0,)= B3| -2 12 (803 (B)eosiay) | (3.16)

~MJ, (BN, (B)+ J,(B)lsin(w)

Here J,(M) are the n™ order Bessel functions. From equations (3.15) and (3.16), it is evident
that the laser intensity spectrum is only symmetrical when the FM-AM phase difference is an
integral number of m radians. This can be seen not to be the case in Figure 3.3. This phase
difference for diode lasers has been found to generally be — n/2 for modulation frequencies less
than 750 MHz**, but has also been found to vary markedly with laser, laser wavelength,
modulation frequency and frequency modulation index®. When the diode laser produces both

frequency and amplitude modulated light, a beat signal can be observed by the detector even in
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the absence of an absorbing sample. This can be seen from the intensity of the current

modulated diode laser which is
1)< |EQ@)| = EX[1+ 2M sin(w,t + )] (3.17)

To derive the signal that the detector observes, when the laser radiation field has an intensity
spectrum given by equations (3.14), (3.15) and (3.16) a similar procedure to that adopted in the
previous section must be used. First, by expansion of equation (3.13)*, the optical field that

probes the sample is given by

1 (p)e
E(t)=E, [1+M sin(a)mt +1//)} +J (ﬂ)e[lwo‘]
( ) [z(w0+wm):]

R

(3.18)

The complex transmission function given by equation (3.5) can again be used on each of the

three components of the laser intensity spectrum giving

Tl J (’B)e[i(wo—wn.)t]
E(t) = E [l + M sin(w, 1 +y )} +T,J,(8)e™]
+T,J [(B)elt@oron)]

g

(3.19)

Again, assuming small laser modulation (M, f << 1), higher order terms can be neglected and
equation (3.19) simplifies to

r|-L_M ]e[f(wo—wm)d
2 2

E(t) = E,{+T, et } (3.20)
o1 | B M efw}e[f(womm)r]
L 2 2

J

Using the same assumptions as used to derive equation (3.7), namely that the absorption losses
and phase shifts experienced by each of the components of the laser intensity spectrum are

small, it is possible to obtain

( 1+[ﬂ(6-. ~8)+M(2+25,-5_, -8, )sim//}
+M( Rl 3 )COSW

+[,B((p_, +, —2?0)+ MQ2+25,-6_ -6, )cost//:ISin o,
\ —M( _l—(pl)sml//

cosw,,t

I(r) & g 2% (3.21)
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monitored would be past its end-point before concentrations and temperatures of the species
being detected had been calculated, and therefore the end-point identified. Therefore, as the
error introduced by only considering FM is small, all subsequent analysis is completed with
this approximation. This is not an unexpected result, as Lenth®* found that for a current
modulated diode laser the frequency modulation index, f, is approximately an order of
magnitude larger than the amplitude modulation index M and thus the overall effect of AM, on

the spectra taken at various modulation frequencies, is small.

3.4.3 Line Shape Analysis

The ideal situation for FMS is to use one of the two extreme cases discussed in Section 3.4.1
and shown in Figure 3.4. The second limit, when the modulation frequency is much larger
than the width of the absorption profile (i.e. the ratio of modulation frequency to absorption
FWHM is greater than 10), is hard to achieve because of the specialist electronics and detectors
required. For example for the case of argon, the absorption profile’s FWHM is 723 MHz and
therefore to have only one of the three parts of the laser intensity spectrum coincident with the
absorption feature at any one time the modulation frequency would have to be over 2 GHz.
Although it is certainly possible to modulate diode lasers and detect signals at above 5 GHz™,
the cost of the high bandwidth detectors and electronics makes the price of a complete

diagnostic system considerably more expensive than for lower frequency systems.

The other extreme, where the modulation frequency is at least an order of magnitude smaller
than the absorption FWHM (i.e. the ratio of modulation frequency to absorption FWHM is less
than 0.1), is also not possible. There are two reasons for this. Primarily, the Iy and Qo signals
depend on the three parts of the laser spectrum experiencing different amplitude attenuations
and phase shifts; if these do not change significantly over a 2w, region then the observed
signals will be very small. Secondly, the diode laser has a bandwidth of a few tens of MHz
(see Section 1.8.5), and therefore modulating at any frequency below 100 MHz will not
completely separate the three parts of the laser intensity spectrum, decreasing the signal due to
the overlapping portions of the spectrum experiencing identical amplitude attenuations and

phase shifts.

It is therefore not possible to operate in either of the extremes discussed in Section 3.4.1,
complicating the recovery of the absorption and dispersion profiles. In this study we use a
modulation frequency of 195 MHz, giving a ratio of modulation frequency to absorption

feature FWHM of approximately 0.25. The reasons for this choice are explained in
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Section 3.5. The result of this ratio is that the signals resemble the limit of a small modulation
frequency relative to the absorption feature FWHM but are broader. Therefore, the Iy signals
observed are not proportional to the derivative of the absorption profile and the Qy signals are

not proportional to the second derivative of the dispersion.

A method for recovering the absorption profile in this regime, and when the laser linewidth is
much smaller than the modulation frequency, has been demonstrated by North et al.*. Firstly,
the detection phase angle needs to be determined and then Iy and Qy signals can be obtained by

the inversion of the simultaneous equations (3.8) and (3.9) which leads to
I,(x)=1(x)cosO +Q(x)sin0 (3.22)

Q, () = 1(x)sin(0)- Q(x)cos(B) (3.23)
The I, signal contains all the information that is required to recover the absorption profile.

To complete the reconstruction method®?, the Iy signal must be considered as an array of
measurements at a uniformly spaced set of frequencies corresponding to increments of the laser
scan, Ip(w). For simplicity, the scan increment, Aw, is chosen to be a factor of the modulation
frequency, i.e. NAw = w,,, where N is an integer. The observed signal, I, measured at the laser
carrier frequency, w;.y, is given from equation (3.7), by the difference of the absorption at the

two sideband frequencies, w; and w;.ay,

I,(_,)=6)-6,_,) (3.24)
Rearrangement of this expression leads to the following recursion relationship.

§,)=I(w_y )+, o) (3.25)

If the signal acquisition is started sufficiently far from the absorption feature, the first 2N
points can be set to zero [d(w;) = O for i = 1 to 2N]. Repeated application of the recursive

relation then enables recovery of the underlying absorption line shape, d(w;).
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Figures 3.6-3.8 Recovered absorption signals: 3.6(a) recursive, 3.6(b) integrated,
3.7: Reversed recursive.
3.8: Averaged recursive.

Figure 3.6 shows an absorption trace recovered from signals obtained by the method discussed
in Section 3.5, using both the recursive method (a) and simple integration of the I signal (b).
The recursive method clearly produces a trace with a lower signal to noise ratio. It was noted
by North ez al.*® that this method of profile recovery introduces a monotonic increase in noise
across the profile. This noise is also periodic because in effect the recursive formula generates
2N uncorrelated absorption curves, offset from each other by the scan increment, Aw.
Therefore, the error introduced in each curve is due to the cumulative sum of errors in the I
signal, the growth of which follows random walk statistics across the profile. North ez al.*
proposed a simple method to reduce this noise by exploiting the red-blue symmetry of the
inversion. If the recursive procedure is repeated in the opposite direction across the trace, the
noise will build in the opposite direction as shown in Figure 3.7. If the two absorption curves,
one reconstructed left to right and the other reconstructed right to left, are then averaged the
noise becomes evenly distributed across the profile. Figure 3.8 shows the result of this

averaging by finding the line centre, w,, from the crossing point of the I and Q signals and
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low pass filter to protect the laser diode from electrical ‘spikes’, and a high frequency input
enabling direct modulation of the laser current. The laser was protected from damage caused

by large forward bias voltages using the three high frequency diodes and from reverse bias

voltages using one high frequency diode.

High frequency input

Low frequency input

o__oO
11
Y
N
17

Figure 3.10 Schematic of diode laser protection circuit.

The block containing the laser was thermally isolated from an aluminium base plate by a
Delrin block, on to which it was bolted using nylon bolts. The temperature of the laser block
was controlled by a home built proportional and integral controller that maintained the laser at
a constant temperature of about 310 K to within 1 mK using a Peltier cooler (R.S. 9.2W) and a
water cooled heat sink. The protection circuit board also contained a low pass filter across the
temperature sensor integrated circuit, which stopped the r.f. noise radiated from the plasma
disrupting the temperature controller’s input and thus causing variations in the temperature of
the laser. The laser block was then protected from changing air temperature, air currents and
any r.f. radiation produced from the plasma chamber by placing it in a Perspex box lined with
aluminium foil. The main drive current was supplied by a home built stabilised current
controller, which even with the plasma chamber discharge in operation kept the frequency of
the laser constant to better than 100 MHz. The 10 dBm output from a Marconi Instruments
2022E 10 kHz - 1.01 GHz signal generator was used to drive the demodulator and to modulate
the laser. To enable the control of the laser modulation index, the r.f. power used to modulate
the laser was passed through a variable attenuator before connection to the laser protection
circuit board. The laser was scanned across the absorption profile by varying the main drive
current, via a modulation input on the diode laser current controller, using a ramp voltage

produced from a Thurlby Thandar Instruments sweep/function generator (TG 230).

The 810 nm radiation, invisible to the eye, was observed for alignment purposes by the use of
an infrared sensitive card which when exposed to infrared radiation between 0.7 and 1.3 pm

visibly fluoresces. For accurate alignment, for instance onto the active surface of photodiodes
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In order to avoid saturation and optical pumping of the transition'® the laser beam was
attenuated and expanded, using Schott colour glass filters and a set of quartz lenses, so that its

intensity was less than 10 pW/cm? and then passed through the plasma (produced in the

chambers discussed in Chapter 2).

After the plasma chamber, the beam was focused through a 500 pm aperture and a CVI
F03-810.0-1.00 narrow band interference filter. This filter has a centre wavelength of 810 nm,
a FWHM transmission of 3 nm and a peak transmission of greater than 40 % and, together with
the aperture, reduced the optical emission from the plasma so that the detectors were not

saturated.

To detect the absolute absorption at the higher argon atom concentrations, a significant
proportion of the beam was focused on to a BPX 65 Photodiode (R.S. peak response at 850
nm). The current from this photodiode was amplified using a preamplifier powered by a 9 V
PP3 battery, which also biased the photodiode. The remainder of the laser radiation was
focused onto a second BPX 65 Photodiode, the signal from which was amplified by a
homebuilt a.c. coupled high frequency preamplifier that utilised CLC425 integrated circuits.
The output from preamplifier was amplified by a Minicircuits ZFL 500 amplifier.

The I and Q signals were obtained by mixing the modulation signal and the output of the ZFL
500 amplifier in a Minicircuits MIQC 195M demodulator, mounted in a brass box to reduce
interference from the radiation produced by the plasma. Careful choice of the length of the
input cables resulted in the phase angle, 8, being close to 0. The outputs of the demodulator
were passed through low pass filters, Minicircuits SLP-30 (the 3 dB cut off frequency was

36 MHz), to remove any noise at the modulation frequency transmitted through the modulator.

The I, Q, absorption photodiode and etalon signals were recorded on a digital oscilloscope
(LeCroy 9314 M 300 MHz 100 Msamples/s), which was triggered by the ramp generator. The
traces were transferred on to a Pentium PC, via a PCI GPIB card (National Instruments), where

they were then analysed; see Section 3.5.3.

3.5.2 Variation of Modulation Index with Current

The laser was tuned and simultaneously modulated by using the injection current. The amount
of optical power that is introduced into the sidebands at a particular radio frequency is
proportional to the r.f. power applied to the injection current of the laser providing the slope

efficiency of the laser is linear. This will not change significantly if the laser ‘d.c.” injection
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current is changed over a small range; in this instance a change of less than 2 mA is required to
scan over the atomic transition. However, this small change in ‘d.c.’ injection current will
change the total output power of the laser. Therefore, the ratio of the fundamental intensity to
the sideband intensity changes across the profile, and thus the frequency modulation index
changes across the scan. This results in asymmetric / and Q traces because the signals are

proportional to the modulation index (equation (3.7)).

Over the small scan range, to a good approximation, this change in modulation index was
found to be linear and therefore if the profile is assumed to be symmetric the effect of changing
the modulation index with current can be removed by the symmetrisation procedure discussed

in Section 3.4.3.

3.5.3 Signal Analysis

The concentration and the temperature of the argon atoms were deduced from the observed /
and Q signals using the method of Section 3.4.2. The four traces I, Q, reference etalon
photomultiplier tube and absorption monitor photodiode were recorded. The offsets were
removed from the I and Q signals and the line centre was determined from their crossing point.
The scan rate was determined from the separation of the peaks and troughs of the reference
etalon signal and this was used to convert the independent variable of the other three signals
from time to detuning frequency, Aw. A simulation of the expected I and Q traces was
produced for a Gaussian absorption profile using the theory discussed in Section 3.4.1. The
line position, w., and the modulation frequency, w,, were entered into this simulation. The
variables 6 (the experimental phase angle between the in-phase and quadrature signals), T and
the magnitude of the signal were varied to minimise the sum of the squares of the difference
between the modelled 7 and Q and the experimental 7 and Q using the Microsoft Excel Solver.
This gives a measurement of the temperature of the argon atoms and absorption magnitude.

Figure 3.12a shows an example of experimental I and Q traces with the Solver fits.
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Figure 3.17 A plot of normalised FMS signal, obtained from the gradients of the lines shown in Figure 3.16,
against modulation frequency.

It is not unexpected that the largest signal obtained is at the centre frequency of the
demodulator, although prior to this experiment the frequency response of the other electronic
components, especially the photodiode and the preamplifier, were not known. For the
experiments described in the following sections of this Chapter, the modulation frequency was
fixed at 195 MHz corresponding to the peak of Figure 3.17. It should be noted that when an
FMS experiment is constructed, to generate the largest signal the laser modulation frequency

should be carefully chosen to optimise the response of the laser and detection electronics.

3.5.5 Comparison of Unmodulated Absorption Spectroscopy (UAS),
Mechanical Modulation Spectroscopy (MMS) and FMS

Absorption signals were recorded by FMS, in a ‘d.c.’ experiment using a biased BPX 65

photodiode as the detector while the laser is not modulated (UAS) and by a phase sensitive

method using a mechanical chopper to modulate the laser (MMS). The data traces presented in

this section were acquired over the same time period of approximately 100 ms.
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Figure 3.20 A plot of the observed signal to noise ratio for various modulation frequencies for the MMS
experiment. Also included is the FMS at 195 MHZ. The corresponding noise to signal ratio of the UAS
experiment was unity.

Figure 3.20 shows how the signal to noise ratio varies with the chopping frequency (f) for both
the MMS and FMS methods. For the same signal with the unmodulated ‘d.c.’ absorption
method the signal to noise ratio is approximately unity. The signal to noise ratio is smaller at
low frequencies than would be expected if all sources of noise in this experiment varied as 1/f,
a commonly observed frequency dependence for which no unifying principle has been found™.
This is probably because of the plasma induced emission and the effect of the discharge on the
laser (see Section 2.2.4). It is clear the best signal to noise ratio is observed at high modulation

frequencies, which can only be achieved electrically.

3.6 Results

FMS cannot provide an absolute absorption and hence the absolute concentration of the excited
argon atoms cannot be directly obtained, and thus the UAS method has to be used to calibrate
the FMS absorption signal. As the signal to noise ratio is low for the UAS signal (Figure 3.19
and 3.20) the accuracy of the FMS derived concentrations are limited, and each will be subject
to a systematic error. The calibration was repeated 10 times using a feed gas consisting of

10 % argon in helium at a total pressure of 100 mTorr and an applied power of 50 W in the
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CCP chamber, and the concentration of the 4s[*/,]; level of argon atoms was found to be 2.9 x
10° atoms/cm’ with a standard deviation of 1.9 x 10® atoms/cm®. If this error, taken to be a
fixed absolute value on the transmitted radiation, was larger than the FMS fitting percentage
uncertainty then it was used to provide error bars on the concentration measurements. For high
concentrations of excited argon atoms, the Beer-Lambert law will no longer be applicable, and
the absorption profiles become distorted. The maximum absorption under these conditions is
less than expected and this limited the conditions over which measurements can be taken. If a
wider variety of conditions were required, a set of several absorption lines with different cross
sections could be used to extend the parameter space over which absorption methods could be
used to study argon atoms in discharges. The lowest concentration of the 4s[*/,]; level of argon
atoms that could be observed by the integral reconstruction method, with a S/N ratio of greater

than or equal to 1 and a 100 ms acquisition time, was calculated to be 3 x 10° atoms/cm”.

