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Abstract

This thesis describes the development of a rare gas metastable atomic beam appara-

tus, and its application to atom lithography. The principal component of the appara-

tus is the supersonic DC discharge source. The source parameters, such as operating

pressure, skimmer distance, discharge current and nozzle shape were optimised to

generate a bright beam of excited state metastable neon and argon, with typical

flux of 5×1014 atoms sr−1 and 3×1014 atoms sr−1 respectively. This apparatus was

used to investigate the pattern formation of self assembled monolayer (SAM) resists

prepared on Au/Si samples exposed to metastable beams of Ar* and Ne*, through

microfabricated contact masks. Positive and negative tone patterning was observed,

with supporting XPS analysis attributing the negative tone resists to contamination

from pump oil vapour. The formation of negative tone contamination resists by the

metastable neon beam was applied to the generation of micrometer sized Fe struc-

tures using contact masks. A 3-step etch process was developed and refined, resulting

in 7.5µm Fe microdot structures on a Si substrate. A bright transverse and longi-

tudinally cooled and collimated metastable neon beam source for atom lithography

was developed. The transverse atomic beam collimation stage produced a collimated

beam flux of of 1.4×1014 s−1, with a divergence of 22.8 mrad. Axial slowing of the

atomic beam was demonstrated with the development of a Zeeman slower. Numerical

simulations were undertaken to calculate the motion of metastable neon atoms in a

one-dimensional standing wave light field mask. The simulations show the dynamics

and atom distributions for the focusing regime (low power) and channeling regime

(high power). Future refinements of the apparatus should allow the realisation of

nanofabricated structures utilising optical masking techniques.
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Archbold, and all my other friends, for all the good times over the years.

iv



Finally, and most importantly, I would like to give my heartfelt thanks to my

family. To Cathy and John, Chris and Bren, Nana, Lauren, Erryn and Brenton, and

particularly my parents Robyn and Barry. Thank you for your love and support over

the years.

v



Contents

Abstract iii

Acknowledgements iv

List of Tables x

List of Figures xi

1 Introduction 1

1.1 Motivation for this work . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.2 Overview of atomic nanofabrication . . . . . . . . . . . . . . . . . . . 9

1.2.1 Direct deposition nanofabrication . . . . . . . . . . . . . . . . 9

1.2.2 Neutral atom lithography . . . . . . . . . . . . . . . . . . . . 11

1.3 Atom lithography with Ne* . . . . . . . . . . . . . . . . . . . . . . . 13

1.3.1 Metastable neon atoms . . . . . . . . . . . . . . . . . . . . . . 13

1.4 Structure of this thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2 High flux metastable atomic discharge source 18

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.2 Source dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.2.1 Effusive sources . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.2.2 Supersonic sources . . . . . . . . . . . . . . . . . . . . . . . . 22

2.2.3 Skimmed supersonic beams and shockwaves . . . . . . . . . . 29

2.2.4 Supersonic DC discharge sources . . . . . . . . . . . . . . . . 32

vi



2.2.5 The discharge region - glow discharges . . . . . . . . . . . . . 34

2.3 The Supersonic DC Discharge Source . . . . . . . . . . . . . . . . . . 37

2.3.1 System overview . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.3.2 Metastable Source - design and operation . . . . . . . . . . . . 42

2.3.3 Source operation . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.3.4 Liquid nitrogen system . . . . . . . . . . . . . . . . . . . . . . 48

2.4 Detection and characterisation systems . . . . . . . . . . . . . . . . . 49

2.4.1 Faraday plate - Metastable detection and absolute flux . . . . 49

2.4.2 Time-of-flight analysis . . . . . . . . . . . . . . . . . . . . . . 53

2.5 Source performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

2.5.1 Metastable flux . . . . . . . . . . . . . . . . . . . . . . . . . . 55

2.5.2 Velocity distribution . . . . . . . . . . . . . . . . . . . . . . . 58

2.6 Source performance - stainless steel nozzle . . . . . . . . . . . . . . . 60

3 Atom lithography with Ar* and Ne* 63

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.1.1 Atom lithography with alkanethiol SAM resists . . . . . . . . 66