3.6.1 Temperature Determination by Profile Reconstruction

Three methods were used for calculating the translational temperature of the argon atoms from

the absorption profiles obtained by FMS, namely:
a) The temperature determined from the detector phase angle fitting routine, Tp.

b) The temperature determined from the width of the absorption profile obtained by

simple integration of Iy, Tip,.

¢) The temperature deduced from the width of the absorption profile obtained by use of

the recursive recovery method discussed in Section 3.4.3, Tge,.

As expected the translational temperatures found using the recursive reconstruction method (c)
were lower than those found from simple integration of the FMS derived absorption profile (b)
by about 20 % (see Section 3.4.3). The most reliable temperature was found to be that
obtained from method (a); the average of the 10 sets of data taken using a feed gas consisting
of 10 % argon in helium at a total pressure of 100 mTorr and an applied power of 50 W in the
CCP chamber gave a result of 323 K + 17 K. Method (a) is the most reliable because it does
not contain the error introduced by the estimation of the phase angle which produces an error in
Iy (the I and Q traces will not be separated correctly) and hence errors will be introduced into
Abs(w) reconstructed by either method (b) or (c). The translational temperature observed under
these discharge conditions is comparable to that observed in other discharges; in a very low

density discharge the temperature was observed to be 376 + 20 K'7, at pressures comparable to
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those used in this Chapter, but in plasmas with a much higher power density, argon atom

temperatures of around 600 K have been observed'®'®,

3.6.2 Variations in Argon Atom Concentration with Plasma Conditions

The concentrations of argon atoms produced in the 4s[*/,]; level by the two different plasma
chambers discussed in Chapter 2 were measured under various discharge conditions. To
understand any variation in concentration it is necessary to consider the rate of formation and
removal of the 4s[*/,]; level, which under the steady state condition of the discharge, will

control its concentration.

The rate of formation depends on the rate of excitation/ionisation of the ground state of the
argon atoms by electron impact. The 4s[*/5]; level can be populated in three ways; firstly by
direct electron induced excitation from the ground state, secondly from electron excitation to a
higher level which cascades through other levels either by radiative decay or collisional
deactivation into the 4s[*/2); level or thirdly by recombination of an argon ion (produced by
electron impact ionisation) and an electron, either directly forming the 4s[*/,]1 level or forming
a higher level and again cascading into it. The rate of electron impact excitation of the ground
state depends on the electron density and the electron impact excitation cross section, which in

turn depends on the electron energy distribution.

The removal rate depends on the natural lifetime of the state, the collision rate (via collisional
deactivation) and the rate of removal by electron excitation/ionisation. In this case the natural
lifetime of the level is very short (10 ns and therefore &, = 10% s™") and as discussed in Section
3.3.7 within the pressure range considered in this Chapter the collisional quenching of the level
can be neglected. Therefore it is possible to obtain a simple relationship for the concentration

of the 4s[*/»]; level by equating the formation rate to the destruction rate:
k.[e” ][Ar] =k, [Ar¥] (3.27)

where k. is the total rate constant for electron collisional excitation to the 4s[3/2]1 level and [e7],
[Ar] and [Ar*] are the electron density, ground state argon atom concentration (which is
approximately the argon concentration in the feed gas) and the concentration of the 4s[’1),
level respectively. k. is not only the rate constant for direct excitation to the 4s[*/,]; level but
also includes the contributions from cascade formation from other excited states and collisonal

formation from the other >P levels (namely 4s[3/2]2 and 4s['/2]0)39.
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Equation (3.28) yields values of %, to the 4s[3/2]1 radiative level and the 4s[3/2]2 and 4s[]/2]o
metastable levels of 1.5 x 1072 cm’s™ and 1.8 x 1072 cm’s™ respective]y, giving a total k. of

3.3x 102 cm’s™.

If the radiative rate k, = 10® s™ is used in equation (3.27), it results in a concentration of the
4s[3/2]1 level of 1.1 x 10° atoms/cm>, more than four orders of magnitude lower than the
measured value of 2.9 x 10° atoms/cm>. This large discrepancy can be explained by radiation
trapping. A photon emitted by one argon atom as it returns to the ground state, via a strongly
allowed transition, has a high probability of being reabsorbed by a surrounding gas atom,
leading to the transfer of the excitation from one atom to another. This results in a large
number of emissions and absorptions of the quanta of energy before it escapes the boundary of
the enclosed gas, and the radiation is said to be ‘trapped’. This trapping leads to an increase in
apparent lifetime for the radiating level. This extended lifetime (zzpp = 1/kragiapp)) can be
calculated from equation (3.29)39 where 7 is the radiative lifetime of the transition (in this case
10 ns), and y is the radiation trapping factor. The trapping gas is considered to be a cylinder, of

radius R (equal to 15 cm for the CCP chamber) and infinite height.

T 1.6

— =y= 1 |
Tapp koR(TE ln(koR))A (3.29)

Here ky 1s the absorption coefficient at the centre of the profile:

XlArlg, 4,
k, = 22 3.30
P (3-30)

and 1 is the wavelength of radiation being trapped (106.666 nm)*, A,; is the probability of the
downward transition (1 x 10® s™), g; (= 1) and g, ( = 3) are the degeneracies of the lower and
excited levels of the transition, respectively, and c* is the most probable speed of atoms in the

ground state (=~ 350 ms™'). From this analysis the apparent radiative lifetime, 1,,, is found to
be 40 ps.

Equation (3.27) modified to account for the radiation trapping yields
[Ar*]=7, k. [e ][Ar] (3.31)

and results in a concentration of 4.2 x 10® atoms/cm’, less than an order of magnitude lower
than was measured. It was found that by increasing the electron temperature to 1.9 €V the

calculated concentration agreed exactly with the measured value. This slightly increased
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electron temperature may be explained by the breakdown of the approximation that the
electron distribution is Maxwellian. In a similar system the electron distribution has been
observed to be better modelled by a two temperature distribution* in which the second
temperature describes a higher energy electron distribution, generally containing fewer
electrons than the first lower energy distribution. If this is a good description of the electron
distribution in the system used here then the extra higher energy electrons, which are not
predicted by the single Maxwellian distribution, would increase k.. A small increase in the
proportion of the electrons in the high energy tail of the distribution will affect this rate
constant significantly as can be seen from Figure 3.21 and equation (3.28). Furthermore, using
equation (3.31) it is possible to understand the trends observed in the concentration of the

4s[’/5]; level of argon atoms as the plasma parameters are varied.

3.6.2.1 Variation of Argon Atom Concentration with Discharge Power

As discussed in Section 2.2.2, the net power applied to the plasma chamber coupling networks
is not necessarily the power that is coupled into the plasma. In this section, the powers quoted
are the net powers applied to the matching networks. Despite the underestimate of the applied

power, the general trends of the excited argon atom concentration can be observed.

Figure 3.22 shows the variation, at three different pressures, of the concentration of the 4s[3/2]1
level of argon atoms with applied power for a plasma produced in the CCP chamber from a 1:1
flow gas mixture of argon and nitrogen. Measurements with more than 60 % argon in the flow
gas were subject to a large error because the amount of absorption became sufficiently large to
distort the line profile. The figure clearly shows that as the power applied to the discharge is
increased the argon atom 4s[*/2]; level concentration increases. This can be explain
qualitatively from equations (3.30) and (3.31): an increase in power causes an increase in the
concentration of the electrons above the 11.4 eV threshold because of an increase in both the

total electron concentration and temperature as shown in Chapter 2.
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concentration and temperature as the pressure is increased, an effect observed in the
measurements described in Chapter 2. The same trend is observed in a plasma produced from

a feed gas consisting of 10 % argon in helium as shown in Figure 3.25, and from Figure 3.24 it

can also be seen that the ICP system shows the same effect.
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Figure 3.25 The absolute concentration of the 4s[3/2]1 level of argon atoms in a plasma produced at an
applied power of 100 W in the CCP chamber from a 1:10 flow gas mixture of argon and helium at various
pressures.

3.6.2.3 Variation of Argon Atom Concentration with Plasma Composition

Figure 3.26 shows the variation of the concentration of argon atoms in the 4s[*/2]; level as the
percentage of argon diluted in nitrogen is increased in the flow gas, at a total pressure of
115 mTorr and an applied power of 200 W in the CCP reactor. The excited level concentration
can be seen to increase with argon concentration in the flow gas. Measurements at and above
40 % argon in the flow gas also showed distortion due to the large absorption occurring and
above 60 % it was not possible to obtain a reasonable fit to the / and Q traces obtained. The

slope of the line, below 40 % argon, suggests that under these conditions in the plasma about

one argon atom in 2 X 10% is in the 4s[*/]; level.
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Figure 3.26 The absolute concentration of the 4s[3/2]1 level of argon atoms in a plasma produced at an
applied power of 200 W in the CCP chamber at a pressure of 115 mTorr at various flow gas mixtures
constituting argon and nitrogen.

The concentration of argon atoms in the 4s[*/,], level in the nitrogen plasma is much lower
than in the helium plasma under the same conditions. An explanation for this is that the
electron temperatures and concentrations are lower in the nitrogen plasma than the helium
plasma (see Chapter 2), reducing the [e] and k., terms in equation (3.31), thus reducing the
concentration of the argon 4s[3/2]1 level. The lower concentration of the argon atom 4s[3/2]1
level in the nitrogen plasma compared to the helium plasma could also be due to the larger
probability of deactivation of the metastable 4s['/,}o and 4s[3/2]2 excited levels of argon atoms
by the molecular nitrogen5 compared to helium. This is due to the near continuum of molecular
energy levels in nitrogen compared to the isolated levels present in the helium atoms.
Although these metastable levels were not observed directly, collisions with other species will
convert them in to the observed level, therefore if the metastable concentrations are lower the

concentration of the 4s[3/2]1 level will also be lower.
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3.6.3 Comparison of the Two Plasma Chambers

It can be observed from the figures in the previous sections that under similar conditions the
argon atom concentration is larger in the ICP than the CCP. This can be observed in the
extreme case where the flow gas used was ‘pure’ helium (Grade A BOC). In the CCP system
no FMS absorption signal was observed, but an FMS absorption signal corresponding to a
concentration of the 4s[3/2]1 level in argon atoms of approximately 1.5 X 10° atoms/cm3, was
observed in the ICP chamber for an applied net power of 200 W and a pressure of 90 mTorr.
The detectivity of the experimental system used in this Chapter, calculated at the beginning of
Section 3.6, suggests that the concentration of the 4s[*/,]; level of argon atoms in the CCP
chamber (under the same conditions) was less than 3 x 10° atoms/cm>. This implies that under
these conditions the ICP system is at least 5 x 10° times more efficient at producing the 4s[*/»],

level argon atoms compared to the CCP system, a consequence of the higher electron

temperatures and concentrations in the ICP system than the CCP.

3.7 Conclusion

In this Chapter, the possibility of using FMS to detect species in the electrically noisy
environment of a plasma has been investigated. It has been shown to be very effective, giving
an increased S/N ratio compared to single pass absorption and low frequency mechanical
modulation techniques, by three orders of magnitude and at least an order of magnitude
respectively. Argon is already used for kinetic studies and chemical diagnostics and therefore
the use of FMS in this field may be exceptionally useful. The implementation of this technique
in industry would be relatively inexpensive; the complete diagnostic system would cost less
than £12 000 including a commercial diode laser system®. If a home built laser control system

was used, the entire system would cost an order of magnitude less.

The analysis of the FM signal can be rapidly completed using readily available software, for
example Microsoft Excel. The complete process, including acquisition, could easily be
automated using Visual Basic, enabling the quick determination, on the timescale of an

industrial plasma process, of species temperature and concentration.

This technique could be used to give information about the high energy electrons within the
plasma. These are the species responsible for the production of the electronically excited argon
atoms and therefore the concentration of these levels depends critically on the electron

energetics and concentration. Therefore, by observing the variation in concentration of a
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particular level as a function of power and pressure, information is obtained about the electron

concentration and energy distribution.

A brief exploration of plasma parameter space, measuring excited argon atom concentrations,
has been completed in both capacitively and inductively produced plasmas. As found in
Chapter 2, the inductive discharge appears to be more energetic and therefore produces a larger
excited state concentration under similar conditions. The argon atom 4s[/2]; level
concentration was found to be between 2 x 10® and 1 x 10! atom/cm® and to generally increase
with increasing applied power and to decrease with increasing total pressure. The temperature

of the atoms was also measured in both chambers, and was found to be approximately
323+ 17 K.
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Chapter 4

Detection of the Hydroxyl Radical

4.1 Introduction

In this Chapter, four methods are described for the detection (and measurement) of the
hydroxyl radical (OH). Firstly, a mechanically modulated spectroscopic method (MMS) is
discussed using a frequency doubled cooled commercial diode laser. The other techniques
explored are cavity ring down spectroscopy (CRDS), laser induced fluorescence (LIF) and

cavity laser induced fluorescence (CLIF), all using a pulsed dye laser.

The OH radical is a highly reactive species that plays an important role in both atmospheric'
and combustion® chemistry. In the troposphere (up to an altitude of approximately 10 km) it is
an oxidant responsible for daytime conversion of many atmospheric trace gas pollutants (e.g.
alkanes) to CO; and H,O or less oxidised species, which are water-soluble and can be rained
out. The reaction scheme for the oxidation of ethane in this region is given below as an

example.

C,H, H,O

20,
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The importance of the OH radical in combustion can be demonstrated using the case of the

explosive reaction of hydrogen and oxygen in the scheme below.
The initiation step in this reaction is H, +O, — HO,' + H-

and this is then followed by the sequence shown below. which often leads to an explosion

(where M is a third body).

M* Hj

HO,"
o h °

02 oo
H
[ ]
H OH
H>O Hp
For other combustion reactions, the scheme is considerably more complex but the OH radical

still plays a central role’.

The hydroxyl radical is also one of the most commonly observed products of quantum state
resolved experiments designed to measure detailed reaction dynamics®. This is not only
because the reactions that produce the OH radical are of crucial importance in the chemical
examples given above but also because it is possible to observe the species by LIF. The
importance of OH in both fundamental and applied gas-phase studies is apparent and therefore

new methods for its detection are of great value.

4.2 Spectroscopy of the OH Radical

In all molecules, just as in many electron atoms, the Schrédinger equation cannot be solved
exactly because of the many electrostatic interactions of the electrons and nuclei, and therefore
the wavefunctions and corresponding energy levels cannot be obtained exactly. Hence,

approximations are required to understand the spectra of molecules. Firstly, the Born-
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Oppenheimer approximation can be applied. This approximation allows the electronic energy
to be obtained at fixed internuclear distances by separating the nuclear and electronic motion
and simplifies the generation of a potential surface. A second approximation, that the
molecular electronic orbitals can be formed from a linear combination of atomic orbitals
(LCAO), further simplifies the problem. From this approximation, the electronic configuration
of the ground electronic state of the hydroxyl radical is (1so)2(250)2(2po)2(2pn)3. In this
Chapter, transitions between the ground state and the first excited state of the same multiplicity
are considered. This excited state configuration is (1s6)*(2sc)*(2po)' (2pn)*, arising from the

promotion of an electron from the 2pc orbital to one of the 2prn orbitals.

To describe the OH molecular system, several angular momentum vectors and corresponding
quantum numbers are required. For all diatomic molecules, the most widely used coupling
approximation is analogous to the Russell-Saunders coupling scheme for atoms’. The vectors
and quantum numbers produced by this scheme that are required to describe the states probed

in this Chapter are given in Appendix 2.

The ground state, X, of the OH radical at low N is best described by Hund’s case (a). The
values of the electronic quantum numbers describing this state are: 4 =1, § = 1, Q= 3/2 or '/,.
The two spin orbit manifolds, F; where 2 = 3/, and F, where © = '/,, are denoted by [, and
2H1/2 respectively. This state is an inverted multiplet, that is the 2H3/2 manifold is lower in
energy than the 2H1 ,» manifold, with Ag = -139 cm’'®. These manifolds both exhibit A-doubling
(see Appendix 2).

The first excited state of the same multiplicity as the ground state of the OH radical, A, is best
described by Hund’s case (b), because 4 = 0. The values of the electronic quantum numbers
describing this state are: 4 =0, S = '/,. The term symbol for this state is 25*. This excited state

exhibits p-doubling (see Appendix 2).

A further quantum number is required to identify the vibrational levels of the electronic states.
v is this vibrational quantum number of the radical, giving the vibrational energy level; for a

simple harmonic oscillator, E,;suo = hv(v + '/,). v can take the values of 0, 1, 2, ...