3.1.2 Atom lithography with contamination resists . . . . . . . . . . 68

3.2 Resists for atom lithography . . . . . . . . . . . . . . . . . . . . . . . 68

3.2.1 Self assembled monolayers - alkanethiols on gold . . . . . . . . 68

3.2.2 SAM formation on gold . . . . . . . . . . . . . . . . . . . . . 71

3.2.3 Metastable-SAM interactions . . . . . . . . . . . . . . . . . . 72

3.2.4 Metastable formation of contamination resists . . . . . . . . . 75

3.3 Characterisation of self-assembled monolayers . . . . . . . . . . . . . 76

3.3.1 Ellipsometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

3.3.2 Contact angle Goniometery . . . . . . . . . . . . . . . . . . . 82

3.4 Surface Diagnostics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

3.4.1 Atomic Force Microscopy . . . . . . . . . . . . . . . . . . . . . 85

3.4.2 Scanning Electron Microscopy (SEM) . . . . . . . . . . . . . . 89

3.4.3 X-ray Photoelectron Spectroscopy (XPS) . . . . . . . . . . . . 91

vii



3.5 Sample preparation and analysis . . . . . . . . . . . . . . . . . . . . . 92

3.5.1 Sputter coating of samples . . . . . . . . . . . . . . . . . . . . 93

3.5.2 Formation of SAM layers on Au/Si . . . . . . . . . . . . . . . 97

3.6 Sample exposure and etching . . . . . . . . . . . . . . . . . . . . . . . 101

3.6.1 Etching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

3.6.2 Atom lithography with SAM resists . . . . . . . . . . . . . . . 103

3.6.3 Contamination resist formation . . . . . . . . . . . . . . . . . 105

3.6.4 XPS analyis of samples . . . . . . . . . . . . . . . . . . . . . . 108

3.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

4 Iron dot fabrication using atom lithography 115

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

4.2 Iron microfabrication using atom lithography . . . . . . . . . . . . . . 117

4.2.1 Sample preparation . . . . . . . . . . . . . . . . . . . . . . . . 118

4.2.2 Sample exposure . . . . . . . . . . . . . . . . . . . . . . . . . 118

4.2.3 Wet chemical etching . . . . . . . . . . . . . . . . . . . . . . . 119

4.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 120

4.4 Conclusions and Future Work . . . . . . . . . . . . . . . . . . . . . . 122

5 Laser collimation and cooling of an atomic beam 123

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

5.2 Optical forces on a neutral atom . . . . . . . . . . . . . . . . . . . . . 124

5.2.1 The scattering force . . . . . . . . . . . . . . . . . . . . . . . . 128

5.2.2 The scattering force - atoms in motion . . . . . . . . . . . . . 128

5.2.3 The dipole force . . . . . . . . . . . . . . . . . . . . . . . . . . 130

5.2.4 Optical Molasses . . . . . . . . . . . . . . . . . . . . . . . . . 132

5.2.5 Doppler cooling limit . . . . . . . . . . . . . . . . . . . . . . . 134

5.2.6 Anamolous Zeeman Effect . . . . . . . . . . . . . . . . . . . . 136

5.3 Atomic Beam Collimation . . . . . . . . . . . . . . . . . . . . . . . . 138

5.3.1 Numerical simulations of atomic trajectories . . . . . . . . . . 142

5.4 Experimental setup of collimation section . . . . . . . . . . . . . . . . 143

viii



5.4.1 Collimating stage . . . . . . . . . . . . . . . . . . . . . . . . . 145

5.4.2 Thin wire detectors . . . . . . . . . . . . . . . . . . . . . . . . 147

5.4.3 Collimating laser setup . . . . . . . . . . . . . . . . . . . . . . 150

5.5 Atomic beam diagnostics . . . . . . . . . . . . . . . . . . . . . . . . . 153

5.5.1 Analysis of performance . . . . . . . . . . . . . . . . . . . . . 158

5.6 Atomic beam slower . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

5.6.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

5.6.2 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

5.6.3 Zeeman slower design . . . . . . . . . . . . . . . . . . . . . . . 166

5.6.4 Zeeman slower simulations . . . . . . . . . . . . . . . . . . . . 168

5.6.5 Experimental setup and results . . . . . . . . . . . . . . . . . 171

5.6.6 Slowing laser setup . . . . . . . . . . . . . . . . . . . . . . . . 175

5.6.7 Zeeman Results . . . . . . . . . . . . . . . . . . . . . . . . . . 176

5.7 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

6 Simulations of 3P2 Ne* in a standing wave light field 179

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179

6.2 Dipole force in a standing wave - the potential model . . . . . . . . . 182

6.3 Dynamics of the atom in a standing wave . . . . . . . . . . . . . . . . 183

6.4 The Gaussian standing wave . . . . . . . . . . . . . . . . . . . . . . . 184

6.5 Numerical simulations . . . . . . . . . . . . . . . . . . . . . . . . . . 186

6.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191

7 Conclusions and Future Directions 192

7.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

7.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

Bibliography 196

ix



List of Tables

1.1 Overview of direct deposition experiments . . . . . . . . . . . . . . . 10

1.2 Overview of atom lithography experiments . . . . . . . . . . . . . . . 11

1.3 Metastable neon parameters . . . . . . . . . . . . . . . . . . . . . . . 16

2.1 Vacuum and pressure conditions for source operation . . . . . . . . . 47

2.2 Electron ejection co-efficients γ of stainless steel for various rare gas

metastables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.3 Operating parameters for the Ne* and Ar* source . . . . . . . . . . . 60

2.4 Comparison of flux for the two nozzle geometries . . . . . . . . . . . . 61

2.5 Comparison of TOF data for different nozzles . . . . . . . . . . . . . 62

3.1 Operating parameters for the JEOL JSM-35C SEM. . . . . . . . . . . 91

3.2 Etching solution parameters . . . . . . . . . . . . . . . . . . . . . . . 101

3.3 Dosages for lithography . . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.1 Parameters of the collimator construction . . . . . . . . . . . . . . . . 142