The single photon selection rules for the A M =0 <X I (v = 0) system of the OH
radical are AJ = 0, £1 and AN = 0, =1, £2. These selection rules allow twelve possible
rotational branches, six from each of the lower state spin-orbit manifolds. These branches are
labelled AJr - where AJ is given the label P when AJ = -1, Q when AJ = 0 and R when AJ =

+1. The first subscript is used to identify whether the upper state energy level is the Fy or
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level and the second subscript indicates to which of the two spin orbit manifolds the lower

level of the transition belongs.

Figure 4.2 is a schematic of the energy levels of the A *Z* (v = 0) « X *II (v = 0) system of the

OH radical. As an example, a single transition from each of the twelve rotational branches is
labelled.
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Figure 4.2 An energy level diagram of the AT (0=0)— X1 (v = 0) system of OH.

4.2.1 Detecting the OH Radical

The positions’ and absorption cross sections’ of the transitions within the
ALt (v=0) «— X I (v =0) system in the OH radical are well documented and occur at
approximately 308 nm. This is generally considered to be the most convenient band to use to

detect the OH radical.

The experiments described in this Chapter use absorption on the transitions within the
A’ (0=0)— X (v=0) system given in the table below. The table also gives the line
positions, Einstein coefficients for spontaneous emission® (Aj;) and the cross sections” (o) for

the transitions observed. The cross sections given are the effective cross sections for all OH
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radicals; that is, the absorbance of the system at the wavelength given can be obtained from the
product of this effective cross section, the path length and the total hydroxyl radical

concentration, not the concentration of the radical in the specific rotational level from which

the transition originates.

Transition A0.2ir / NM Ajil 10° s Ciot / 10'® cm?
Qu(3) 308.1541 5.700 7.179
P21 (3) 308.1625 1.618 1.528
Pyi(1) 308.1665 8.611 5.423

4.3 Production of the OH Radical

For the experiments discussed in this Chapter, the standard microwave discharge system
mentioned in Chapter 2 was used to generate the OH radical. This was achieved either directly
by using a discharge where the feed gas was a wet noble gas, or indirectly via a chemical

reaction involving a reactant produced in the discharge.

In the case of the direct production, the noble gas (either helium (Grade A BOC) or argon
(Pureshield BOC)) was flowed through a fast flow glass sinter situated under approximately 10
cm of water in a glass bubbler. A proportion of the resulting gas mix was passed into the glass
discharge tube through a needle valve, with the remainder vented into the atmosphere. The
flow through the vent was monitored using a bubble flow meter to ensure that the pressure in
the bubbler was slightly above atmospheric pressure. This maintained the pressure of water
vapour carried in the noble gas to approximately that of water vapour at 1 atmosphere and 298
K, namely 18 Torr, corresponding to about 2.4 % of the gas mixture. A second inlet into the
discharge was used for a flow of dry noble gas buffer to enable reduction of the water number

density from this maximum value.
The indirect method utilised the bimolecular reaction

H + NO, — OH + NO

which has an almost gas kinetic rate constant (1.4 X 10"'° cm>molecules's')’. The hydrogen
atoms were produced in the microwave discharge from a feed gas of hydrogen (High Purity

BOC) and argon (Pureshield BOC). These atoms then reacted with nitrogen dioxide (Grade
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2.5 BOC) that was passed directly into the reaction vessel. The rate of flow of argon, hydrogen

and nitrogen dioxide were controlled using needle valves.

For both production methods, a fast flow rate was required to ensure that both the OH radicals
and the H atoms produced were not destroyed by recombination or reaction with other species
or the vessel walls before entering the laser probe region. The fast flow rate was achieved by
pumping the systems using a rotary pump and Roots blower combination (E2M40 and EH250)
through 70 mm diameter bellows tubing. This pumping system should theoretically be able to
reduce the residence time to as low as 20 ms at the pressures used (between 2 to 14 Torr

measured using a capacitance manometer (Tylan General CDL-11)).

4.4 Production of 308 nm radiation

The production of radiation at around 308 nm for detection of the OH radical from a diode
laser is a challenge, because diode lasers that operate in the ultra violet region are not currently
available. In this section, the method of obtaining ultra violet radiation from a diode laser by

Second Harmonic Generation (SHG) is discussed.

4.4.1 Second Harmonic Generation

SHG is an example of nonlinear optical phenomena, which are effects that do not depend
linearly on the optical field strength. These effects depend on the properties of the material
through which the radiation is passing, and normally only laser radiation is sufficiently intense
for such effects to be observed. The demonstration of SHG'® occurred the year following the

demonstration of the first working laser.

To define optical non-]inearity” it is necessary to consider the polarisation P(z), defined as the
dipole moment per unit volume, of the material. This depends upon the optical field strength
E(t) present in the material. For conventional linear optics, the induced polarisation depends

linearly on the electric field strength
P(t)=¢,x"E(t) 4.1)

where the constant of proportionality, ", is the linear susceptibility. In a material which has a

nonlinear optical response the polarisation can be expressed as a power series
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P(t)=¢,(xVE()+ xPE? )+ xVE (t)+...)

= p(z)(t)+ P(Z)(z)+ P(3)(t)+... 4.2)

(3)

where x** and x " are the second and third order nonlinear optical susceptibilities, respectively.

The second order non-linear polarization term P() = ¥PEX(t) is the term that gives rise to
SHG. This term vanishes for cubic crystals but is non-zero in all anisotropic media. For an
optical field described by E = Ey cos(w?), ¥**E*(t) describes a polarisation wave oscillating at a
frequency 2. The solution of the coupled equations describing harmonic generation'? in the
case of an undepleted input beam results in an electric field produced at the second harmonic

frequency given by

o(n, —ny,)
E(Za)):%E’(w)l Sm( < J 4.3)
n,c (a)(nw—nzw)] |

Cc

where [ is the length of the anisotropic material with refractive indices n, at w and ny, at 2w
through which the optical field E(w) is propagating. dp is the effective nonlinear coefficient
that is dependent on the nonlinear optical properties and the orientation of the material, as are

the refractive indices n, and ny,,.

The second harmonic intensity depends on the square modulus of the optical field'? and so the
maximum intensity of radiation at a frequency of 2w results when the refractive index at the
fundamental and second harmonic are the same, i.e. n, = ny, This is called the phase
matching condition. For the frequencies discussed in this Chapter and the crystals used, LilO;
and potassium dideuterium phosphate (KD'P), there is only one angle for a particular
frequency that the crystal is phase matched. These crystals only have one direction about
which the atoms are arranged symmetrically, called the optic axis, and the materials are

therefore described as uniaxial.

The square modulus of equation (4.3) implies that the maximum efficiency of SHG will occur
when the fundamental beam is focused into as small an area as possible. However, this result
is for plane waves, and in practice the optimum fundamental beam size in the nonlinear
medium is calculated assuming that the laser is described by a Gaussian function. The theory
of SHG in uniaxial crystals has been developed by Boyd and Kleinman'4, and can be used to
yield the optimum beam waist within the crystal. For the maximum efficiency of SHG at

616 nm, in LilOs, it is found that the fundamental beam waist should be approximately 16 pm
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(using the Sellmeier coefficients given by Dmitriev et al.ls). The LilO; crystal that was
purchased for producing 308 nm radiation from a diode laser had Brewster cut faces to
minimise reflection loss at the fundamental frequency. This introduces a complication in the
production of the correct beam size within the crystal because of the resultant astigmatism in
the beam (i.e. the foci in the horizontal and vertical directions are at different points along the

crystal axis). Astigmatism can be compensated for by producing the focus inside the crystal by

means of an off axis spherical mirror.

4.4.2 Experimental Procedure

The 616 nm output from a diode laser (described in Section 4.5) was first passed through a
Thorlabs C220TM-B corrective lens followed by a 20 cm focal length quartz lens. The focus
of the beam was about 10 cm prior to a reflection off an off-axis spherically concave mirror
with 5 cm radius of curvature. This mirror directed the beam into the 8 mm long Brewster cut
LiIO; crystal, mounted on a 3-axis rotation and translation stage. LilO; is hydroscopic and
therefore the crystal was kept at 40 °C + 0.1 °C by resistive heating controlled by a home-built
active temperature controller. The radiation exiting the crystal was collected using a 10 cm
quartz lens, passed through several UG11 Schott colour glass filters and focused onto the
photocathode of a photomultiplier tube (Electron Tubes Ltd 9125 QB). The output of this was
maximised with respect to the crystal orientation, position and the separation of the 20 cm lens
and the off-axis mirror. This SHG output was then used for the experiments described in

Section 4.6.

4.5 Cooling a Commercial Diode Laser

Producing 308 nm radiation from a diode laser is a challenge, not just because frequency
doubling is required, but because the shortest wavelength available from commercial diode
lasers is above 630 nm, with the exception of GaN lasers that produce light at approximately
400 nm'®. To get a commercial laser diode to produce radiation at 616 nm, it has been
necessary to operate it well outside the manufacturer’s recommended conditions. As
mentioned in Section 1.8.6, it is possible to reduce the wavelength emitted by a diode laser by
decreasing the temperature at the junction. This section describes the experimental progress in

producing a reliable and convenient source of 616 nm radiation from a commercial diode laser.
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4.5.1 The Initial Experiment

A dewar designed for maintaining a mercury cadmium telluride (MCT) infrared radiation
detector, cooled by liquid nitrogen, was modified to mount a diode laser. This dewar was ideal
for the purpose because it was manufactured with a coaxial electrical feed-through connection
and an optical window in front of the brass cold block. Four further electrical feed throughs
were added to the lid of the dewar. The laser diode was mounted in a brass block that also
contained a Pt100 platinum resistance thermometer (R.S.). A length of coaxial resistive
heating wire, with a resistance of approximately 5 €, was wound around the outside of the
brass block to enable the temperature of the diode to be varied. The temperature of the laser
was controlled by varying the power dissipated in the heating wire by means of a high power
version of the controller discussed in Section 3.5.1. This stabilised the temperature with a

precision of + 1 mK over the temperature range 77 K to 290 K.

A 635 nm 5 mW diode laser (Hitachi HL. 6314 MG) was slowly cooled to about 150 K, with
the laser power maintained at 1 mW and its wavelength monitored using a Burleigh WA1000
wavemeter. Figure 4.3 shows the decrease of wavelength with decreasing temperature and the
mode hops discussed in Section 1.8.6 are clearly apparent. The target wavelength of 616 nm
was achieved at a temperature of 165 K, almost 100 K below the manufacture’s lowest

recommended operating temperature of 263 K.
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Figure 4.3 Wavelength dependence with temperature for a 635 nm Hitachi HL 6314 MG S mW diode laser
maintained at 1 mW.,

A moving coil ammeter and voltmeter, connected in series and parallel respectively with the
laser diode after the protection circuit, enabled the electrical power dissipated in the diode to be

calculated. From these measurements and measurements of the optical power, Pop, at several

124



Chapter 4 —Detection of the Hydroxyl Radical

different injection currents the slope efficiency (dP,p/dP,.) of the laser was calculated to be
0.24, higher than the typical value of 0.18 within the manufacturer’s recommended operating
conditions. This is expected because at lower temperatures the free electrons in the conduction
band are confined to lower energy levels, and similarly the holes in the valence band are
confined to higher energies. This leads to an increased density of charge carriers and hence
increased gain. This increase in gain at a particular current increases the efficiency of optical
emission. A second way to observe this effect is to monitor the change in threshold current of

the laser. As the gain at a particular current increases with decreasing temperature, the

threshold will decrease and this is shown in Figure 4.4.
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Figure 4.4 Threshold current dependence with temperature, for a 635 nm Hitachi HL 6314 MG 5 mW
diode laser.

The maximum power that could be obtained from the laser diode was also measured. This
involved increasing the injection current in small increments and monitoring the power over
several minutes to ascertain whether any immediate damage to the laser was occurring (which
would result in a decrease in the slope efficiency of the laser). Damage was found to occur
above an output power of 2.5 mW, a factor of two below the maximum power within the
manufacturer’s recommended operating conditions. Following initial tests with this dewar, a
modified system was constructed with greater liquid nitrogen capacity (the initial dewar only
contained sufficient liquid nitrogen for experiments lasting less than 30 minutes) and space
within the evacuated vessel to allow a corrective lens to be placed directly in front of the laser.
To reduce the liquid nitrogen boil-off a Delrin spacer was placed between the liquid nitrogen

vessel and the brass block containing the laser.
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The integral photodiode enabled monitoring of the laser from outside the sealed vessel. The
laser was biased using a home built current source and then ramped over a range from just
above zero output to 1 mW. The output from the integral photodiode was displayed on an
oscilloscope and the point at which the discontinuity of the laser output occurs, corresponding
to the light output at threshold, was noted. This threshold was found, as expected, to fall as
liquid nitrogen was introduced into the ‘onion’ dewar. Once the laser block had reached 165
K, the dewar was topped up with liquid nitrogen as required (approximately every 48 hours).
The laser was found to operate with a consistent threshold for in excess of 2000 hours. This
result implies that the damage that destroyed the previous laser diodes occurs from repetitive
heating and cooling and not from the extended use at temperatures below the manufacturer’s
minimum recommended operating temperature. The present strategy is to achieve the required
temperature by Peltier cooling, thereby keeping the laser at 165 K without the need of a

continuous supply of liquid nitrogen.

4.6 Detection of the OH Radical by Diode Laser

Absorption’®

4.6.1 Experimental Procedure

The 308 nm radiation was produced as described in Section 4.4.2. The ultraviolet radiation
was separated from the fundamental output using two dichroic mirrors. The fundamental
transmitted through the first of these mirrors was used to monitor the laser wavelength using a
wavemeter (Burleigh WA1000). A spectrum analyser (TecOptics V4523) was used to monitor

the laser’s mode structure.

Three methods were used to measure the optical power of the doubled radiation. Two of these
involved photon counting using a 50 Q terminated photomultiplier tube (PMT) (Electron Tubes
Ltd 9125 QB), firstly to find the mean count rate per second and secondly to find the mean
time separation between photons. Both of these involved attenuating the ultraviolet radiation
using calibrated filters. The third method was to terminate the signal output at 1 M€ and then
use the typical gain curve given by the manufacturer of the PMT to estimate the intensity of the
radiation incident on the photocathode of the PMT. All three of these methods involved
recording the power present with and without the laser radiation. These measurements all gave

an output power of approximately 50 pW, about an order of magnitude lower than that
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The laser was then passed through a 75 cm long pyrex flow cell fitted with Brewster angled

windows to minimise losses due to reflection. The pressure in the cell was monitored using a

Penning gauge (Edwards CP 25-EK) and a capacitance manometer (Tylan General CDL 11).

The output beam was reflected from three dichroic mirrors, to reduce detection of the discharge
glow, and monitored using an identical set of apparatus as used for the reference signal. The
laser wavelength was varied by direct modulation of the laser current. At a given temperature,

this allowed the fundamental output to be varied by typically 0.04 nm before the laser hopped

onto a different longitudinal mode.

The two lock-in signals, the ramp generator signal and a voltage proportional to the wavelength

from the wavemeter were recorded on a digital oscilloscope.

4.6.2 Results

The hydroxyl radical was identified (spectroscopically) by absorption on the P;(1), Q;:(3) and
P21(3) lines of the A 2yt (v=0)X 1 (v =0) band. Figure 4.7 shows a single scan of the
lock-in amplified signals from the photomultipliers before and after the flow cell, as the
doubled diode laser output was scanned from 308.153 nm to 308.164 nm. During this scan, the
diode laser injection current was changed linearly with time by 2.3 mA over a period of 20 sec.
The nonlinear change in the ultraviolet radiation intensity can be attributed to the lack of
simultaneous tuning of the doubling crystal angle to maintain the phase-matched condition.
When the scan had been corrected for background variation, the peak heights of the Q((3)
transition and the P,;(3) satellite were found to be in the ratio expected from the absorption
cross sections given in the table in Section 4.2.1. These transitions both originate from the
same lower level, the A’ A—-doublet of N =3, J= 3.5 in the 2H3/2 F) manifold, and therefore the
ratio of the absorption signals observed is only dependent on the line strengths and not the

rotational distribution of the radical.
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Figures 4.7 and 4.8 Absorption spectrum of the OH radical near 308.16 nm.

4.7: single scan of diode laser producing frequency doubled output between 308.153 and 308.164 nm.
Traces before (dashed line) and after (solid line) passing through the flow tube showing absorption features
identified as the Q,1(3) and P2 (3) transitions in OH.

4.8: background corrected absorption on the P;;(1) feature at 308.1665 nm, with a simulation for
absorption by a room temperature sample at 10 Torr total pressure.
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Figure 4.8 shows an average of four scans at a slightly higher wavelength over the P;;(1)
transition at 308.1665 nm. An absorption of about 8 % is observed in the afterglow of a
microwave discharge in 10 Torr of wet helium. An estimation of 2 x 10'? molecules cm™ for
the OH radical concentration, averaged along the 75 cm long flow cell, can be obtained using
the Beer-Lambert Law and the fact that the total absorption cross section at the peak of this
transition is 5.4 x 107 cm? at 300 K ®. Collisional broadening at 10 Torr and 300 K cannot be
neglected for OH radicals and therefore to simulate the line shape a Voigt profile is requireds.

This profile is produced from the convolution of a Gaussian (Doppler profile) and a Lorentzian

(pressure broadened profile), both discussed in Section 3.3.7, and is given by®

~ (1) _ 2 ()] 10
Fv V)= < le 4(ln2)A ¢ +0.01 —04A
) [ a)v) 1+4 A2 10+ A (44)

where

A= (~;~0)

14

4.5)

and the half width of the Voigt profile, w,, is given by the approximation®’

2
o, = @), /& P (4.6)
2\

where wp and wc¢ are the half widths of a purely Doppler and purely collision broadened

profile respectively. The Doppler half width of an OH radical absorption profile at a given

temperature can be calculated using8
w,(T)=wp, |- (4.7)

where the Doppler width at 300 K is given by wp, = 0.93 pm or 0.098 cm’™' with A9 = 308 nm.
The dependence of the collision broadened half width, wc, on pressure and temperature is

given by8

P |T
wC(T,P)=wCOF 7° (4.8)
0

where wc, (= 2 pm) is the collision broadened half width measured under the reference

conditions Ty (= 300 K) and Py (= 101.3 kPa = 760 Torr). Figure 4.8 also shows a simulation
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of the Voigt line shape for a 300 K sample at a pressure of 10 Torr. The quality of this fit is

consistent with the absorbing species being the OH radical.

The main source of noise during these experiments was optical emission from the microwave
discharge, two orders of magnitude more intense than the laser radiation, despite the long
optical path from the discharge to the PMT, and use of a Wood’s horn on the discharge arm,
dichroic mirrors, filters, and small apertures. Electrical noise from the discharge also

contributed a small amount to noise on the baseline.

4.6.3 The Variation of the OH Radical Concentration with Discharge
Conditions
The concentration of the hydroxyl radical was measured using the system discussed above

under various discharge conditions. This method of detection records an average OH radical

concentration, [OH],,, along the length of the flow cell, L, given by

[ Ton]dx
L

[OH] = (4.9)
If the assumption is made that the gas flow velocity, ¢, is constant along the flow cell it
follows that the distance a species is from the inlet is proportional to the time it has been in the

flow cell. Therefore, the average OH concentration can be found from equation (4.10).

¢ 5[0H]dr
[OHva f,[o - (410)

Thus, the concentration observed depends on the gas flow velocity.

4.6.3.1 Production from Water Vapour

Initially the OH radical was produced directly in the discharge from a wet noble gas. Figure
4.9 shows how the average hydroxyl radical concentration varies with total pressure in the flow
cell when the carrier gas is helium. 90% of the gas flowing into the cell flowed through the
bubbler and subsequently the discharge; the remaining 10 % of the flow was dry helium
injected directly over the Brewster windows. This flow stopped a systematic reduction in the
transmitted signal due to contamination of the windows. The figure clearly shows that the
concentration of the OH radical increases with increasing pressure, as expected from the

increasing number density of water molecules entering the discharge.
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Figures 4.9 and 4.10 Absolute OH radical concentrations.

4.9: from a microwave discharge of a 9:1 ratio of wet to dry helium at various total pressures.

4.10: from a microwave discharge at a total pressure of 9.5 Torr at various water molecule number
densities in helium.

The variation of the average OH radical concentration at a total pressure of 9.5 Torr with water

molecule number density is shown in Figure 4.10. The concentration clearly increases with
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increasing number density, but is not linear, implying that the proportion of water molecules
dissociated is not constant. During the experiment, it was observed that the intensity of the
optical emission produced by the discharge and the reflected power measured at the microwave
generator changed considerably. These observations imply that the properties of the discharge

varied considerably and therefore the dissociation efficiency would be expected to change.

A similar set of experiments were completed using argon as the carrier gas, with trends
observed similar to those when helium was used. However, the main difference observed was
that the average OH radical concentration was found to be about half that when helium was

used, which may be explained qualitatively again by the different dissociation efficiencies of

the discharge in the two gases.

4.6.3.2 Production by Chemical Reaction

For the chemical production method (see Section 4.3), the partial pressure of both nitrogen
dioxide and hydrogen were varied at a total pressure of 4 Torr. The variation of the hydroxyl
radical concentration with nitrogen dioxide pressure is shown in Figure 4.11; it is apparent that

the average OH radical concentration falls as the amount of nitrogen dioxide is increased.

-
2.4 4

3
—

2.2

*

18- 1

'

1.4 5

12

Concentration / 10 “ molecules cm

1.2 -

1.0+ *

T T ] v ¥ v
0 50 100 150 200 250

NO, pressure / mTorr

Figure 4.11 Absolute OH radical concentrations produced by the reaction, H + NO; — OH + NO, at a t?tal
pressure of 4 Torr at various NO; partial pressures and 60 mTorr of H,. The H atoms are produced in a
microwave discharge of H; diluted to a total pressure of 4 Torr with a noble gas.
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To interpret this quantitatively it is necessary to consider the chemical kinetics of the reactions

occurring in the flow cell. The OH radical was produced using the following reaction’.
H + NO, — OH + NO ki = 1.4 x 107"° cm®molecules's™

This reaction was considered to be the main loss mechanism of the H atoms because the NO,
molecules were in excess. The H atoms were continuously produced in a discharge from a
known number density of hydrogen molecules, and so a continuous flow of hydrogen atoms of
concentration [H]Jo enters the flow cell. These are removed by reaction with NO, and so the

hydrogen atom concentration obeys the following differential equation

] 4 ]ivo, @1

This leads to the solution that the H atom concentration decays exponentially with time:
[H]=[H], e*No:} (4.12)

The hydroxyl radical can be removed by reactions with other species (either in the gas phase or
on the walls of the cell) and by the pumping system. The pumping removal rate is accounted
for by the limits of the integral in equation (4.10). Within the cell the major loss of the OH

radical is via the third body recombination reaction with N0222.
NO; + OH +M — HNO; + M ky =2.78 x 10" ecm’molecules™'s™ at 4 Torr
The wall loss rate can be treated as a unimolecular process
OH — Products

with a rate constant k3. The only other loss rates that may be significant are the bimolecular

recombination of two OH radicals to form hydrogen peroxide and the bimolecular reaction to
form water and an oxygen atom. The recombination reaction rate is low at 4 Torr (7.47 x 10"
cm’molecules’'s )2 and can therefore be neglected. The bimolecular reaction rate is much

faster under the conditions in the flow cell*>.
OH+OH - H,0+0 ks, = 1.9 x 10"'? cm®molecules™'s™

A kinetic model created using FACSIMILE? was used to calculate the time dependence of the

OH radical concentration. An example of the trace obtained is given in Figure 4.12.
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Figure 4.12 Variation of the OH radical concentration with time produced using FACSIMILE? and the full
reaction scheme described.

The calculation was also made neglecting the OH + OH reaction (k4 = 0). This increased the
integral of the OH concentration by less than 1 % and therefore this reaction was neglected.
The time dependence of the OH radical concentration can therefore be described by the

following differential equation.

O8]}, [1INO, |- fom]INo, - [or] @13)

Substituting the hydrogen atom time dependence from equation (4.12) and solving leads to

equation (4.14).

[OH] _ k] [H]O [Noz] (e—k, [NO,} e—(k2 [NO, ks ) )

(k, -k NO, I+, (14

The contribution to the observed OH radical concentration can be seen from Figure 4.12 to be
negligible after about 1.5 ms. For a reduction of the absorption signal by pumpout from the 75
cm cell, the gas flow velocity would have to be greater than 500 ms™', which is not possible
with the pumping system used. Therefore, the upper limits of the integrals in equations (4.9)
and (4.10) can be considered to have a negligible contribution in the integration. The average

concentration of the OH radical is therefore given by equation (4.15).
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inlet for the NO, molecules and the H atoms were adjacent on the flow cell and therefore the

reactions which produce the OH radical occur in close proximity to the wall.

From the gradient of the plot in Figure 4.13, it is also possible to obtain a value for the product
of the initial hydrogen atom concentration and the gas flow velocity, [Hlocs = 3.2 X 10"
cm>ms’. An upper estimation of the flow velocity is 100 ms™', implying that approximately
1 % of the hydrogen molecules are dissociated in the discharge; this is comparable to a

previously measured dissociation efficiency of a similar microwave discharge25 :
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Figure 4.14 Absolute OH radical concentrations produced by the reaction, H + NO; —» OH + NO, at a t9tal
pressure of 4 Torr at various H; partial pressures and 100 mTorr of NO;. The H atoms are produced in a
microwave discharge of H; diluted in a noble gas.

Figure 4.14 shows the variation of the OH radical concentration in the flow cell as the partial
pressure of hydrogen in the discharge is increased, while the nitrogen dioxide pressure was
kept constant at 100 mTorr. It is clear from the figure that the hydroxyl radical concentration
falls as more hydrogen is bled into the discharge. This is not in keeping with equation (4.15) if
the dissociation efficiency of the discharge was independent of the hydrogen gas pressure.

This inconsistency with the kinetic model can be attributed to the discharge becoming less
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efficient as the hydrogen gas pressure is increased. This explanation is supported by the
observations that as the hydrogen pressure was increased, the power applied to the discharge
had to be increased to maintain the same net power and that the microwave discharge would

not strike with more than 110 mTorr of hydrogen present in the feed gas.

The wet noble gas method for production of OH was chosen for the experiments presented in
the remainder of this Chapter. This is because although both methods produce about the same

OH concentration, the chemistry involved in the afterglow of the water discharge is more

predictable.

4.7 Experimental Equipment for the Pulsed Laser

Experiments

To detect OH, three further techniques were examined; Cavity Ring Down Spectroscopy
(CRDS), Laser Induced Fluorescence (LIF), both discussed in Chapter 1, and a novel
combination of the two: Cavity Laser Induced Fluorescence (CLIF). These experiments were
all completed with a pulsed laser system. However, there is the future possibility of using a
more intense ultraviolet diode laser source than discussed in the previous sections, by using an

enhancement cavity around the nonlinear crystal (see Chapter 5).

4.7.1 The Reaction Vessel

A stainless steel chamber with a hexagonal horizontal cross section and perpendicular optical
line-of-sight paths was constructed and fitted with gimbal mirror mounts on opposite sides of
the hexagon. The chamber was fitted with Brewster angle windows, gas inputs that enabled
the mirrors to be kept clean by a constant flow of argon and a shaft seal mechanism onto the
mirror mounts to allow movement of the mirrors. The mounts contained two concave mirrors
specified with a reflectivity of 99.7 % (at 308 nm) and a radius of curvature of 1.5 m
(LaserOptik), aligned to form a ring down cavity (see Appendix 1 for a discussion of optical
cavities). Two stainless steel baffle arms, also equipped with Brewster angle windows, were
fitted perpendicular to the ring down cavity through two opposite vertices of the hexagon. This
allowed the experimental set up to be converted from that for CRDS to that for LIF

experiments by the insertion of only one mirror. The experimental layout is shown in Figure

4.15.
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oscillator and an amplifier, producing up to 800 mJ in 15 ns at 1064 nm, the output of which

was then used for SHG in a temperature controlled angle tuned KDP crystal yielding 270 mJ

of 532 nm radiation.

The 532 nm laser output was used to pump the dye laser operating with DCM in methanol.
The output of the oscillator of the dye laser was amplified in two longitudinally pumped
amplifier cells, resulting in an output of typically 30 - 50 mJ. Frequency doubling of the dye
laser was carried out in a KD'P crystal placed within an autotracker unit (SL4000 DMX) with
an efficiency of = 10%. The second harmonic was separated from the fundamental radiation
by a colour glass filter (Schott UG11). The laser wavelength was monitored using a
wavemeter (Burleigh WA4500), and during scans a photodiode observing the fringe pattern
produced by a glass etalon (FSR 23.6 GHz and Finesse =~ 16) was used to monitor precisely the

relative frequency of the dye laser.

The signals obtained from the CRDS photodiode, PMT, reference photodiode and the etalon
photodiode were acquired on a LeCroy 9304 (175 MHz, 100 Msamples/s) digital oscilloscope.
These signals were transferred onto a personal computer (Dan 486DX33) equipped with
several interface cards, which also controlled the scanning of the laser system. For the spectra
taken, this PC averaged 200 shots at each point, with each shot individually normalised to the

laser intensity.

4.8 Detection of OH Radical by LIF

The LIF technique is commonly used to detect the hydroxyl radical® in the laboratory, and has
been used extensively for atmospheric measurements. It is used here so that other techniques
can be compared to it and to give a direct measure of the lifetime, 7, of the upper state of the

OH radical in the experimental conditions used.

Figure 4.16 shows a time trace obtained by LIF of the OH radical pumped on the Q;(3)
transition at 308.154 nm. The single exponential decay that was fitted to the data is also shown

in the figure and in this case, at a total pressure of 3.5 Torr, the lifetime is found to be 530 ns.
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Figure 4.19 also shows a ringdown signal, at 308.154 nm, with the discharge struck at a total
pressure of 3.5 Torr. There is a decrease in the ringdown time, 7', when the OH radical is

present. From the absorption cross section, given in the table in Section 4.2.1, the

concentrations of the OH radical have been calculated from:

N_1(1 1
v Tl 7 @4.17)

(obtained from equation 1.22). The concentration at these pressures and are given in the table

below for four different pressures.

Pressure / Torr 7'/ ns At/ ns N/V/cm®™
1.5 221 8.6 7.8 x 10°
2.5 217 13 1.2 x 10"
3.5 205 25 2.4 x 10"
4.5 201 29 2.8 x 10"

The observed increase in concentration as the pressure is increased agrees well with the
measurements made in Section 4.6.3.1, but the absolute concentration observed is about two
orders of magnitude lower than that observed in the flow cell. The concentration observed is
averaged over the 25 cm cavity. As the radical is injected into the chamber on an axis
perpendicular to the cavity, and at its centre, there is probably a non uniform concentration
profile along the cavity. This effect is almost certainly increased due to the flow of dry argon
entering the cavity from around both mirrors. If the concentration does vary considerably
within the cavity the significantly lower concentration observed in this experiment can be
explained in terms of the different geometries of the experiments. The measurements in the
flow cell were made along the axis of the gas flow, almost perpendicular to those made in the

reaction vessel. This means that the ringdown measurement is similar to a measurement

perpendicular to the gas flow in the flow cell.

The sensitivity of this ringdown experiment can be calculated from the expressions given in
Section 1.6.4. The minimum detectable fractional absorption per pass, 0Ly, is 2.7 X 10, or
about 1 part in 40000. Alternatively, this can be expressed as a minimum absorption

coefficient oy = 1.06 X 10°® cm’! for the 25 cm long cell, corresponding to a minimum
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detectable concentration of OH radicals of 1.48 x 10° cm™. The sensitivity of this and other

measurements is severely limited by the reflectivity of the mirrors as hi gh performance mirror
coatings for the ultraviolet region are extremely difficult to produce and are hard to maintain.

However, the results obtained in this section compare well with those of other researchers who
have studied OH using pulsed CRDS%,

The LIF spectrum shown in Figure 4.18 has a signal to noise ratio of approximately 100.
Therefore, using the concentration of the OH radical determined from the CRDS experiment at
a pressure of 3.5 Torr, the minimum detectable OH radical concentration, with a signal to noise
ratio greater than or equal to 1, using the LIF experiment is 2.4 x 10® ¢cm™, within the same
time interval as the ringdown experiment. However, unlike the ringdown experiment in which
the ultimate sensitivity is an intrinsic property of the cavity, the LIF minimum detectable
concentration can be reduced by sampling for more laser shots. It should be noted that the LIF
sensitivity is dependent on the collection efficiency, optical filters, PMT and electronics but
this direct comparison shows that the sensitivity of the LIF technique can be much greater than

the CRDS sensitivity if the experiment is conducted over a sufficiently long time period.

4.10 Detection of the OH Radical by CLIF

To combine the sensitivity of LIF and the advantages of CRDS (absolute concentration
measurements and the possibility of observing time varying concentrations) a novel technique
was attempted. This technique, Cavity Laser Induced Fluorescence (CLIF), involves observing
the LIF produced from excitation of the species of interest by a laser pulse trapped in a high

finesse cavity.