5.2 Collimated beam data . . . . . . . . . . . . . . . . . . . . . . . . . . 159

6.1 Properties of the standing wave simulations . . . . . . . . . . . . . . 187

x



List of Figures

1.1 The atom lithography process . . . . . . . . . . . . . . . . . . . . . . 6

1.2 Metastable neon energy level diagram . . . . . . . . . . . . . . . . . . 15

2.1 Energy components in a supersonic beam . . . . . . . . . . . . . . . . 25

2.2 Velocity distribution for effusive and supersonic sources . . . . . . . . 27

2.3 Supersonic beam expansion from nozzle through skimmer . . . . . . . 29

2.4 Mach number from source nozzle . . . . . . . . . . . . . . . . . . . . 30

2.5 DC discharge source types . . . . . . . . . . . . . . . . . . . . . . . . 34

2.6 Paschen curve for gas breakdown . . . . . . . . . . . . . . . . . . . . 35

2.7 Paschen curve for gas breakdown . . . . . . . . . . . . . . . . . . . . 35

2.8 Sideview of atom lithography beamline . . . . . . . . . . . . . . . . . 39

2.9 Sideview of atom lithography beamline . . . . . . . . . . . . . . . . . 40

2.10 Metastable source and liquid nitrogen assembly . . . . . . . . . . . . 45

2.11 Cross-section of the discharge region and nozzle assembly . . . . . . . 46

2.12 Electron ejection from metastable impact . . . . . . . . . . . . . . . . 51

2.13 The Faraday plate . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

2.14 Time-of-flight arrangement . . . . . . . . . . . . . . . . . . . . . . . . 55

2.15 Flux increase with discharge current . . . . . . . . . . . . . . . . . . 57

2.16 Skimmer effects on flux . . . . . . . . . . . . . . . . . . . . . . . . . . 57

2.17 Longitudinal velocity distribution for Ne* . . . . . . . . . . . . . . . . 58

3.1 The metastable atom lithography process . . . . . . . . . . . . . . . . 69

3.2 Forces and energetics within self assembled monolayers . . . . . . . . 71

3.3 Dodecanethiol (DDT) on Au surface . . . . . . . . . . . . . . . . . . 72

3.4 Metastable damage mechanisms in SAM resists . . . . . . . . . . . . 74

xi



3.5 The rotating analyser ellipsometer . . . . . . . . . . . . . . . . . . . . 77

3.6 Ellipsometric parameters . . . . . . . . . . . . . . . . . . . . . . . . . 79

3.7 Reflected components from a thin film covered surface . . . . . . . . . 81

3.8 Interfacial energies of a liquid on a surface . . . . . . . . . . . . . . . 83

3.9 Contact angle goniometer . . . . . . . . . . . . . . . . . . . . . . . . 83

3.10 The Atomic Force Microscope . . . . . . . . . . . . . . . . . . . . . . 86

3.11 Force components on AFM tips . . . . . . . . . . . . . . . . . . . . . 87

3.12 The Scanning Electron Microscope (SEM) . . . . . . . . . . . . . . . 90

3.13 The X-ray Photoelectron Spectrometer (XPS) . . . . . . . . . . . . . 93

3.14 The Emitech K575D dual head sputter coater . . . . . . . . . . . . . 95

3.15 Sputter coated and evaporated samples . . . . . . . . . . . . . . . . . 98

3.16 Ellipsometric kinetics of formation of DDT-Au/Si and ODT-Au/Si resists 99

3.17 Contact angle of water on a DDT-Au/Si surface . . . . . . . . . . . . 100

3.18 AFM and SEM images of pattern formation . . . . . . . . . . . . . . 106

3.19 XPS spectra of DDT-Au/Si samples exposed to Ne* . . . . . . . . . . 110

3.20 Atomic concentrations of C(1s) state from XPS data . . . . . . . . . 111

3.21 Carbon (1s) XPS spectra with increasing metastable dosage . . . . . 112

4.1 Atom lithography process for producing microfabricated iron dots . . 117

4.2 AFM microscopy of iron microdots . . . . . . . . . . . . . . . . . . . 121

4.3 Optical microscope image of iron microdots . . . . . . . . . . . . . . 121

5.1 The laser cooling process . . . . . . . . . . . . . . . . . . . . . . . . . 130

5.2 The optical molasses . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

5.3 Acceleration of 3P2 metastable neon atoms in a 2D optical molasses . 139

5.4 Schematic of multi-reflection atomic beam collimator . . . . . . . . . 140

5.5 Effective detuning along collimator length . . . . . . . . . . . . . . . 143

5.6 Numberical simulations of atomic trajectors in the collimator . . . . . 144

5.7 Schematic of the metastable beam apparatus with collimator section . 146

5.8 Construction of the multi-reflection atomic beam collimator . . . . . 148

5.9 The thin wire detector . . . . . . . . . . . . . . . . . . . . . . . . . . 150

5.10 The collimator laser system . . . . . . . . . . . . . . . . . . . . . . . 152

xii



5.11 The saturated absorption cell . . . . . . . . . . . . . . . . . . . . . . 153

5.12 Saturated absorption profile for neon 3P2-
3D3 transition . . . . . . . . 154

5.13 Collimation of metastable atoms over 3 GHz frequency scan . . . . . 155

5.14 Fluorescence of metastable neon atoms in the collimator . . . . . . . 155

5.15 Collimated atomic beam profiles at the thin wire detectors . . . . . . 157

5.16 Simulated flux distributions at thin wire detectors . . . . . . . . . . . 161

5.17 Zeeman slower magnetic field profile . . . . . . . . . . . . . . . . . . . 169

5.18 Trajectories in the Zeeman slower . . . . . . . . . . . . . . . . . . . . 172

5.19 Sideview of atom lithography beamline with inclusion of Zeeman slower 173

5.20 Time-of-flight assembly for Zeeman slower . . . . . . . . . . . . . . . 174

5.21 Schematic of laser setup for Zeeman slowing beam . . . . . . . . . . . 175

5.22 Time-of-flight velocity distributions for Zeeman slowed atomic beam . 177

6.1 1D standing wave atomic lens . . . . . . . . . . . . . . . . . . . . . . 180

6.2 Trajectories of 3P2 metastable neon in a standing wave light field . . 189

6.3 Atom distributions of focused atoms in a 1D standing wave light field 190

xiii



Chapter 1

Introduction

The development of laser cooling techniques over the past two decades has been in-

strumental in the progress of our understanding of atomic systems [1],[2],[3],[4]. The

unprecedented control over the atomic motion of atoms has given rise to a host of

applications, including the magneto-optical trap [5], and the further work that led to

the experimental realization of Bose-Einstein condensation (BEC) [6],[7]. The impor-

tance of these developments was recognised with the awarding of a Nobel Prize for

Physics to Chu, Cohen-Tannoudji and Phillips in 1997 for their pioneering work on

laser cooling and trapping, and a further Nobel Prize in 2001 to Cornell, Wieman,

and Ketterle for the creation of Bose-Einstein condensates.

The fundamental principles of laser cooling lie in the exchange of momentum

between atoms and a light field through the absorption and emission of photons. By

the equipartition theorem developed by Boltzmann [8], the kinetic energy of an en-

semble of atoms is directly related to its temperature. By utilising the momentum

exchange between light fields and atoms, optical forces are exerted on the atoms, and

their motion can be damped and cooled. The developments in laser cooling have

spurred the creation of a whole new research field, termed atom optics. In traditional

optics, the spatial motion of light is controlled by physical lenses. In atom optics,

this role is interchanged, with the spatial motion of atoms controlled by light fields.

In particular, laser cooling has been applied to atomic beams to increase the beam

1



2 CHAPTER 1. INTRODUCTION

brightness, brilliance and phase space density. In turn, this has allowed the appli-

cation of a whole host of other techniques for precision control of atomic motion,

including the use of the weaker optical dipole force, and the magnetic forces on atoms

arising in inhomogeneous magnetic fields [9].

In addition to the vast contribution to our understanding of the fundamental

quantum physics underlying atomic systems, atom optics has found practical appli-

cation with the emergence of neutral atom nanofabrication [10],[11]. Current state

of the art optical lithography utilises deep-UV light produced by KrF and ArF ex-

cimer lasers, at 248 nm and 193 nm respectively, with generated structures limited

in feature width to 130 nm (KrF) and 100 nm (ArF). The next generation of optical

lithography using F2 laser technology at 157 nm promises a further reduction in these

limits, but has necessitated many new developments in optical materials and resist

technology. Nevertheless, the structures generated by optical lithography are still

limited by diffraction to structures not much smaller than ∼λ/2.

Neutral atomic nanofabrication offers several attractive features as an alterna-

tive to optical lithography [10]. The de Broglie wavelength (λdb=h/mv) associated

with thermal atoms is very small (∼10 pm), due to their relatively large mass. Cor-

respondingly, when an atomic beam is imaged onto a surface, diffraction effects are

a negligible factor, resulting in inherently high resolution structures on the surface.

The electrically neutral nature of atoms mean that there is appreciably no resolution

limit caused by Couloumb repulsion, as occurs in charged particle lithography system

(i.e. electron beam and ion beam lithography). Furthermore, the laser-accessible

internal state structure of atoms allows laser cooling to be used to enhance the flux

and collimation of atomic beams, reducing exposure time and increasing resolution.

One of the most promising aspects of utilising neutral atoms for nanofabrication

is the use of optical masks [10]. In addition to the more familiar scattering force used

in laser cooling, well collimated atomic beams can also be subject to another optical
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force, the dipole force arising from the induced electric dipole moment of the atom in

the intensity gradient of a light field. The simplest example of this is a 1D standing

wave of light detuned from an atomic resonance, which acts as a set of cylindrical

lenses for atoms passing through the field. The result is a periodic focusing of the

atoms onto the substrate at the nodes (or anti-nodes) of the light field, resulting in

nanofabricated patterns with λ/2 periodicity. Extended to 2D, patterns of nanoscale

dots with λ/
√

2 separation can be produced. More complicated light fields, such as

those generated by a hologram, have been realised [12], and future work in this field

offers the promise of complex nanofabricated structures.

Proximity masks used in current optical lithography are expensive, require pre-

fabrication using electron beam technology, and are prone to degradation and damage

over time. Masks made from light are unhindered by these considerations, and have

the added advantage in that they can be dynamically modified during an exposure

process, allowing great flexibility for complicated patterning. In addition, the use of

optical masks allows multiple parallel patterning across a substrate, greatly reducing

the time required for the fabrication process. Furthermore, a whole host of atom op-

tical elements have been developed and successfully demonstrated, including lenses,

mirrors, beam splitters, greatly increasing the functionality for any desired fabrica-

tion process [11], [13].

Atomic nanofabrication can be broadly separated into two distinct processes. The

first of these is direct deposition, where atoms in the atomic beam are used to ex-

pose a substrate of interest and deposited to form the desired patterned structure.