The advantage of this technique over LIF is that temporal information about the lower state
concentration can be obtained in a single shot, during the ring down time. For instance in the
field of reaction dynamics, a common methodology is to produce one of the reactants is
produced by photodissociation of a precursor (so defining ¢ = 0) and then to monitor the time
dependence of the concentration of the product of a subsequent reaction to directly measure the
reaction rate. To complete this type of experiment by LIF a set of experiments measuring the
integrated fluorescence intensity at variable time delays between the photolysis (initiation)
laser pulse and the LIF laser are required. By using CLIF this experiment can be reduced to a

single shot experiment. Simulated time traces for such an experiment, generated using the
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relative to that expected from the input mirror reflectivity, leading to an increase in the

observed fluorescence.

In order to interpret the time traces obtained by CLIF, it is necessary to consider how the
concentration of the excited OH radical varies with time within the cavity. The excited level is
produced by absorption of a proportion of the laser intensity within the cavity which can be
described by the cavity ring down decay equation 1.22. The excitation rate, I, is therefore

-(M/t+ac)t

proportional to Ioe The excited level is removed by fluorescence and collisional

quenching, which can jointly be described by a unimolecular decay rate constant k = /g
corresponding to the lifetime observed by the LIF experiments in Section 4.8. Therefore, the
upper level concentration [OH*] obeys the differential equation

d[OH*]

=],k —k|OH*
" ws — k[OH*] (4.18)

the solution of which is

I {lﬂm)r L
*|oc 0 T _a t
[OH] 1 e e (4.19)

T, T
which is of a bi-exponential form, where the first term describes the ringdown and the second
the fluorescence decay rate. The time traces obtained by CLIF were fitted to a general bi-
exponential function, to obtain the two time constants 7z and 7’, but the quality of these fits was
poor. By inclusion of a second amplitude term, R, see equation (4.20), the fitting was much

more satisfactory and an example of a fit is shown in Figure 4.20.
[OH*],,, = ale™"~Re™"™) (4.20)

The table below gives the time constants that fitting to this function produced. Also included
in the table are the time constants obtained at each pressure by fixing either 5 to the lifetime
observed at that pressure from Section 4.8 and finding 7’4, or fixing 7’ to the ringdown time

(RDT) observed at that pressure in Section 4.9 and finding 7).
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Pressure / LIF CLIF CLIF CRDS CLIF CLIF
Torr T 71 Thfix) v T T fix
1.5 671 ns 613 ns 612 ns 221 ns 239 ns 220 ns
2.5 592 ns 550 ns 538 ns 217 ns 213 ns 197 ns
3.5 530 ns 448 ns 388 ns 205 ns 183 ns 158 ns
4.5 489 ns 389 ns 343 ns 201 ns 176 ns 144 ns

From the table, it is clear that there is some correlation between the time constants obtained by
CLIF and those obtained by LIF and CRDS. This correlation appears to be better at low
pressures when the two time constants are different. The retrieval of two similar rate constants
of competing processes from a bi-exponential rate law from the fits to a given dataset has

previously been reported to be exceedingly difficult™.

The value of R ranged from about 0.4 to 0.6, whereas from equation (4.19) it would be
expected to be unity. This discrepancy has proved problematic to explain. For example,
saturation of the transition was considered as a possible cause for the anomaly; if the laser
intensity was sufficient to reduce the fluorescence until a Boltzmann population could be re-
established, it would invalidate the assumptions used to derive equation (4.19). However, the
form of the CLIF time traces showed negligible variation with large changes in laser intensity,
implying that saturation of the transition was not causing this discrepancy. Another and
probably more significant possibility is that because the laser bandwidth is greater than the
rotational linewidth, the CLIF signal is produced from a varying effective cross section across
the peak. The cross section was assumed to be fixed (i.e. the laser bandwidth is much narrower
than the linewidth) for the derivation of equation (4.19) which is clearly a poor assumption.
Also, as discussed above, inherent shortcomings of the fitting procedure may also be

responsible. A combination of all these possibilities may have contributed to the unexpected

time dependence of the CLIF signal.
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Figure 4.21 CLIF spectrum of the OH radical, produced in a wet noble gas discharge, near 308.16 nm,
showing the P;;(1), Q1:(3) and P;;(3) features, at a pressure of 4 Torr.

Figure 4.21 shows a spectral scan obtained by integrating the CLIF signals at each wavelength
point, equivalent to that obtained by LIF (Figure 4.18). The CLIF profiles are observed to be
broader than the LIF profiles. This can be explained as follows. At the peak of the profile, 7’
is at a minimum and therefore the photon flux is reduced in comparison to the wings of the
profile. The CLIF signal is proportional to [OH*], which in turn is proportional to the product
of the frequency dependent cross section and the photon flux. Thus, the CLIF signal is greatly
reduced at the peaks relative to the wings of the profile, causing an effective broadening of the

profile compared to the single pass LIF profile.

4.11 Conclusions

The work in this Chapter has shown that a simple compact laser source at 308 nm can be
produced from a cooled commercial diode laser. This has been used to detect the OH radical
by absorption. However, for most applications (for instance atmospheric detection,
combustion monitoring or reaction dynamics) absorption is insufficiently sensitive without an
exceptionally long path length. For example, the first absorption measurements, of the
hydroxyl radical, using absorption in the atmosphere, were completed in 1987 using a 3.2 km

path length®'. This technique suffers from problems associated with external perturbation
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beyond experimental control. This can be overcome by using a White cell to achieve a long
path with a relatively short distance (= 40 m) between the mirrors. Fundamentally, the
absorption measurements are advantageous over other methods as the species is identified
directly and no calibration is required. The long path length can be achieved by CRDS in a
much more compact system than the White cell, but to detect atmospheric concentrations (10°

cm™)' of OH the CRDS technique is not viable with the mirrors that are presently available.

CLIF, on the other hand, combines the advantages of both LIF and CRDS and if used with a
narrow bandwidth laser source (such as the doubled diode laser source discussed in the first
half of this Chapter), absolute concentrations from a fluorescence signal could be obtained.
The mirrors for the cavity should be chosen such that the ring down time is significantly
different to the lifetime of the upper level so the time constants can be easily separated by the
fitting procedure. Only one of the mirrors would have to be transmitting because the
fluorescence signal is collected perpendicular to the laser propagation direction and therefore
there is no requirement for the back mirror to transmit radiation. A metallic mirror could

therefore be used, significantly increasing the finesse of the cavity.

The laser source required for CLIF would have to be more powerful than the single pass SHG
cooled laser source discussed in this Chapter. A significant increase in power could be
achieved by using a resonant cavity (see Section 5.4). This could enable a CLIF experiment to
be completed. Unlike the 10 Hz pulsed lasers used for the CLIF experiments in this Chapter,
the diode could be modulated using an acousto-optic modulator at frequencies comparable to
the inverse of the lifetime of the CLIF decay. This high repetition rate could be used to greatly

improve the duty cycle of a CLIF experiment, increasing the signal to noise ratio of the CLIF

signal obtained in a fixed time.

Another advantage of CRDS over LIF occurs when the concentration of the species of interest
varies with time on the timescale of the CRDS measurement (for instance concentration
variations in a reaction); such variations could be observed in a single shot. The time variation
of a concentration can be observed using LIF, but it requires a many laser shot experiment with
an LIF signal recorded at each time point. Whilst CRDS allows temporal information about
the concentrations of the species observed to be obtained, it is not as sensitive as LIF. By
combining the two in CLIF, it may be possible to obtain the sensitivity of LIF with the

advantage of CRDS in that the absolute and time varying concentrations are directly obtained,

in contrast to LIF where a calibration is required.
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Chapter 5

Detection of the N, Ion

5.1 Introduction

Interest in studying the nitrogen molecular ion, N,*, has stemmed from unexplained results
obtained in a previous Doppler resolved LIF study'?. These experiments involved using
pulsed laser Doppler resolved LIF to measure the ions’ velocity components parallel and
perpendicular to the sheath of the electrode in the capacitively coupled discharge system
described in Chapter 2. A pulsed laser (detailed in Section 5.3.1.1), was frequency doubled to
produce between 100 and 200 pJ of 330 nm radiation, in about 10 ns pulses at 20 Hz, enabling
observation of the N,* ion using the B °L," — X 2Zg+ detection scheme described in Section
5.2.3. The fluorescence was collected using a photomultiplier tube, from a region about 2 mm
high, through a narrow-band filter centred at 458.8 + 0.1 nm and imaging optics. The observed
fluorescence signal was also temporally gated to a time period of between 100 and 200 ns

about 50 ns after the laser pulse, by using a transient digitiser.

The absolute N, ion concentration was obtained by a kinetic analysis of the decay in the LIF
signal in the plasma bulk after the discharge was extingished'. This was then used to calibrate
the LIF signal obtained at various heights above the driven electrode, to obtain the
concentration profile of the N," ions. The velocity distributions of the ions parallel and
perpendicular to the driven electrode were then obtained. At all heights above the driven
electrode the observed N,' ion Doppler profiles parallel to the plane of the electrode were
consistent with a thermal translational distribution at 355 K, the temperature characterising the
separately measured rotational distribution. Perpendicular to the driven electrode, the
acceleration of ions towards the driven electrode was clearly observed from the width of the
Doppler profiles. Figure 5.1 (taken from Woodcock ez al.’) shows the observed Doppler
profiles. As the ions get closer to the driven electrode, both the maximum and the average ion
velocity increase. However, approximately half of the ions are observed to be present in an
unaccelerated distribution around zero velocity — this effect is independent of height above the
electrode. Also shown in the figure are the predicted Doppler profiles obtained by Monte

Carlo simulations of the behaviour of ions injected into the sheath® (integrated over sets of ions
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matching the experimental spatial and spectral resolution). These simulations were produced
by introducing ions, with random thermal velocities, into the sheath at random phases of the r.f.
cycle, and calculating their progress through the sheath at 1 ns intervals®. The forces acting
upon the ions were calculated using the analysis of Song et al.’® to evaluate the time varying
sheath electric field. This analysis assumes steady-state solutions at each (time-varying) sheath

voltage and a collisionless form of the Child-Langmuir potential.
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Figure 5.1 Comparison of the experimental (circles) and simulated (dashed lines) vertical Doppler profiles
at four heights above the driven electrode of the CCP system described in Chapter 2 (from Woodcock").
The positions are (a) 9 mm, (b) 8 mm, (¢) 6 mm and (d) 4 mm above the driven electrode.

From the figure, it is clear that the simulated Doppler profiles agree well with the observed
profiles of the accelerated ions. However, the simulation does not predict the peak of
unaccelerated ions. Many possibilities for this discrepancy have been considered; a summary
is given below. These low velocity ions would not have been detected using an electrostatic
probe because it has a vanishingly low detectivity for zero velocity species since it measures

flux. However, the detectivity of most laser methods, including the LIF method used to

produce Figure 5.1, are essentially independent of velocity.

The model included the possibility of ion formation by charge exchange. For kinetic energies
below 20 eV, values for the energy dependent symmetric charge exchange and elastic
scattering cross sections were extrapolated from experimentally measured values at higher
kinetic energies. It was found that if the energy dependent cross sections at zero kinetic energy
were increased by a factor of 200, a considerably better fit to the data, taken at 9 mm above the

driven electrode, was achieved. However, it was found that the size of the simulated zero
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velocity peak dropped sharply as a function of height in contrast to the almost constant
behaviour observed experimentally. As a final test, the simulation was repeated with the cross
sections increased by a factor of three from the previously measured values across the entire
energy range. This resulted in little change in the comparative size of the zero velocity ion
peak to the rest of the distribution. In the event that the slow ions are produced by symmetric
charge exchange, the flux of fast neutral nitrogen molecules will be considerable and will need
to be considered for a full understanding of materials processing in nitrogen plasmas (see

Section 1.2 for a brief summary of the uses of nitrogen plasmas).

The assumptions used in the model to generate the electric field, including the use of a
collisionless potential and a mono-energetic ion density at each point, were also considered as
a possible reason for the discrepancy between the modelled and experimentally measured ion
velocity distributions. However, it has been previously observed that the exact form of the
potential does not significantly alter the shape of any simulated ion energy distribution®.
Another possible flaw in the model is the assumption that the ions entering the sheath had a
translational distribution that is described by a ambient temperature Boltzmann distribution.
Other sheath models have used the Bohm velocity as the initial velocity (see Section 2.4.2), but
as the profiles simulated are deep inside the sheath this effect is expected to be negligible'. In
addition, since the agreement between theory and experiment for the high velocity component
of the ion velocity distribution was so good, it was concluded that the physics used to model
the sheath was not likely to cause the simulation to fail when describing the unaccelerated ion

peak.

The next consideration, was whether the slow ions were produced as an artefact of the
experimental technique. The technique uses very intense laser radiation (> 100 MWm™>) and
therefore, the possibility that the ions were produced by a photoionisation mechanism was
considered. The many photon induced processes that could result in the ionisation of N
molecules (whose concentration in the sheath is about seven orders of magnitude greater than
the N,* ion) makes photoionisation hard to disregard. However, all such processes would
require more than one 330 nm photon, i.e. a muiti-photon process, and the experiments
completed show that the size of all parts of the ion velocity distribution increase linearly with

laser intensity’, strongly suggesting that multi-photon processes can be ruled out.

A second possible experimental explanation for the observation of the slow ion peak is perhaps
that, since the laser radiation passes through the bulk of the plasma before it reaches the sheath,

the detection system is collecting LIF from the plasma bulk. It must also be noted that the
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cylindrical glass surround of the plasma chamber will image such fluorescence back onto the

same axis. Experimental tests of the imaging selectivity appear to eliminate such a

)
mechanism®.

The relative N," ion concentration profiles (including the slow ions) within the sheath, obtained
by LIF with the laser propagating parallel and perpendicular to the electrode, appeared
identical within experimental error when normalised to the value obtained in the bulk by both
geometries. This profile comparison, along with the observation that the ion flux was found to

remain constant with height when calculated from the profiles, is strong evidence that the slow

ions do exist in the sheath.

The most plausible explanation for the zero velocity ion peak is that the slow ions are produced
by impact ionisation of slow nitrogen molecules by secondary electrons produced at the
electrode. These are generated by species impacting onto the electrode’; the perturbation of
plasma processes by effects related to the electrode has been previously discussed®’.
Gerassimou et al.® also considered and dismissed several other effects that might reduce the
lifetime of excited N;" ions near the electrode surface, some of which may create a population

of slow ions.

For the duration of this project, a considerable amount of time and effort has been expended in
developing and testing experimental systems in an attempt to determine whether this
previously observed strong zero velocity peak in the ion velocity distribution is an artefact of
the experiment or a real observation. Two novel experimental methods have been proposed;
these are briefly discussed in the following two sections. The preliminary experiments
required to determine whether these two experimental methods could be successful are then
described in the remainder of this Chapter. This involved investigating two methods of
detection of the N,* ion, firstly via the A I, « X “Z,* transition by LIF and CRDS (see
Section 1.6) with the ultimate aim of using CLIF (see Section 4.10) and secondly via the B %t

— X 22g+ transition by absorption using a continuous wave frequency doubled diode laser as
the radiation source.

The ICP system discussed in Chapter 2 was designed to accommodate both of the experiments
described below. In both cases, the region in the sheath being investigated can be changed by

vertical translation of the lower electrode alone. In the previous experiments, the whole CCP

system had to be translated vertically. Also, because the electrode can be biased independently
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The fluorescence lifetime of the upper state must be sufficiently large so that a significant
proportion of the ions passing through the observation region are still in the excited state.
However, if the fluorescence lifetime of the upper state is too large, the amount of fluorescence
produced will be too weak to observe (the probability that an excited state will fluoresce in the
direction of the detector while in the observation region is too small). The A ’II, — X Z,*
transition in N, was chosen because the frequency of radiation required to excite it is easily
produced by both pulsed and continuous wave lasers and the A ’I1, state radiative lifetime of
around 10 psg, which is considerably larger than that of the B 22,,* state (= 60 ns)8, is

sufficiently large to allow the ions to travel a measurable distance before the fluorescence

becomes undetectable.

The method could eventually use a modulated continuous wave laser and phase sensitive
detection (similar to the MMS discussed in Chapter 3), to obtain the velocity distribution of the

ions from the observed fluorescence signal.

3.1.2 Two Dimensional Velocity Mapping by LIF

In the previous studies, the vertical and horizontal components of the ion velocity distribution
were obtained independently. This does not give sufficient information to resolve the full
three-dimensional velocity distribution, which is cylindrically symmetric about the field axis.
To enable the full three-dimensional velocity distribution to be obtained, the following

experiment is proposed.