A number of atomic species have been successfully used in this way ([11],[13],[14])

using both physical proximity masks and optical masks. These include the elements

Na, Cr, Al, Yb, and more recently Fe [15],[16]. A summary of this technique and an

overview of past experiments is presented in §1.2.
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The second of these schemes is atom lithography, whose principles are analo-

gous to standard optical lithography. In atom lithography, chemically active ground

state atoms, or atoms excited to long lived metastable states (with typically 8-20 eV

of internal energy), are incident on a resist covered substrate through an appropriate

mask (i.e. proximity or optical mask). The resist is chemically modified by those

areas exposed to the atomic beam, and a subsequent etch stage reproduces the de-

sired pattern into the underlying substrate. As with direct deposition, a number of

atomic species have been successfully employed for atom lithography (see [11],[13],

and more recently [14] for complete list of species for atom lithography). These in-

clude the chemically reactive alkali metals Rb and Cs as well as the metastable states

of the rare gases, He*, Ar*, Ne*. More recent experiments have seen this extended

to mixtures of In and Ga, as well as beams of Ba/Ba*. Atom lithography has some

advantages over direct deposition techniques. Primary of these is that it can produce

background free structures (the background ”pedestal” structure is produced from

unfocused atoms in direct deposition). Furthermore, it also does not suffer the fea-

ture broadening caused by thermal diffusion of atoms across the surface inherent in

direct deposition techniques. Furthermore, direct deposition is limited to creation of

structures from a single material, whereas atom lithography can be used to pattern

a wide variety of material substrates, including coinage metals (Cu,Ag,Au), semicon-

ductors, and dielectrics. Most atom lithography work to date has focused on the

excited metastable states of the rare gases, and it is to this system, in the context of

this work, that we concentrate.

In any lithography system, the choice of resist is a critical element in the ulti-

mate resolution of the process. Changes in the resist structure by exposure to the

energetic species must provide sufficient selectivity in the etching process to faith-

fully reproduce the desired pattern. A number of different resist materials have been

explored for metastable atom lithography. Of those employed for atom lithography,

self assembled monolayers (SAMs) formed from alkanethiols on coinage metals have

been the most commonly employed, and have shown great versatility, etch selectivity,
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and pattern contrast [17]. These long chain molecules self assemble from solution to

form a hydrophobic ordered monolayer on the substrate surface, typically a thin gold

metal film sputtered on a silicon (Si) surface. Exposure of the SAM to the atomic

beam leads to chemical bond scission within the molecular chain. The exposed SAM

undergoes changes to its wetting properties, changing the susceptibility of these areas

to subsequent wet chemical etching. The chemical etch transfers the pattern into the

underlying metal surface, which in turn becomes the mask for possible second wet

chemical or dry reactive ion etching process to transfer the pattern into the underly-

ing substrate basis.

Resists formed from SAMs have been used to generate positive and negative-

tone structures, subject to the exposure time and materials chosen. For positive tone

patterning, the exposed areas of the resist become more susceptible to the subse-

quent wet chemical etchant than the areas unexposed. For negative tone patterning,

the converse holds, with chemical changes in the exposed areas increasing the local

resistance to the wet chemical etch process. Negative tone ’contamination’ resists

have also been formed on substrates from dilute background vapours, such as diffu-

sion pump oil [18]. In such systems, the internal energy released by the metastable

atom upon impact catalyses the formation of a durable carbonaceous resist from ph-

ysisorbed hydrocarbon molecules on the substrate.

The basic processes involved in metastable atom lithography are shown in Figure

1.1. The principal components of any apparatus are a bright atomic source, the resist

coated substrate, and the mask. The masking techniques can be separated into those

utilising physical contact masks (Figure 1.1(a)), and masks constructed from optical

fields (Figure 1.1(b)). Contact masks are stencil geometries, which places a limit

on the possible mask patterning. Micrometer sized periodic grid structures (such as

transmission electron microscope (TEM) masks) have been generated with contact

masks. Silicon Nitride (SiN3) masks, a workhorse of optical and X-ray lithography,

have also been utilised for nanometer scale fabrication [18]. The production of the
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Figure 1.1: Masking techniques for atom lithography (a) Physical proximity/contact
mask (b) Optical mask (e.g. 1D standing wave)

nanometer features in SiN3 masks requires extensive pre-fabrication by electron beam

lithography.

Optical masks for atom lithography, as discussed above, make use of the inter-

action of the atom with a light field potential [10], [19]. The frequency of the light

comprising the mask is chosen to be off resonant with an optical transition in the

atom. As the atom passes through the light field, the light field induces a dipole mo-

ment in the atom. The resulting interaction of the dipole moment with the electric

field of the light results in the atoms experiencing a conservative optical potential.

The resulting force on the atoms in this potential is termed the optical dipole force.

The dipole force spatially varies with the intensity of the light mask, and spatially

modulates the flux of the atomic beam, focusing the atoms onto the substrate surface.

The simplest such optical mask is a 1D standing wave light field formed by a traveling

light wave back reflected from a mirror. For a Gaussian beam of wavelength λ, the

intensity profile in a 1D standing wave formed in the x-direction will vary as
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I(x, y, z) = I0sin
2(kx) exp(−2y2/σy) exp(−2z2/σz) (1.1)

where I0 is the intensity of the light at the anti-nodes, and σy, σz are the beam waists

in the y and z directions. The optical potential felt by an atom passing through the

standing wave arises from the intensity gradients of the light field. The light field acts

as a set of cylindrical lenses for the atoms, and they are focused to the intensity min-

ima or maxima of the standing wave, with a period of λ/2. The detuning of the light

from the atomic transition determines whether the atoms are focused at the minima

(blue detuned) or at the intensity maxima (red detuned). The detuning is chosen to

be large enough to inhibit the absorption and spontaneous emission of photons from

the light field by the atoms, which would broaden the velocity spread of the atoms

and result in a loss of focusing resolution.

For metastable atoms, a variation on this technique can be used as an absorp-

tive mask. In such a mask, the light is chosen to be resonant with an open transition

from the metastable state to some higher excited state, with a decay channel to the

ground state. At the anti-nodes of the standing wave, the metastable atoms are then

quenched to the inert ground state, where they have insufficient energy to damage

the resist, resulting in structured patterning of the surface [20].

The transverse velocities of atoms in the atomic beam are a limiting factor to

the resolution of an optical mask, and are akin to spherical aberration in a lens for

light. Large transverse velocities result in broadening of the fabricated structures on

the substrate. As a result, a well collimated atomic beam is a necessary requirement

for atom lithography. Physical collimating apertures are effective, but greatly reduce

the atomic flux at the sample and increase the required exposure time for pattern

replication. Transverse laser cooling of the atomic beam is a better alternative (see

Figure 1.1), resulting in a well-collimated and bright atomic beam. Another limiting

factor for resolution obtained with an optical mask arises from the longitudinal ve-

locity spread in the atomic beam, and acts in the same way as chromatic aberration
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in a lens for light [21]. The effect on the optical mask resolution, however, is less

pronounced than the transverse velocity spread. These issues, as well as the influence

of the light field intensity, are discussed in detail in later chapters.

1.1 Motivation for this work

The principal aim of this project has been the development of an atomic beam ap-

paratus for metastable rare gas atom lithography. A rare gas atom in a metastable

excited state carries between 8 to 20 eV of internal energy (Xe* is the lowest at 8.3

eV, He* the highest at 20.6 eV [22]), which, for lithography purposes, is released upon

contact with a resist surface. The subsequent secondary electrons released have ener-

gies greater than the intramolecular bonds in the resist. The resulting bond scission

modifies the molecular chain, and alters the etch resistance of the exposed areas. Sub-

sequent etch stages then transfer the pattern into the underlying material. The mean

free path of secondary electrons in this energy range (8-20 eV) is a few Ångstroms

[23], indicating that the damage to the molecular chain remains local, making the

metastable rare gas species an ideal candidate for high resolution lithography. An-

other attractive feature is the long lifetime of the metastable states, with lifetimes

typically on the order of seconds, and longer than the flight times in a typical ther-

mal atomic beam apparatus. Furthermore, these states have laser accessible closed

transitions, that makes available the application of laser cooling for beam collimation

and brightness, as well as the use of optical masking techniques outlined above.