A laser with a sub-Doppler bandwidth, propagating parallel to the electrode could be used to
excite a specific component of the N," ion velocity distribution in the horizontal direction. The
fluorescence produced by these ions, into a small solid angle, spectrally resolved by a tunable
filter may then be observed parallel to the field (chosen to allow good resolution of the velocity
components perpendicular to the electrode). This arrangement is advantageous in comparison
to the previously used geometry because the laser radiation used to excite the ions does not
propagate through the bulk of the plasma and therefore if the previously observed zero velocity
peak is produced by LIF from the bulk it will not be observed. A schematic of this proposed

experiment is given in Figure 5.3.
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the transmission curve of the cavity would be 100 MHz, resulting in the same velocity
resolution in the vertical direction as that in the horizontal plane. Ultimately, by step scanning
the laser across the absorption profile in the horizontal direction and observing the spectrally

resolved fluorescence, at each step of the laser by scanning the etalon, the full velocity

distribution can be obtained.

5.2 Spectroscopy of the N, Ion

Figure 5.4 shows the five lowest potential energy curves of the nitrogen molecular ion'', Ny*.
The approximations described in Section 4.2 allow the electronic configuration of the ground
electronic state X of the N, ion to be given by (1scsg)z(lscsu*)z(2scsg)2 (2sou*)2(2pnu)4(2pog)'.
In this Chapter, transitions between the ground state and the first and second excited states of
the same multiplicity are considered. The first excited state, A, has a configuration
(1sog)2(1scsu*)2(2sog)2(250u*)2(2pnu)3(2pog)2, arising from the promotion of an electron from
one of the 2pm, orbitals to the 2po, orbital. The second excited state, B, has a configuration
(1sog)2(1scu*)2(2scg)2(250u*)‘(2pnu)4(2pog)2, arising from the promotion of an electron from

the 2sc,* orbital to the 2po, orbital.
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Figure 5.4 Potential energy curves for the five lowest electronic states of the nitrogen molecular ion N,'
(from Bensech et al.").
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As in the case of the OH radical, several angular momentum vectors and corresponding
quantum numbers are required to describe the state of the N," ion. As stated previously, the
most widely used coupling approximation for diatomic molecules is analogous to the

Russell-Saunders coupling scheme for atoms'2. The vectors and quantum numbers pertinent to

this scheme are discussed in Appendix 2.

Again a further quantum number is required to identify the vibrational levels of the electronic
states. v is this vibrational quantum number of the ion, giving the vibrational energy level (for

a simple harmonic oscillator, E,psy0 = hv(v + '/, )). v can take the values of O, 1, 2, ...

The term symbol for the ground state of the N, ion, X, is 22; and the coupling is best
described by Hund’s case (b), because 4 = 0. Analogously to the A state of the OH radical,
this state exhibits p-doubling (see Appendix 2). The first excited state of the same multiplicity
as the ground state, A, of the N," ion can again be described by Hund’s case (b). The values of
the electronic quantum numbers describing this state are 4 = 1, § = l/,. Each K level is split
into two spin orbit levels, F| and F,. This state is an inverted multiplet, that is the F; (J =K -
14) level is lower in energy than the corresponding F, (J = K + '4) level, with A = -74.6 cm™ ®,
Each of the J levels exhibit 4-doubling. The term symbol for the second excited state of the
same multiplicity as the ground state of the N,* ion, B, is °Z," and the coupling is again best
described by Hund’s case (b), because 4 = 0. The values of the electronic quantum numbers
describing this state are 4 =0, 2 = '/2. This state like the ground state, exhibits p-doubling (see
Appendix 2).

The electronic selection rules, A4 =0, 1, AS=0,(+ & +)or (— & -) and (u & g)'z, are all
obeyed for both the A T, «— X ’2,*and the B ’L," « X ’z," electronic transitions. The single
photon rotational selection rules for the main branch lines of both these system of the N," ion

are AJ and AK is *1.

5.2.1 The A ’I1, — X *Z," Detection Scheme

This energy level scheme is the inverse of the A’L* — X *IT OH radical system, and again the
rotational selection rules produce twelve possible rotational branches, six from the selection
rules given above and a further six weaker sub branches (corresponding to AJ is +1 and AK is
+2, or AJ is 0 and AK is =1, or AJ is 1 and AK is 0). These are labelled differently to the
transitions of the A2Z* « X °I1 OH radical system. By convention they are labelled “*AJr 5
where AK and AJ are labelled O, P, Q, R or S when they take the values -2, -1, 0, +1 or +2
respectively. If AK = AJ then the AK superscript is neglected from the label. The first
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subscript is used to identify whether the upper state energy level is in the F or F, spin orbit
manifolds and the second subscript indicates to which of the two spin rotation levels the lower

level of the transition belongs. If F' = F” then one of the subscripts is neglected.

To select the optimum LIF scheme for the time of flight experiment, it was necessary to
consider several factors. As previously observed more than 90 % of the ions are in the (v = 0)
level', and the best detectivity will be achieved if this state is probed by the pumping transition.
This also allows a direct comparison with the previous experiments' as this was the level that

was probed. Inspection of the Frank-Condon factors® shows that only the (0,0), (1,0), (2,0) and

(3,0) bands merited consideration.

The (0,0) and (1,0) bands were ruled out because the wavelengths required, (around 1.1 pm
and 920 nm respectively) were extremely difficult to produce from the pulsed laser system that
was available. For the (2,0) system, there are three possibilities for observation of the
fluorescence; firstly on the (2,0), however this was discarded immediately because it would be
impossible to spectrally remove the scattered laser light, secondly (2,1) which has a larger
Frank-Condon factor, and (2,4) which has the largest Frank-Condon factor. The (2,4) band
occurs in the infrared where low noise, high-speed and high sensitivity detectors are not
available. The (2,1) band occurs around 950 nm and appears to be the best band from which to

observe the fluorescence.

If instead the (3,0) band is pumped, there are two possibilities for observation of the
fluorescence; the (3,1) and the (3,5) band. The latter was neglected, again due to its long
wavelength. The (3,1) band occurs at around 810 nm. To determine whether observation at
950 nm after pumping the (2,0) or observation at 810 nm after pumping the (3,0) would be
more sensitive it is necessary to consider the magnitude of the plasma induced emission at
these wavelengths. The two previous surveys of the plasma induced emission from a nitrogen

13 showed that the majority of the

discharge that have been completed in the CCP system
plasma emission was unsurprisingly produced by N; and N,*. The main emission from N, was
observed to be from the 1° (B 3Hg — A 3Zl,,“) and 2™ (C 3H,, —B? I1,) positive systems, while
only the B %3, — X 2):3+ system of N,* was observed, the A ’mn, —» X 22; system being
masked by overlying N, emission. By inspection of the positions8 of the band heads of the N,
systems, it is found that at around 950 nm emission occurs on the (3,3), (8,9) and (4,4) bands of
the first positive system while at around 810 nm emission on the (10,10), (11,11) and (6,5)
bands of the first positive system are present. Estimating the vibrational temperature of the N,

at the value previously measured for N, (1200K)', the relative population of the N, B state can
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be calculated. With this estimate of the population and knowledge of the Frank-Condon
factors it was possible to deduce that the plasma induced emission around 950 nm would be
considerably more intense than that at 810 nm. For this reason, the scheme involving pumping
via the (3,0) band and observing the fluorescence from the (3,1) band was chosen. This choice

is also supported because the detectors available for 810 nm are considerably quieter than those

that respond to 950 nm'*,

Figure 5.5 shows the energy levels of the A IT, (v = 3) — X ’2," (v = 0) system of the N," ion

involved in this detection scheme along with a sample of the transitions between them.
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Figure 5.5 An energy level diagram of the A Mm,w=3 <X 22; (v = 0) system of the nitrogen molecular
ion N2+.

L 2
The absorption cross section for a transition in the A 1, w=3)« X Zg+ (v = 0) system can

. 4 1 : 5
be estimated from the transition probab111ty8, A =1.9x% 10" s, using equation (5.1)".
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2
.[012 dv = _4§_2)~____A12

- (5.1)

This gives the cross section of a particular rotational level and it is necessary to multiply this
by the fraction of molecules present in the particular rotational level of interest to calculate an
effective cross section for all the N," ions. This allows the absorbance of the system at a given
wavelength to be calculated from the product of the cross section, the path length and the total
N;" ion concentration, rather than the concentration of the ion in the specific rotational level
from which the transition originates. Assuming the previously measured rotational
temperature of 350 K, the total cross section for the R(6) band head is found to be

approximately 6 x 107'® cm?.

5.2.2 Simulation of the A 1, < X ’Z,* Absorption System

The absorption spectrum of the (3,0) band (A 11, =3 X 22; (v = 0)), in the region
investigated in this Chapter was simulated using the line positions given by Benesh et al.!!
(interpolating the data to determine the positions of the few transitions not given), the
linestrengths given by Zare'® and the molecular constants for the N,* ion given by Huber and
Herzberg'’. Figure 5.6 shows the spectrum obtained assuming a translational and rotational
temperature of 350 K, the value estimated previously in the CCP system', in the situation when

the linewidth is dominated by Doppler broadening.
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Figure 5.6 Simulation of a small region of the absorption from the A M, (v = 3) « X *L," (v = 0) system of
the nitrogen molecular ion N;'.
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5.2.3 The B °L," — X ’Z,* Detection Scheme

The rotational selection rules given in Section 5.2 produce four main branches; while two
weaker sub branches are also possible (when AJ is 0 and AK (AN) is +1). These are labelled in
the same way as the transitions of the A ZHM — X 22g+ system, giving R, R,, Pjand P, for the

main branches and *Q,, and Q; for the sub branches.

Similarly to the survey of the plasma induced emission spectrum of the discharge discussed in
Section 5.2.1 an investigation in the region from about 300 nm to 500 nm has previously been
conducted'. From this, along with knowledge of the Frank-Condon factors for the possible
excitation and fluorescence transitions, the optimum LIF detection scheme was determined’ to
be excitation of the R(6) transitions, i.e. R;(6), R»(6) and RQ21(6), of the (2,0) band at 330 nm
and consequent observation of the (2,4) fluorescence at 458 nm. Figure 5.7 is a schematic of
the energy levels of the B =2 X 22g+ (v = 0) system of the N, ion involved in this

detection scheme, along with sample transitions between them.
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Figure 5.7 An energy level diagram of the B S w=2) <X 22; (v = 0) system of the nitrogen molecular
ion N,".

A similar procedure to that described in Section 5.2.1 leads to a total cross section for the R(6)

transitions of the B 2Z," (v = 2) « X 2Z,* (v = 0) system of 1.2 x 10™* cm® using A = 7.6 x 10°
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Chapter 5 — Detection of the N;* Ion

To observe the LIF from the A °Il, state of the N," ion, careful spatial and spectral filtering
was required to remove the intense emission from the discharge. The LIF time trace observed
in the CCP sustaining a 300 W 100 mTorr nitrogen plasma is given in Figure 5.9. This LIF
signal was obtained from the average of in excess of 100 000 laser shots. An average of the
signal produced without the plasma struck was subtracted from the signal. This procedure
removes a significant amount of electrical noise produced by the excimer laser and the signal
observed from scattered laser photons. However, the LIF time trace still exhibits some
oscillations due to the imperfect match of the electrical noise, produced by the excimer laser,
observed with and without the discharge. The signal to noise ratio is poor considering the
extremely large number of laser shots that were averaged to produce the signal. A single
exponential decay was fitted to the LIF signal, yielding a fluorescence lifetime of 530 ns for
the v = 3 level of the A 2Hu state. This is about a factor of 20 lower than the radiative lifetime
(10.7 ps)g, and is consistent with a collisional quenching rate constant of 5.3 X 10719
cm’molecules™'s™, in agreement with the value previously estimated' for the v = 0 level of the

B 2z, state (4.3 x 10'° cm®molecules's™).

5.3.3 Results of the Cavity Ring Down Measurements

The time dependence of the light intensity, within the cavity, with the discharge extinguished
(and a total pressure of 100 mTorr), is shown in Figure 5.10 along with a fitted first order
exponential decay, Ie". From this, it was possible to obtain a value of 4 us for the cavity
‘ringdown time’, 7. Equation 1.20 relates mirror reflectivity to r showing that the mirrors used
were 99.96 % reflective at this wavelength. Thus, the cavity finesse is approximately 7 500,

which gives an effective path length of 1.25 km within the 50 cm ringdown cavity.
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dominates the observed linewidth and is described by a block function of the same width as the
Gaussian (the real profile is probably a structured combination of the two). It can be seen from
the figure that the absorption spectrum recorded roughly coincides with the minima of the
simulations, however the signal to noise ratio is exceptionally poor despite the large number of
RD decays recorded at each point. A second problem is that the laser bandwidth is
considerably greater than the linewidth of an individual absorption line (0.034 cm™) and
therefore the assumption used to derive the expressions for CRDS, that the entire spectral
output of the laser is attenuated by the same amount, is invalid. These factors mean that from
the observed signals it is only possible to approximately estimate the N,* ion concentrations as
5x 10° cm™ in the CCP (175 W, 220 mTorr) and 7 x 10® cm™ in the ICP (100 W, 75 mTorr).
The measurement in the CCP is in reasonable agreement with that previously measured at
200 W and 200 mTorr (1.5 x 10'® cm™) in this system by calibrated LIF', when it is considered
that this is the path (of which about half is through the plasma bulk) integrated concentration
and the LIF measurements were made in the middle of the bulk. The relative measurements in

the two chambers agree with the observations discussed in Chapter 2.

5.3.4 Possible Future Experiments

It is clear that the LIF signal, although observable with the pulsed laser system, is not sufficient
to complete the proposed time of flight experiment. In comparison to the previous
measurements which used the B 22,[' — X 22g+ transition the signal is smaller, not only due to
the weaker absorption but also the much lower fluorescence quantum yield (about 0.05 was
observed here compared to the B ’y,* state for which the quantum yield was previously
observed' to always be greater than 0.5 up to 0.5 Torr in the CCP system). In addition,
because the radiative lifetime is greater, a necessity for the proposed time of flight experiment,
the temporal window that the LIF is observed over is greater and therefore the average
intensity is lower so it is more difficult to discriminate the LIF from the plasma induced
emission. Although a CRDS spectrum has been obtained in both systems, the amount of
absorption due to the N," ions is very small and thus no attempt to record a CLIF signal was
made, as the enhancement observed in Chapter 4 using CLIF was several orders of magnitude

below what would be required for a successful time of flight experiment to be completed.

To complete the time of flight experiment a more efficient excitation method is required, such
as a method using continuous wave radiation trapped inside a resonant cavity (the continuous

wave equivalent to the CLIF technique discussed in Chapter 4). This cavity could be actively

173



Chapter 5 — Detection of the N;* Ion

held in resonance with the output of a continuous wave diode ]aser (see Section 5.4.2). A
similar method to the MMS system described in Chapter 3 could be utilised for the detection
scheme. Previously, a cavity has been held in resonance with a laser output using one
component of the polarisation (for one of the locking schemes discussed in Section 5.4.2),
while the other orthogonal polarisation component of the laser output is used to probe the
sample'’. This procedure could be used for the excitation scheme if the component of the
polarisation used to probe the sample could be modulated using an acousto-optic modulator
(AOM)* while the other orthogonal component bypasses the AOM and is then used to lock the
cavity. This continuous wave system would increase the proportion of the experimental time
that the excitation source is on by many orders of magnitude, and also enables uses of phase
sensitive detection to remove noise from the plasma induced emission via the integration
provided by a lock-in amplifier. It has been shown from the magnitude and phase of the

signals produced relative to that observed in the excitation region that it is possible to obtain

21

the velocity distribution of the ions“', analogously to the pulsed experiment.

5.4 Detection via the B °X," < X *Z," Electronic Transition

In this section the design, development and testing of a continuous wave laser source for
detection of the N,* ion via the B °Z," « X °Z,* transition is discussed. This source consists of
a similar frequency doubled diode laser system to that discussed in Chapter 4. However, as
mentioned previously, the intensity of the second harmonic radiation produced by passing the
fundamental once through the crystal is very low. This is because the conversion efficiencies
are small and depend on the square of the intensity of the fundamental radiation. To detect a
species in a plasma it is essential that sufficient radiation is used such that signals are not
swamped by the plasma induced emission, whether the species is being detected via absorption
or laser induced fluorescence. For the laser induced fluorescence experiment proposed in
Section 5.1.2, the signal observed depends linearly on the laser power, until the intensity
becomes sufficient to saturate the transition. To achieve as good a signal to noise ratio as
possible, the maximum achievable amount of ultraviolet radiation must therefore be used as the
excitation source. Consequently, it is necessary to enhance the fundamental intensity in the
non-linear crystal. This can be achieved by containing the non-linear crystal within a resonant

cavity.
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5.4.1 Theory and Design

The theory of second harmonic generation (SHG) and the optimum focusing condition of a
Gaussian beam is summarised in Section 4.4.1. Using this procedure developed by Boyd and
Kleinman??, the maximum efficiency of SHG at 660 nm in LilOs, is found to occur when the
fundamental beam waist within the crystal is approximately 18 um. This corresponds to a
value of an efficiency, y, of 2.7 x 10™. In this calculation the Sellmeier coefficients given by
Dmitriev et al.® have been used. Although the SHG conversion efficiency of LilOs is
relatively high, reflection losses will still be important and will lower the finesse of the
doubling cavity. Reflection losses can be minimised in two ways: using an anti-reflection
coating or choosing the angle of incidence into the crystal to be the Brewster angle. It is
difficult to deposit an anti-reflection coating onto a LilOs surface; instead to minimise
reflection losses at the faces of the crystal, it was purchased with Brewster cut faces. However
this introduces a complication in the production of the correct beam size within the crystal
because of the resultant astigmatism in the beam. This can be compensated by the reflections
from spherical mirrors, of radius of curvature r, at a particular angle of incidence, a. The
condition for astigmatism compensation is given by**

1 —1Nn? +1

4
n

(5.2)

rtanasina =

where n is the refractive index of the ordinary polarisation of the fundamental radiation in the

crystal, of length /. In this case, n = 1.88, I = 8.1 mm, r = 5 cm and therefore a is

approximately 15°.

To utilise this correction the non-linear crystal was placed within a bowtie enhancement cavity
consisting of two plane mirrors and the two spherical mirrors. A schematic of such a cavity is
given in Figure 5.14. The optimum parameters u, v and 8 for the cavity must be chosen such
that the Gaussian waists of the TEMgo mode supported by the cavity is, in the centre of the
crystal the same as that calculated for the maximum SHG and at the centre of the long arm
matched to the achievable beam size produced by focusing the laser output into the bowtie
cavity. To determine achievable waists in the long arm, the beam profile of several lasers were

recorded after passing through different sets of lenses, by using a CCD camera interfaced to a

PC running Spiricon beam profiling software.
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N
M, </7/M2

Figure 5.14 Schematic of a bowtie enhancement cavity for SHG. The defining angles and lengths are
labelled.

The Gaussian beam properties around the cavity were calculated® using the product of the
ABCD matrices'® for all the components in the cavity (Appendix 1 contains a summary of the
theory and the matrices required). The astigmatism introduced by the Brewster cut crystal
faces meant that the total optical cavity matrix had to be calculated separately for the horizontal

and vertical planes.

5.4.2 Experimental Equipment

The diode laser chosen was a 30 mW Blue Sky Research Circulaser PS104. Its beam profile is
given in Figure 1.10b. This laser had an almost circular output and reduced astigmatism
compared to other lasers, due to a correcting lens placed onto the front facet of the laser.
Hardware and control equipment identical to that discussed in Section 3.5.1 was used to mount

this laser and control its current and temperature.

Although the laser had an integral correction optic, it was still necessary to use a second lens to
correct the divergence of the laser. The laser mount was rigidly bolted to an aluminium
breadboard, onto which all the required optics for the doubling cavity were also mounted at a
standard beam height of 50 mm. This small height, along with the use of large stable 12” New
Focus corner mirror mounts, produced a system that was convenient and very stable. The
entire system was mounted on a Melles Griot vibration control pneumatically isolated optical

table to reduce vibrations which may affect the operation of the cavity.
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laser to the correct orientation for the cavity. The next component in the optical path is the
mode matching lens, mounted on an optical rail and carefully aligned so that translations of the
lens along the rail did not cause the beam to change direction. A small fraction of the laser
output is used to monitor the spectral output using a spectrum analyser (TecOptics V4323
spectrum analyser, with a 10 GHz Free Spectral Range and a finesse of greater than 100) and
the absolute fundamental wavelength was recorded using a Burleigh wavemeter (WA1000).

The cavity mirrors have specified reflectivities given in the following table.

Mirror Reflectivity Reflectivity
at 660 nm at 330 nm
M, 0.985 >0.99
M; >0.99 <0.2
M; >0.99 N/A
My >0.99 >0.99

The mirrors M,, M3 (mounted on a piezoelectric transducer to enable the cavity length to be
changed electrically) and My and the LilO; crystal (Casix) were then positioned in the
geometry calculated (u = 2.8 cm, v = 15.7 cm and 6 = 13.1°), while M, was temporarily
substituted for a quartz plate of identical thickness to M,. This allowed correct orientation of
the other mirrors and, most importantly, the crystal. The correct crystal orientation and
position was found by observing the light exiting the crystal after it passed through the quartz
plate and a Schott UGI1 filter using the CCD camera. The crystal was supported in a
temperature controlled mount on a 3-axis rotation and translation stage. The LilO;3 crystal
needs to be heated because it is hydroscopic and therefore the crystal was kept at 40 + 0.1 °C
by resistive heating, controlled by a home-built active temperature controller. The angle and
position of the crystal was altered until the maximum SHG was observed. The cavity was then
completed by the installation of M;. The CCD camera was then used to observe the
fundamental loss of the cavity through M, without the UGI1 filter. Precise cavity alignment
can then be achieved by iteratively adjusting the mirrors to overlay consecutive round trips

until the cavity transverse modes could be observed. Figure 5.16 shows the beam profile of

some of the cavity modes.
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below half of its initial value. For in excess of 36 hours no trigger was observed, implying that
the system is certainly sufficiently stable for use in experiments lasting several hours. To test
whether the electronics successfully maintained the resonance condition as the laser frequency
was varied a ramp signal was put onto the laser injection current. The laser cavity was
observed to remain in resonance during the ramp provided the ramp rate did not exceed about
0.5 mA/min, although the lock was lost at the turning points of the ramp. Generally, the

electronics rapidly relocked the cavity although not always to the TEMgy mode, significantly

reducing the frequency doubled output.

From the measured finesse (74) it is possible to calculate a number of parameters relating to the
cavity enhancement. For example, T.4, the round trip losses in the cavity can be found from

equation (5.3) and T,z = (1 — R®) = 0.081.
Fo (5.3)

The intracavity losses, [, due to all components in the cavity with the exception of the input
coupler, are given by T4~ T, where T is the transmission of the input coupler. In this case | =
6.6 %:; this is attributed to less than 100 % reflectivity of M,, M3 and My, to absorption and
scattering in the crystal and to the conversion of the fundamental power into second harmonic

power.

A second parameter that can be directly measured is the resonant reflectivity of the cavity, Rg.
This is the ratio of power reflected from M, during a cavity resonance to that when it is out of
resonance. In this case, a photodiode was used to observe the maximum fall in reflectivity as
the cavity is swept, using the piezoelectric transducer, across several free spectral ranges. If
the cavity is exactly impedance and mode matched, Rg is zero. Impedance matching is the
condition when the transmission of the input coupler, T}, is equal to the intracavity losses. This

condition results in the largest enhancement factor, ¢, of the cavity, given by29

1-R, 4T

(5.4)

(the approximation is only valid when Tj, I << 1). In the cavity described here, there is a
considerable impedance mismatch; Rz was found to be 0.55 and as mentioned in Section 5.4.2
the mode matching efficiency had been measured to be 82 %. The residual reflectivity due to
the impedance mismatch is R, (= (Teg — 2T|)2/ Ty 2)) and is found to be 0.4. The difference

between R, and the observed reflectivity, Rg, gives an indication of the quality of mode
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matching, characterised with the parameter # = 1 - (Rg - R.) which is found to be 0.85, in good

agreement with the experimentally measured value of 0.82.

Measurements of the parameters describing the cavity enable an estimate of the expected
ultraviolet output power to be made. The power circulating in the cavity, P,, can be found
from nePi,, where P, is the incident fundamental power on M; (20 mW). The second
harmonic power is given by Py, = yPcz, where y is the doubling efficiency calculated in Section
5.4.1. If estimations are made for the loses associated with absorption and scattering within the
crystal and reflection at its output face (= 30 %), reflection from M, and M; (< 5 %) and
transmission through M, (= 20 %), then the expected output power is 3.2 pW. This implies the
doubling efficiency is approximately an order of magnitude lower than the theoretical value.
This can be explained by a number of factors, including the possible failure to exactly achieve
the optimum beam profile within the crystal, required for maximum SHG, and inaccuracies in
the calculation of the doubling efficiency. It has been previously noted that it is extremely

difficult to experimentally achieve theoretically calculated conversion efficiencies®*?’.

The quality of the enhancement produced in the cavity depends on both the mode matching
which in this case is reasonable and the impedance matching, which in this case is poor. To
increase the intensity of the ultraviolet radiation produced by this cavity it would therefore be

necessary to improve the impedance matching.

5.4.5 Results

Despite the low laser power, absorption experiments to detect N,* via the B - Xy

transition, were attempted in the ICP chamber described in Chapter 2. These are discussed

below.

The divergence of the ultraviolet radiation emerging from the cavity was partially corrected
using three quartz lenses, after which a proportion of the beam (= 20 %) was reflected from a
quartz flat, while the remainder was steered through the plasma chamber using dielectric
coated turning mirrors. By the exit of the plasma chamber, its power had been attenuated by
approximately an order of magnitude due to reflection losses on the mirrors, lenses and plasma
chamber windows and some loss at an iris placed after the chamber to spatially select the laser
beam. The intensities of the reference reflection and the beam passing through the plasma
chamber were observed using a pair of identical photomultiplier tubes (PMT) (Electron Tubes
Ltd 9125 QB) fitted with UG11 filters to remove the fundamental radiation. The time response

of the signals produced were varied using a matched pair of incrementally variable terminators.
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Absorption will be observed as a reduction in the ratio of the signal from the PMT after the
chamber to the signal from the PMT before the chamber. This method should enable direct
compensation for the variations in the laser intensity. The absorption signal would be observed

as the difference in the ratio at a wavelength on resonance with a transition in the B %Z,* — X

2).];r system compared to the ratio off resonance.

Without the discharge present, a continuous laser intensity was clearly observed by both the
PMTs. However, once the discharge was struck the plasma induced emission, many orders of
magnitude more intense than the laser, made it impossible to observe the laser signal on the
PMT. To reduce the plasma emission a narrow bandwidth interference filter, centred at
330 nm (CVI F10-330.0-4-0.5 FWHM 10 nm peak transmittance 30 %), was placed in front of
the PMT. Although this significantly reduced the plasma induced emission, it was still found
to be several orders of magnitude more intense than the laser. To reduce the plasma induced
emission further a monochromator (Edinburgh instruments 121 S15 f4.0, dispersion 5.3
nm/mm, slit width 200 pm) with a resolution of 1.1 nm FWHM was used in addition to the
interference filter. The beam shaping optics before the chamber were then used to change the
spatial properties of the beam so that it was focused onto the entrance slit of the
monochromator, after the chamber. The best resolution from the monochromator was,
therefore, not attained, as this is achieved when the collecting optics have the same f number as
the monochromator resulting in full illumination of the grating'5 . However, the loss in spectral
resolution is more than compensated by the reduction in the observed plasma induced
emission. This is because no lens was required after the chamber and so only the plasma
induced emission incident on the entrance slit was collected rather than the entire emission
incident on the lens being focused through the slit. Use of the monochromator reduced the

signal due to plasma induced emission to about three orders of magnitude greater than that due
to the laser.
A further reduction of about order of magnitude in the observed plasma induced emission was

achieved by placing the entire observation system (PMT, filter and monochromator) about 3 m

away from the chamber and resetting the beam shaping optics to the entrance slit of the
monochromator.

To remove some of the signal observed due to plasma induced emission, the MMS technique
was applied. This involved mechanically modulating the laser beam using an optical chopper

(Scitec Instruments), and using two identical lock-in amplifiers (Brookdeal 401A) to detect the

signal due to the laser on the two PMTs (whose time response was adjusted so their time
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constant was significantly shorter than the inverse of the modulation frequency). Despite the
use of 10-second lock-in time constants the random noise on the ratio of the PMT signals due

to the plasma induced emission was still more than an order of magnitude larger than the

expected change due to absorption by the N," ion.

With the PMTs terminated into 50 Q, photon counting techniques were applied after the
radiation was attenuated sufficiently that the count rate was significantly below 1 MHz,
corresponding to the limit of the pulse counting PC interface card used. Again, the variation in
the signal due to plasma induced emission was considerably larger then the expected
absorption, and comparable to that observed using the lock-in method. It was therefore

concluded that the amount of absorption must be increased if it were to be observed.

To increase the amount of absorption observed due to the N," ions, an attempt to extend the
path length within the plasma was made. Initially, this involved the use of two 3” diameter UV
enhanced aluminium mirrors, to obtain up to five passes through the discharge. This was the
maximum number of passes possible because the laser beam’s spatial properties changed so
significantly with distance, that significant proportions of the beam struck the edges of the
slots, even for 5 passes, reducing the intensity. Furthermore, the increased path length was
over compensated for by the reduction in laser power due to the reflection losses on the
chamber windows, losses due to the beam not passing cleanly through the slots and the non-

unity reflectivity of the aluminium mirrors used. Therefore, no improvement was observed.

A final attempt to increase the signal was made. An optical cavity was constructed around the
plasma, consisting of two mirrors specified with a reflectivity of 99.5 % at 308 nm, with radius
of curvature of 1.5 m, mounted in the mirror boxes described previously. This removes the
problem of reflection losses from the chamber windows, but the effects of the plasma on the
mirror reflectivity observed in Section 5.3.3 will cause changes in the effective path length of
the radiation in the cavity. The beam was focused into the centre of the cavity using the beam

shaping optics to achieve a beam waist as close as possible to that calculated for the cavity

TEM()() mode.

The cavity was aligned so that the maximum transmission was observed, while one mirror was
ramped rapidly by the piezoelectric transducer. The transmission profile of the cavity was then
recorded using a slower ramp. The cavity transmission was found to be independent of mirror
position. This may be explained qualitatively by the low intensity and therefore very small

optical field present in the ‘cavity’ - the front mirror acts independently of the rear mirror and
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radiation incident upon the ‘cavity’ enters with an efficiency dependent upon the front mirror
reflectivity alone. Preliminary experiments completed on other cavities in an attempt to
measure a ‘threshold’ intensity for resonant cavity behaviour have as yet provided inconclusive
results. As no resonant cavity behaviour was observed, it is impossible to apply CRDS or
related techniques such as a cavity enhanced absorption experiment®®. Effectively, this cavity

only increases the path length of radiation through the plasma, at the expense of the intensity

reflected from the front mirror.

The increase in effective path length provided by this cavity was estimated by measuring the
ratio of transmitted power with the back mirror aligned along the cavity axis (approximately
equal to Pj,(1 — R)/2 as half the light transmitted through the front mirror will be lost through
the back mirror, if the cavity shows no resonance behaviour) to that with it misaligned
(approximately equal to P;,(1 — R)2 as each mirror will transmit the proportion 1 — R of the
light incident on it). This ratio was found to be about 8, implying the path length through the
plasma was increased by a factor of approximately 16. From this, the reflectivity of the mirrors
at 330 nm is estimated to be 94 %, and unsurprisingly is considerably lower than the specified

reflectivity at 308 nm.

This increased path length was gained at the expense of spatial filtering in the imaging system
because a lens was required to focus the cavity output through the entrance slot of the
monochromator. This increased the observed plasma induced emission by considerably more
than an order of magnitude. Coupled with the reduction in the observed laser intensity due to

the reflectivity of the front mirror this made observation of an absorption signal unfeasible.

5.4.6 Possible Future Experiments

The fundamental problem with the present system is that the laser system produces insufficient
power to attempt the proposed experiments. This could be changed by both using a more
powerful laser diode, improving the mode matching of the laser to the cavity and changing the
cavity input coupler to improve the impedance matching. An alternative to a more powerful
single diode laser is to use either a master diode laser seeding an amplifier diode®' or a diode

pumping a tapered amp]ifier”. These types of systems could even be used consecutively as the

source for SHG.