This work has focused on the use of the Ne* 3P2 state for atom lithography,

produced in a supersonic discharge source. In such sources, the metastable states

are generated by electron impact in a gaseous discharge. The efficiency of generat-

ing metastables through this process is low (0.001% [24]), and so optimisation of the

beam conditions is highly desirable to produce a bright atomic beam. To this end,

a high brightness metastable source was constructed and characterised. Neon was

a suitable candidate, given that the metastable states have a large internal energy
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of 16.6 eV, in addition to the availability of high power CW dye lasers within the

laboratory already operating at the appropriate wavelengths.

With this apparatus we demonstrated positive and negative tone patterning of

gold (Au) coated silicon (Si) substrates using a dodecanethiol (DDT) self assembled

monolayer resist using proximity masking techniques. Contamination resists formed

from background diffusion pump oil were also observed, and utilised in a two-step

lithography process to form micrometer-sized iron (Fe) structures on a Si substrate.

A further motivation of the project was to produce a transverse and longitudinally

cooled atomic beam, by implementation of a transverse laser cooling stage and Zee-

man slower. The transverse cooling stage developed improved atomic beam brightness

and collimation, and will allow the future extension of the atom lithography process

to optical masking techniques.

1.2 Overview of atomic nanofabrication

The last 15 years has seen a large and increasing body of work devoted to neutral atom

nanofabrication. A number of recent review papers provide an excellent overview of

the field [11],[13],[14],[25]. In the following section, a historical review of the develop-

ments in direct deposition and neutral atom lithography is provided, summarised in

Table 1.1 and Table 1.2.

1.2.1 Direct deposition nanofabrication

Atomic nanofabrication was first demonstrated with sodium by Timp et al, in 1992

[10]. In this experiment, a beam of thermal sodium was focused onto a substrate in a

1D standing wave of light detuned from a principal atomic transition at 588 nm. The

resulting structures formed with the expected periodicity of λ/2, and refinement of

the technique resulted in structures as small as 20 nm [26]. Chromium was the next

element to be used in direct deposition experiments [19]. Focusing of chromium in a

1D standing wave produced structures as small as 28 nm in width, with a periodicity
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of λ/2=213 nm.

Further developments saw the generation of structures with smaller periodicity, by

switching the detuning of the 1D standing wave from blue to red during the exposure.

In this way, atoms at the anti-nodes as well as the nodes were focused, to produce λ/4

periodic structures [27]. A polarization gradient mask technique was also developed

that made use of the strong polarization gradient formed by two counter-propagating

orthogonally polarized beams [28]. The resulting polarization grating formed by the

light field induces Raman coherences between the magnetic sublevels of the atoms,

and resulted in structures with λ/8 periodicity. Two dimensional optical masks have

also been developed that focused chromium atoms in the interference region formed

by multiple crossed beams [28], [29],[30], resulting in structures as small as 70 nm.

Other species that have been successfully used in direct deposition nanofabrication

include aluminium [31], ytterbium [32], and iron [15],[16]. Iron nanostructures are of

particular interest to the study of low-dimensional and single domain ferromagnetic

phenomena [33], as well as for their potential application as a medium for high density

memory storage.

Element Mask Resolution Reference (Institution)
(nm)

Na SW-1D 20 [10],[26](Harvard/AT&T Bell)
Cr SW-1D 28 [34],[19](NIST),[29]-[35](Konstanz)

[36](Nijmegen),[37](Osaka)
SW-2D 70 [28](NIST),[29],[30](Konstanz)

Al SW-1D 70 [31](Colorado State)
Yb SW-1D 90 [32](Kobe)
Fe SW-1D 50 [15](Nijmegen),[16](Eindhoven)

Table 1.1: Summary of direct deposition nanofabrication for various atomic species.
The resolution values quoted in the table are the best reported by the groups listed
for the respective element. The masks utilised include 1D standing waves (SW-1D)
and 2D standing waves (SW-2D).
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Element Mask Resolution Reference (Institution)
(nm)

Ar* Grid 80 [17],[18](Harvard),[38],[39](Griffith)
SW-1D 65 [20](Harvard)

He* Grid 40 [40](Konstanz),[41](ANU),[42](Tsukuba)
SW-1D 100 [43](Vrije)
SW-2D 260 [43](Vrije)

Ne* Grid 50 [44](Colorado State/Harvard),
[45](Hannover),[39] (Griffith)

SW-1D 160† [45](Hannover)
Cs Grid 60 [46](Bonn),[47](Harvard)

SW-1D 60 [48](Bonn),[49](Konstanz)
Hologram 230† [12](Bonn)

Rb/Cr SW-1D n/a [50](Garching)
Ga/In Grid 100 [51](Pisa)

Ba/Ba* Grid 70 [52],[53](Pisa)

Table 1.2: Summary of atom lithography experiments for various atomic species.
The resolution values quoted in the table are the best reported by the groups listed
for the respective element. The masks utilised include 1D standing waves (SW-1D)
and 2D standing waves (SW-2D), contact grid masks, and hologram masks. The
resolutions indicated by the † are inferred from the data in the indicated reference.
n/a indicates that the resolution was not reported.

1.2.2 Neutral atom lithography

Neutral atom lithography was first performed in 1995 with a beam of metastable

argon (Ar*) [17]. The Ar* beam was used to expose a SAM resist formed on a

gold-coated silicon substrate through a patterned grid placed in front of the sub-

strate. Upon contact with the resist surface, the internal energy of the Ar* atoms

was released into the resist and resulted in local chemical modification to the SAM

in the exposed regions. Subsequent chemical etching transferred the pattern into the

underlying substrate, and generated 5µm structures with an edge resolution < 100

nm. The successful demonstration of atom lithography with Ar* saw the technique

extended to other species, including the metastable states of two other noble gases,

helium (He*) ([40],[41],[42],[43]) and neon (Ne*) ([44],[45]), as well as the chemically

reactive alkali cesium (Cs) ([46],[47],[48],[49],[12]).
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Structure resolutions of tens of nanometers were observed across all these species.

As well as the SAM resist system, contamination resist formation has also been ob-

served with beams of metastable argon, neon, and helium [18],[54],[41],[55], as well

as by simultaneous exposure of samples to rubidium and chromium [50]. For the

metastable rare gas species, the formation of the contamination resists has been at-

tributed to the formation of a durable carbonaceous resist from background oil vapour

adsorbed on the sample surface. The rate of the contamination resist formation was

much more rapid for Ne* than for Ar*, and resulted in 50 nm wide structures in a

GaAs substrate [44]. More recent experiments have seen atom lithography extended

to In/Ga beams [51], and atomic beams consisting of ground state Ba in the presence

of Ba* metastable states [52],[53].

Cesium was the first species to be used for atom lithography utilising optical

masks [48]. The cesium atoms were focused in an optical standing wave, with a re-

sulting series of parallel lines of 120 nm, and each line separated with periodicity λ/2

of the cesium D2 line (λ=852 nm). One-dimensional optical standing wave masks

for been used for Ar* and Ne*, with structure widths of 65 nm, and one and two-

dimensional masks for He*, resulting in line structures of 100 nm (1D mask) and

square hole structures of 260 nm diameter (2D mask). Another optical mask tech-

nique demonstrated the use of an absorption mask to optically pump Ar* atoms to

their ground state at the anti-nodes of the standing wave [20]. The inert ground state

atoms in these locations have insufficient energy to damage the SAM resist, resulting

in the generation of 65 nm width parallel lines in the gold surface.

The first successful demonstration of an optical hologram for atom lithography was

demonstrated in 2002 [12] with cesium. Three beams generated from a Ti:sapphire

laser were interfered in a LbNbO3:Fe crystal, resulting in a stored two-dimensional

intensity modulated light mask. The complex light pattern was then read out with

a laser beam detuned from the cesium D2 line at 852 nm, and the atoms focused in
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the light pattern resulted in a set of gold horizontal lines with a λ/2 spacing and a

superimposed vertical line pattern with a 23.4 µm spacing.

1.3 Atom lithography with Ne*

As stated in §1.1 above, the majority of the work in this project was conducted with

metastable neon in the 3P2 state. The following section provides an overview of

the metastable states of neon, and the corresponding optical transitions utilized for

transverse and longitudinal laser cooling.

1.3.1 Metastable neon atoms

Neon is the second lightest noble gas, appearing as element 10 in the periodic table of

elements. It has a closed shell ground state electron configuration given by 1s22s22p6.

For light atoms with small nuclear charges, such as neon, the electron spins si inter-

act among themselves and combine to form a total spin angular momentum S =
∑

si.

Similarly the orbital angular momenta of the electrons li combine to form a single

orbital angular momentum L =
∑

li. In this scheme, the Russell-Saunders, or LS

coupling scheme, the total angular momentum J is the coupling of the electron or-

bital momentum L and spin angular momentum S components, to give J = L + S.

In the Russell-Saunders notation, given by n(2S+1)LJ , we denote this lowest energy

configuration for this coupling as 1S0, where n is the principal quantum number of

the valence electron.

Excitation of a valence electron to the next shell produces the first excited state

electron configuration 1s22s22p53s1. In this state, the LS coupling scheme is no longer

sufficient to describe the atom. Unlike alkali atoms, where the last shell of the core is

closed, for neon the excitation of the valence electron to the 3s1 excited state opens

a p state hole in the core. Therefore, the core now possesses both orbital and spin

angular momentum. The excited electron also has both orbital and spin angular mo-

mentum. These four angular momenta must all be coupled together to form the total
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angular momentum of the excited state neon atom [9].

To accomplish this, first the total angular momentum Jc of the core is deter-

mined. The core remains well LS coupled, so the angular momentum Jc of the core

is determined from the momenta L and S of the core electrons by Jc= L + S. This

core angular momentum is subsequently coupled with the orbital angular momentum

of the excited electron, to give the quantum number K =Jc+le. Finally, coupling K

to the spin se of the excited 3s electron gives the total angular momentum Jt for the

neon atom in the first excited state, Jt=K + se. The notation for this state is then

expressed as

(2S+1LJc)nele[K]Jt (1.2)

Here, the (2S+1)LJc term in the brackets represents the standard LS coupling scheme

for the core electrons. The terms ne and le represent the principal quantum number

and orbital angular momentum of the excited electron respectively. It is, however,

more convenient to maintain the Russell-Saunders notation, to express the state in

the form

(2S′+1)LJt (1.3)

We define S ′ as the total spin of the inner core plus the valence electron, S ′ = S + se.

In the scheme outlined above, the coupling between the 2p hole in the core and the 3s

electron results in four fine structure states; the triplet states 3P2,
3P1 and 3P0, and

the singlet state 1P1. The triplet states for the coupled hole-electron pair are inverted

in energy to what would occur for the coupling with an electron-electron pair. That

is, the 3P0 is highest in energy, and the 3P2 is lowest, as shown in Figure 1.2 [56].

Among these states, 3P1 mixes with 1P1 through spin orbit coupling, and hence will

decay to the ground state 1S0 via an electric-dipole transition. However, the other

two states, 3P0 and 3P2 have total angular momentum quantum numbers of J = 0

and J = 2. By the quantum mechanical selection rules [57], electric dipole transitions

to the 1S0 ground state (J = 0) from these states are forbidden. For the 3P0 state,
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Figure 1.2: Energy level diagram for selected states of neon, including the metastable
states, and the 3P2-

3D3 transition used for laser cooling

it can decay to the 3P1 state through a magnetic-dipole radiative transition, or to

the 3P2 state through an electric-quadrupole radiative transition. For 3P2, the only

decay mechanism is via a spin dependent magnetic quadrupole transition. For these

reasons, the 3P0 and 3P2 are long lived metastable states (τ0=14.73 s for 3P2), and

for neon are indicated by the designation Ne*.

Also shown in Figure 1.2 are the triplet states 3D3,
3D2,

3D1 and the singlet

state 1D1. These states are part of the fine structure multiplet of the second excited

state of the valence electron, given by the electron configuration 1s22s22p53p1. Re-

ferring to Figure 1.2, there is an allowed electric dipole transition (E1) from the 3P2

(J = 2) to the 3D3 (J = 3) state, from which the only decay channel is back to the

metastable 3P2 state. By the quantum mechanical selection rules, the 3P2-
3D3 tran-

sition is closed, since the 3D3 can only decay back to the metastable 3P2 state. This

two-level transition is ideal for laser cooling, where multiple photon excitations are

required without loss of the metastable state through other decay channels. All the
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other multiplet states can decay back to the ground state via the short lived 3P1 and

1P1 states. For this reason, the work in this thesis will be confined to the long-lived

metastable 3P2 state, and the 3P2-
3D3 closed transition for laser cooling. The wave-

length required for the laser cooling transition is easily obtained from commercially

available dye lasers. A summary of relevant parameters for both the 3P2 state, and

the 3P2-
3D3 transition is provided in Table 1.3.

Quantity Symbol Value
Atomic mass (20Ne) m 33.2×10−27 kg

Internal energy (3P2) state Ei 16.6 eV
3P2 lifetime τ0 14.73 s

Wavelength (3P2-
3D3) λ 640.225 nm

Natural linewidth (3P2-
3D3) Γ 8.20 (2π) MHz

3D3 lifetime τ = 1/Γ 19.42 ns
Saturation intensity (σ±) Is,σ 4.08 mW cm−2

Recoil velocity vrec = h̄k/m 0.031 ms−1

Doppler limit vdopp = (h̄Γ/2m)1/2 0.29 ms−1

Doppler temperature Tdopp 196 µK

Table 1.3: Table of parameters for the 3P2 metastable state, and 3P2-
3D3 transition

1.4 Structure of this thesis

The following chapter presents details of the development of the bright metastable

atom discharge source and beam line, and a characterization of its performance. A

detailed theory of the discharge source dynamics is presented, and compared with the

experimentally determined beam parameters. Chapter 3 presents the results of its

application for proximity mask atom lithography using SAM resists on gold coated

silicon substrates. The patterning process is detailed, and a characterization of the

resist damage process is presented, making extensive use of thin film analysis tech-

niques such as ellipsometry and x-ray photoelectron spectroscopy (XPS). Results for

both positive and negative tone patterning with SAM resists are presented, in ad-

dition to the formation of negative tone contamination resists formed from dilute
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background oil vapours. In Chapter 4, the formation of these negative tone resists

by the metastable neon beam is used to fabricate iron micrometer sized structures

on silicon substrates, making use of a novel three-step etch process. The successful

demonstration of the fabrication of ferromagnetic structures holds the promise for

future refinement of the technique to the nanometer scale, and extension to fabrica-

tion of other materials of interest. As discussed above, the use of optical masking

techniques requires a well collimated and transversely cooled atomic beam. Chapter

5 details the development of a transverse laser collimation stage for the Ne* atomic

beam, as well as a longitudinal slowing stage implemented by a Zeeman slower. The

transverse collimator construction and performance is characterised, as well as that

of the Zeeman slower. Chapter 6 presents results of simulations on the motion of

metastable neon in a one-dimensional standing wave light field, for both the focusing

(low laser power) and channeling (high laser power) regimes. These calculations will

be used for development of future optical masking techniques for the Ne* beamline.