To improve the mode matching a more complex system of optics could be used, rather than the
single mode matching lens. This may enable better adjustment of the spatial output of the laser
to the cavity TEMgo mode.
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It is difficult to know, in advance, which input coupler reflectivity will give the best impedance
matching, meaning that it is probably necessary to have a collection of input couplers with a
range of reflectivitities, and to test them experimentally to achieve the best cavity
performance24. However, this is expensive. An alternative strategy is to use a beam splitter, in
the long arm of the bowtie cavity, to couple the laser output into the cavity. This is
advantageous compared to a finite set of input couplers because the transmission into the cavity

can be smoothly altered by rotating the beam splitter around its vertical axis>".

5.5 Conclusions

LIF and CRDS signals have been observed using the A “I1, « X 2%, transition of the N," ion.
The lifetime of the A °I1, state in the discharge was found to be sufficiently long for a time of
flight experiment to be completed (an ion with a velocity of 10 kms™ on average would travel 5
mm before radiating). Although the preliminary tests for the time of flight experiment have
shown that this method is not feasible with a pulsed laser, the basic cavity locking procedures

required for an analogous continuous wave experiment have been successfully demonstrated.

The source constructed and characterised to be used to detect N,* via the B 22t — X 223+
electronic transition was found to be insufficiently intense for the proposed two dimensional
velocity mapping experiment. However, several strategies to improve its performance have

been suggested.
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Chapter 6

Summary and Concluding Remarks

The use of plasmas is very widespread, with one of the most commonly observed examples
being the fluorescent lamp. Plasmas are also very important in industrial processing systems,
and have found uses in the aerospace, automotive, steel, biomedical, toxic waste management
and, most significantly, the electronics industries. The first Chapter of this Thesis included a
concise introduction to plasmas and a summary of some of these applications. Also contained
within Chapter 1 was a brief discussion of a selection of the parameters used to describe a
plasma. Measurement of these intrinsic properties of processing plasmas is critically important
in understanding discharges, so that the optimum processing conditions can be achieved. A
description of a selection of the techniques that have previously been used to study gas

discharge systems was given.

A significant proportion of previous studies of plasmas have involved the use of lasers to
investigate the properties of the discharge whilst minimising the disturbance to it. A relatively
recent technological development has been the production of reliable diode lasers (presently
almost exclusively produced by plasma processing). These lasers were used for a significant
proportion of the experiments described within this Thesis and hence a description of their

operation and properties was given at the end of Chapter 1.

The experiments described within this Thesis were carried out in three discharge systems, two
of which used radio frequency to produce the discharge; the other was a commercial flow
system. The two radio frequency systems were discussed in detail in Chapter 2. These were an
extensively modified capacitively coupled commercial system, and an inductively coupled

system (a research system specifically designed and constructed for the type of experiments
described within this Thesis).

The remainder of this Thesis described the development and testing of several different
diagnostic methods. In Chapter 2, the radio frequency discharges were studied using a planar
probe. This enabled measurement of the ion flux and electron temperature in both inductively

coupled and capacitively coupled plasmas at various pressures and applied powers. In both
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plasma systems, the ion flux was found to increase with increasing power and decrease with
increasing pressure, effects which can be understood in terms of simple theory. The electron
temperature measurements relied on the assumption that the electron energy distribution is
Maxwellian and these were found to be considerably less precise than the ion flux
measurements.  Plasmas struck in different gases were also compared, the results being
explained in terms of the ionisation potentials of the gases. From the measurements made it
was possible to compare the ion densities produced in the inductively coupled and capacitively
coupled plasma systems. At the same pressure and applied power, the ion density was found to
be about five times greater in the capacitively coupled system. This can be explained in terms
of the power dissipated into the discharge per unit volume, the conditions under which the
systems were operating and the probe position. The ion density at low pressures and high
powers in the inductively coupled plasma system, in which a capacitive to inductive transition
was observed (although around this point no obvious hysteresis was observed), is expected to

be greater than those achievable in the capacitively coupled plasma systems.

Chapter 3 described the first application of Frequency Modulation Spectroscopy (FMS) as a
plasma diagnostic. A thorough description of the technique was given along with an
explanation of the analysis required to obtain reliable quantitative information from it. This
diagnostic was shown to be very effective, giving a significantly increased S/N ratio compared
to both single pass absorption and low frequency mechanical modulation techniques. It was
used to measure excited argon atom concentrations in both capacitively and inductively
produced plasmas. The argon atom 4s[*/3]; level concentration was found to be between 2 x
10® and 1 x 10" atoms/cm® and to generally increase with increasing applied power and to
decrease with increasing total pressure, in agreement with a simple discharge model. The

temperature of the atoms was also measured and was found to be approximately 323 + 17 K.

Chapter 4 described how a simple compact laser source at 308 nm was produced from a
frequency doubled cooled commercial diode laser. It also described how this was used to detect
the OH radical, by absorption, within the afterglow of a microwave discharge, produced either

directly or chemically. Kinetic models provided explanations of the variations in OH

concentration with discharge conditions.

Also in Chapter 4 a novel method, cavity laser induced fluorescence (CLIF), that combines the
advantages of both laser induced fluorescence (LIF) and cavity ring down spectroscopy CRDS,
was shown to increase the sensitivity of a diagnostic system compared to absorption. This

method could be used to follow concentration variations of a reaction in a single laser shot.
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Although such variation can be observed using LIF, it requires calibration and a many laser
shot experiment, with a signal recorded at each time point. Whilst CRDS allows temporal
information about the absolute concentrations of the species observed to be obtained, it is not
as sensitive as LIF. By combining the two in CLIF, it may be possible to retain the sensitivity

of LIF with the advantage of CRDS, so that absolute and time varying concentrations can be

obtained in a single pulsed laser shot.

Previous measurements of the velocity distribution of the N,* ion by LIF, within the sheath of
the discharge observed a large proportion of the ions in a non-accelerated distribution. These
zero velocity ions cannot be easily explained by theoretical modelling and thus further
experiments are required to determine whether the signal implying these ions are present is real
or just an experimental artefact. In Chapter 5, two such experiments are proposed; firstly a
plasma time of flight experiment and secondly a two-dimensional mapping experiment. The

design and initial testing of the systems required for these experiments was given in Chapter 5.

LIF and CRDS signals were observed using the A M, — X 22; transition of the N,* ion. The
lifetime of the A °TI, state in the discharge was found to be sufficiently long for a time of flight
experiment to be contemplated (an ion with a velocity of 10 kms™' on average would travel 5
mm before radiating). Although the preliminary tests for the time of flight experiment showed
that this method is not feasible with a pulsed laser, the basic cavity locking procedures required

for an analogous continuous wave experiment were successfully demonstrated.

A frequency doubled diode laser source was constructed and tested, with the eventual aim of
detecting N,* via the B Z,* « X °Z," electronic transition. This was found to be insufficiently
intense to be used for a proposed two-dimensional velocity mapping experiment, but several

strategies to improve its performance were suggested.

This Thesis described the development and testing of several novel plasma diagnostics, along
with a newly constructed plasma system. Several of the techniques were shown to be

advantageous compared to methods previously used, although in other cases a considerable

amount of further investigation is required to assess their success.
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Appendix 1

Optical Cavities

This Appendix contains a summary of the necessary mathematics of ray and Gaussian optics.

Also given is a brief discussion of a procedure that can be used to determine whether an optical

cavity is stable.

Al.1 Ray Optics

A beam of light can be considered as a collection of rays; each individual ray can be described
as propagating at an angle, 6, to and at a distance, r, from an axis of propagation. By
convention the axis of propagation is chosen to be the optic axis of the optical elements the
beam passes through (e.g. the line that passes through the two centres of curvature of a lens). It
is possible to calculate the properties of a ray at one point on the optic axis (r’, ') by taking the
product of a vector describing the ray at a previous point on the optic axis (r, §) and a 2 X 2
matrix describing the properties of the optical elements (for example lenses and mirrors) the

ray has passed through', as shown in equation (A1.1).

ol ols) ap

The 2 x 2 matrix, which is generally known as the ABCD matrix, can be found from the
product of the matrices describing each of the individual optical elements the ray passes

through (see below), in propagating from (r, 6) to (v, ).

Al1.2 Specific Transformation Matrices

The following table contains a list of ABCD matrices for the specific optical elements that are

generally used in the construction of an optical cavity.
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Optical element Matrix
Propagation of a ray in free space (n = 1) through a 1 d
distance d. 0 1
Propagation of a ray through a thin lens of focal length f. 1 0]
-1 f l
Propagation of a ray through a dielectric interface with 1 0 i
refractive indices n; and n,. {O ry J
Propagation of a ray through a spherical dielectric 1 _ 0
interface of radius R, with refractive indices n; and n,. l:((nz—ny Xy ) ry }
n, MR ny
Reflection of a ray by a spherical mirror with radius of 1 0
curvature R. [- A 1}

A1.3 Gaussian Optics

Laser beams generally have a Gaussian transverse intensity profile, which is completely
characterised by its beam waist, w, and the radius of curvature its wavefront, R. The minimum
beam waist, wp, occurs at a point in space where the wavefront radius of curvature is infinite,
corresponding to a planar wavefront. If this point is defined as z = 0 on the axis of propagation
of a Gaussian beam, consisting of monochromatic radiation of wavelength A (=4¢/n where 4y is
the wavelength of the radiation in a vacuum and 7 is the refractive index of the material
through which the radiation is propagating), the beam waist at any point on the axis of

propagation is given by

w(z)zwo\/1+[ /lz’] (Al1.2)
v,

The beam wavefront curvature R(z), at any point on the axis of propagation is given byl

o

R(z)=z 1+[”W°) (Al1.3)

Az

These parameters that define the properties of a Gaussian beam are shown in Figure Al.1.
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By defining the Rayleigh range, zg, the depth of focus of the Gaussian beam (an alternative

parameter used is the confocal parameter b = 2zz),

2
g = m/:" (Al.4)

it is possible to rewrite equations (A1.2) and (A1.3) in the following form.

w(z)= wo‘/1+(i)2 (ALS)
R(z)= Z{H[%RT] (AL6)

Confocal parameter, b=2z3 o
le ol -
re > |
1.41w, wel -~ wz) |
= R(2)/

Figure Al.1 Gaussian beam parameters associated with angular divergence.

If a beam at one point in space has a Gaussian transverse intensity profile then as it propagates
through any optical element its waist size and radius of curvature will change, but its intensity

profile will still be a Gaussian function. This arises from the result that the Fourier transform
of a Gaussian function is simply another Gaussian function.

The resultant Gaussian beam waist and radius of curvature on propagation through optical a
series of elements can be predicted using equation (A1.8) and the ABCD matrices, described in

the previous section, by employing the complex beam parameter, g

- R<z>'{n<w<z»2) .
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q'= Ag+B
Cq+D

(Al.8)

Here g is the complex beam parameter at one point in space where the Gaussian beam
properties are known and g’ is the predicted complex beam parameter at a point in space after

the optic elements described by the ABCD matrix.

Al.4 Cavity Stability

A stable optical cavity is one in which the mirrors that constitute the cavity have the same
radius of curvature as the Gaussian beam wavefront predicted at their point in the cavity. As
described in the previous section, it is possible to describe the properties of a propagating
Gaussian beam using the ABCD matrix analysis, and therefore this method can be used to
obtain the criteria for a stable optical cavity. The cavity is stable if there is a solution to
equation (A1.8) with g = g’ using the ABCD matrix that describes all the optical elements a
beam encounters in one round trip of the cavity. Thus the beam profile is invariant after a
single trip around the cavity. The parameter g then describes the TEMgy mode (the lowest

order mode) that the cavity ‘supports’.

It is possible to use the ray optics introduced in Section Al.1 to determine whether a cavity is
stable. For a cavity to be stable, the rays must be re-entrant (that is, after a finite number of

passes in the cavity it will retrace its previous path). The condition for re-entrance is

m - xm (AL9)

where x is a constant less than unity. If it were greater than unity, the ray will move
progressively away from the optic axis until it is lost from the cavity (and hence the cavity will
be unstable). Equation (A1.9) can be directly compared to equation (Al.1) where the ABCD
matrix describes all the optical elements the ray encounters in one round trip of the cavity. For
a cavity consisting of a mirror of radius of curvature R, separated by a distance d from a second

mirror of radius of curvature R, equation (Al.1) can be written as follows':
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A1l.5 Reference

'0. Svelto, Principles of Lasers 4"Edition, Plenum, (1998)
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Appendix 2

Molecular Angular Momenta

In this Appendix the vectors and quantum numbers required to describe the states of some
diatomic molecules are given, along with a brief discussion of the coupling between them.

Also included is the nomenclature used to describe a particular molecular electronic energy

state.

A2.1 Vectors and Quantum Numbers

L is the total orbital angular momentum vector of all the electrons in the molecule. L is the

quantum number denoting the magnitude of L.

§ is the total electronic spin angular momentum of all the electrons in the molecule. S is the

quantum number denoting the magnitude of S.

A is an orbital angular momentum quantum number that arises from Hund’s coupling case (a).
In this situation, spin-orbit coupling between L and S is sufficiently weak (analogous to
Russell-Saunders coupling in atoms) that L strongly couples to the nuclear electrostatic field,
and precesses about the internuclear axis. The magnitude of L is undefined and consequently L
is not a good quantum number; only the component of L along the internuclear axis, A#, is

defined. A can take the values 0, +1, +2, £3..., and results in a doubly degenerate electronic

state if 4 > 0.

2 is the spin quantum number analogous to 4. § is coupled to the internuclear axis by the
magnetic field caused by the orbital motion of the electrons. This spin-orbit coupling results in

the component of S along the axis being 2A. 2 can take the values S, S - 1,..., =S, similar to m,
in atoms.
Q is the total electronic angular momentum quantum number given by the sum of orbital

angular momentum and spin angular momentum, with values of 2 =| A + 2'|. The spin-orbit

interaction splits the levels with different values of 4 and 2. The energy level shift is given by

AAZ, where A is the spin orbit coupling constant.
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N is the angular momentum quantum number of the nuclei in the molecule, which quantifies
the rotational energy of the molecule. The rotational energy, E,,, neglecting any centrifugal

distortion, is given by BN(N + 1), where B is the rotational constant of the molecule.

The resultant of the coupling of the electronic and nuclear angular momenta (N and ),
resulting from the breakdown of the Born-Oppenheimer approximation, is J. The quantum

number J is the total angular momentum quantum number of the molecule.

K is an angular momentum quantum number that arises from a situation described as Hund’s
case (b). In this situation, § is not coupled to the internuclear axis and therefore X is not

defined. N and A couple to give K, which then couples with S to give J.

A2.2 A-doubling

When the angular momentum coupling within the molecule is best described by Hund’s case
(a) the total angular momentum, J, can have its projection either parallel or anti-parallel to the
internuclear axis. Consider the ground electronic state of OH; if the radical is not rotating,
these two levels are degenerate because they correspond to the opposite directions of rotation
of the unpaired p=n electron about the internuclear axis. However, once the molecule is rotating
(N > 0), this degeneracy is lifted — this phenomenon is known as A-doubling. This effect
increases in magnitude with increasing molecular angular velocity because the electron does
not follow the nuclear motion precisely (a phenomenon know as electron slip). In the high J
limit the pz electron lies either in the plane of nuclear rotation (resulting in an electronic
wavefunction that is symmetric with respect to reflection in the plane of nuclear rotation), or
perpendicular to it (resulting in an electronic wavefunction that is anti-symmetric with respect
to reflection in the plane of nuclear rotation). These states are labelled the I1(A") A-doublet

and the II(A") A—doublet respectively.

A2.3 p-doubling

When the molecule possesses no orbital angular momentum (4 = 0), to a first approximation
all rotational levels with N > 0 are doubly degenerate, because 2 can be projected in two ways
onto the internuclear axis; either parallel or anti-parallel. However, if X' couples with the
molecular rotation p-doubling occurs. This results in two values of J for each value of K; K +

'/, belonging to the F manifold and K’ — '/, belonging to the F> manifold. The parity of these

states is given by D"
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A2.4 Molecular Term Symbols and Symmetry

The terminology (term symbol) for describing a state is >**' 4o where 4 is represented by Z, I,
A D, T...for4=0,1,2,3,4... respectively. The value of Q is only given if 4 and S are non
zero. For I states the electronic wavefunction can be symmetric or antisymmetric with respect
to reflection in a plane containing the internuclear axis, and are labelled with the superscript

symbol + or — respectively (giving a term symbol **'Z*"),

For homonuclear diatomic molecules a further symmetry label is used to denote the electronic
states. If the electronic state is symmetric with respect to inversion through the centre of mass
of the molecule it is given the subscript label g (from the German for even, gerade) and if it is
antisymmetric it is labelled with the subscript 4 (from the German for uneven, ungerade). This

results in the term symbol ***'4,,, for homonuclear diatomic molecules.
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