The thesis concludes in Chapter 7 with a summary of the work presented herein, and

a discussion of future developments and applications of the apparatus.



Chapter 2

High flux metastable atomic

discharge source

2.1 Introduction

Since the early part of the last century, atomic and molecular beam sources have been

an integral part of investigations into a multitude of physical and chemical systems.

They have found application in areas as diverse as spectroscopy, atomic and molecu-

lar collision dynamics, surface analysis, and chemical interactions.

Research into the dynamics of beam sources has been an area of considerable

activity, and one plagued with difficulty. Over the past few decades, a large volume

of work has been undertaken to model and refine the dynamics of these systems (see

[24],[58],[59],[60] for a review of techniques). Of particular interest has been the de-

velopment of supersonic beam sources, which have shown to have many advantages

over the more familiar effusive beam sources [59]. Primary amongst these advantages

is the narrow velocity distribution of the beam, and higher brightness than can be

achieved with conventional effusive type sources. With the advent of large through-

put vacuum pumps, these sources have become the standard for generation of high

flux beams of a number of atomic species, and in the context of this work, for sources

of excited metastable states of the rare gas atoms [24].

18
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For the atom lithography experiments presented in this thesis, the exposure time

required for pattern formation is dominated primarily by the metastable beam bright-

ness. As a result, to reduce the exposure time a high brightness source is of paramount

importance. A further consideration of importance is that the velocity distribution of

the metastable atomic beam be sufficiently narrow, and the mean velocity sufficiently

low, to make subsequent beam brightening and slowing stages effective (see Chapter

5.)

This chapter details the development and characterisation of a high-flux super-

sonic beam discharge source developed for metastable rare gas atom lithography. The

source incorporates some novel features, particularly three-dimensional translation in

vacuo. The dynamics of supersonic sources can vary quite considerably, and so in-

corporation of the three dimensional movement of the source allows elements such

as the metastable beam flux and beam temperature to be optimised for the oper-

ating conditions required. The source is also versatile in that the discharge can be

employed with two different nozzle modes. The first mode utilises an electrically in-

sulating boron nitride nozzle, with the discharge occurring between the cathode and

the external skimmer. In contrast, the second mode uses a stainless steel nozzle, and

the discharge occurs between the cathode and the nozzle aperture.

We begin the chapter with an overview of beam dynamics for effusive and su-

personic beam sources, with particular attention given to metastable beam discharge

sources. The metastable source and vacuum apparatus will be detailed, and a char-

acterisation of the source dynamics in terms of temperature, velocity and beam flux

will be presented. Finally, a comparison of the operation of the sources in the two

different nozzle modes is presented.
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2.2 Source dynamics

In its simplest form, an atomic or molecular beam source consists of the expansion of

a reservoir of gas into a region of lower pressure (i.e. vacuum) through an orifice or

slit. As with any thermodynamic system, however, the behaviour of the expanding

gas is dependent on a number of factors, but most particularly the pressure and

temperature of the source gas expanding from the reservoir.

2.2.1 Effusive sources

We begin our discussion of source dynamics with the standard Maxwell Boltzmann

distribution. In a volume of gas, such as inside the reservoir of the source, the velocity

distribution of the atoms obeys the Maxwell distribution law. If dN is the number of

atoms in the velocity interval v+dv, N is the total number of atoms, and P(v) is the

probability distribution for atoms with velocity v, then [58],[8]

dN

dv
= NP (v) =

4N√
π

1

α3
v2exp(−v2/α2) (2.1)

where

α =
√

(2kBT/m) (2.2)

and m is the mass of the atom or molecule, and kB is Boltzmann’s constant. Hence,

the probability distribution for the velocities can be expressed as

P (v) =
4√
π

1

α3
v2exp(−v2/α2) (2.3)

It is convenient to simplify this expression as

P (v) = N0v
2exp(−v2/α2) (2.4)

where

N0 =
4√
π

1

α3
(2.5)

is the normalization factor for the distribution. For our considerations the normal-

ization factor is unimportant, as we are only concerned with relative intensities and
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not absolute numbers in the distribution. From this vantage, it is then convenient to

reframe equation 2.4 in terms of the local speed of sound.

P (v) = N0v
2exp[− v2

6
5
c0

2
] (2.6)

where

c0 =

√
5kBT0

3m
(2.7)

is the local speed of sound for a monotomic gas ensemble. The temperature of the gas

reservoir defines c0 and the spread of the distribution in Equation 2.6. Consider now

such a reservoir of monotomic gas with an aperture that allows the gas to escape. By

kinetic theory arguments, the number of atoms that will emerge per second from the

source aperture, dQ, travelling in a solid angle dω at angle θ relative to the aperture

is [58]

dQ = (dω/4π)nv̄ cos θAs (2.8)

where n is the number of atoms per unit volume, v̄ is the mean atom velocity inside

the reservoir, and As is the area of the aperture. Two assumptions are made in order

for equation 2.8 to be valid. The first assumption is that the spatial and velocity

distributions of the atoms in the reservoir are not altered by the escape of atoms

through the aperture. The second of these is that every atom which strikes the

aperture passes through the aperture and does not undergo a change in direction.

The strict requirement for these conditions is

λ0 � D (2.9)

where D is the aperture diameter, and λ0 is the mean free collision length of atoms

inside the source. In this limit, the number of collisions undergone by the atoms

as they exit the reservoir approaches zero. In this case, the reservoir will act as an

effusive source of atoms. Such an effusive expansion is typified by those sources with

low pressure in the reservoir, and small pressure gradients between the reservoir and

the expansion region.
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With these requirements in mind, we return now to the velocity distribution of the

atoms leaving the reservoir. Upon superficial inspection, one would expect the atoms

leaving the reservoir to obey the same Maxwell-Boltzmann velocity distribution that

we have determined in Equation 2.6. However, upon closer examination we see that

this will not be the case. The probability of an atom emerging from the reservoir

is proportional to the atom velocity, apparent in the expression given in equation

2.8. The atoms in the beam will then have a velocity dependence proportional to

equation 2.6 multiplied by v, and the beam will be weighted in favour of those atoms

with higher velocity. Upon renormalization of equation 2.6 the velocity distribution

for an effusive beam becomes [9]

Pbeam(v) = Nbeamv3exp[− v2

6
5
c0

2
] (2.10)

where Nbeam is the new normalization factor for the effusive beam.

2.2.2 Supersonic sources

Let us now consider a different case, where the mean free collision length of the atoms

is much smaller than the diameter of the aperture. The strict requirement is then

λ0 � D (2.11)

Under these conditions, atoms escaping from the reservoir into a region of higher

vacuum will suffer many collisions during the expansion from the aperture. Such a

situation arises when the pressure in the source reservoir is comparatively high relative

to the background pressure of the expansion region. The dynamics of the expanding

gas under such conditions will be very different from the effusive case, and as shall

be shown below, the the resultant beam expansion will be supersonic in nature.

To describe the full dynamics of the source under these conditions, we must con-

sider the enthalpy of the expansion process. Conservation of the internal energy of
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the gas alone does not describe the expansion, since the directed mass flow of the

expanding gas is driven by a pressure gradient that achieves flow work [60]. At high

enough source pressures, the effects of gas viscosity and heat transfer can be neglected,

and the gas flow can be considered an adiabatic, isentropic process. The adiabatic

condition leads to the conservation of the sum of the enthalpy and the kinetic energy

of the directed mass flow of the atoms leaving the reservoir [60].

The enthalpy of the system is defined as H = U + PV , where U is the inter-

nal energy and P and V are the pressure and volume of the gas respectively. The

atoms within the source reservoir reach a stagnation enthalpy H0 which is partially

converted into the kinetic energy of the directed mass flow, expressed by the atomic

beam longitudinal velocity u [61]. Hence,

H0 = H +
1

2
mu2 (2.12)

where H is the rest enthalpy for the expanding beam. As the gas expands it cools,

the rest enthalpy decreases and the mean velocity increases. The conversion of the

stagnation enthalpy to kinetic energy is not immediate, however, and as the gas un-

dergoes a free jet expansion , collisions continuously cause the stagnation enthalpy

to be converted into the longitudinal velocity of the atomic beam. As the expansion

proceeds, the temperature decreases, as does the density, and as a result the collision

rate between atoms decreases. When the collision rate reaches a critically low level,

the gas flow changes from continuum flow to collision free molecular flow. From this

point, the atoms follow straight trajectories and the rest enthalpy contained in the

gas remains constant and cannot be further converted into the kinetic energy of the

supersonic beam.

If we consider a monatomic ideal gas, the enthalpy can be expressed solely in

terms of the temperature, H = 5
2
kBT . The energy conservation in 2.12 can be rewrit-

ten as
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5

2
kBTo =

1

2
mu2 +

3

2
kBT + kBT (2.13)

In this form, each of the terms in 2.13 has a physical significance. The left hand side

of the expression is simply the total enthalpy of the source reservoir. The first term

on the right hand side is the kinetic energy of the directed mass flow of atoms leaving

the reservoir. The second term represents the random thermal energy, in a frame of

reference co-moving with the expanding gas at velocity u. The third and final term

corresponds to the energy stored in the gas at the temperature T, forcing the gas to

expand [61]. Rewriting the enthalpy in terms of the heat capacity and temperature

of the gas, H = CpT , equation 2.13 can be written as

CpT0 = CpT +
1

2
mu2 (2.14)

The energy equation can be rewritten in a convenient form involving just two param-

eters, the specific heat ratio γ and the Mach number M . The Mach number M is

defined by the ratio of the local flow velocity u to the local speed of sound c, and

represents a measure of the conversion of enthalpy to kinetic energy of the beam. For

an ideal gas, the speed of sound c is related to the gas temperature by

c =
√

γkBT/m (2.15)

where γ = Cp/Cv, which for an ideal gas is 5/3. The Mach number M defined as

M =
u

c
(2.16)

From 2.14, 2.15 and we obtain T , the local temperature of the expanding gas, in

terms of the Mach number M and the local reservoir temperature T0.

T = T0[1 +
1

2
(γ − 1)M2]−1 (2.17)

Upon substitution of 2.17 into 2.14

1

2
mu2 = Cp(T0 − T ) = CpT0[1−

1

1 + 1
2
(γ − 1)M2

] (2.18)
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Figure 2.1: Conversion of enthalpy to kinetic energy from 2.14 with increasing su-
personic expansion.

Thus, in equation 2.18 we have an expression that gives the evolution of the kinetic

energy in terms of the Mach number M and the thermal reservoir temperature T0.

The relationship between all three terms in equation 2.13 is demonstrated in Figure

2.1.

An increase in Mach number leads to a reduction in the thermal energy term

(3/2kbT ) and the gas expansion term (kbT ), while the kinetic flow energy is increased

(1/2mu2). As a result, the beam distribution will be modified and defined in terms

of the local speed of sound c and the local temperature T , both of which are reduced

in comparison to their equivalent values in the reservoir c0 and T0. The effect of

this is to reduce the velocity width of the beam distribution, and shift the entire

distribution to higher velocities. It is these features that are characteristic of a su-

personically expanding beam, where the Mach number exceeds unity. Equation 2.10,

which describes the beam distribution for an effusive source, will be modified for the

supersonic case, and can be expressed as:
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Psuper(v) = Nsuperv
3exp[−(v − u)2

6
5
c0

2
] (2.19)

where Nsuper is the normalization factor for the supersonic beam and

c =

√
5kBT

3m
(2.20)

is the local speed of sound in the beam. From our expression in equation 2.18 which

describes the conversion of thermal energy to kinetic energy in the beam, we can now

reframe equation 2.19 in terms of the Mach number M to give

Psuper(v) = Nsuperv
3exp[−(v −Mc)2

6
5
c0

2
] (2.21)

Given our expression in equations 2.18, the supersonic velocity distribution is simpli-

fied to become a function of only two parameters, the Mach number M and the initial

reservoir temperature T0. A comparison of the longitudinal velocity distributions for

the effusive and supersonic beam conditions is given in Figure 2.2. It clearly shows

the narrowing of the longitudinal velocity distribution and an increase in the mean

velocity of the atomic beam as the beam shifts from effusive to supersonic.

The treatment of supersonic flow in the previous section has neglected to address

two principal characteristics that deserve further attention. The first is that the

Mach number increases with increasing distance L from the source, and is given by

the correlation [62], [63].

M = 3.20(L/Dn)
2
3 (2.22)

This continual increase of Mach number with distance from the source nozzle is coun-

terbalanced by the second characteristic, which recognises that as the supersonic

expansion proceeds, not only the temperature but also the density and hence the

collision rate decreases with increasing distance from the nozzle. The collision rate

eventually reaches a point where no further cooling can occur and the local Mach

number freezes at some terminal value. From this point, the conversion of rest en-

thalpy to kinetic energy ceases, no further beam cooling takes place, and the beam
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Figure 2.2: Velocity distributions obtained for 20Ne from a reservoir at 300K, nor-
malized to peak value of unity. Shown is the Maxwell-Boltzmann distribution, an
effusive source with Mach number M=0, and supersonic sources with M=3, 10 and
25.

changes from continuum flow to free molecular flow. This terminal Mach number is

given by [63]

MT = 2.05ε0.4(λn/Dn)−0.4 (2.23)

and is described in terms of ε, the collision effectiveness between atoms in the beam

(less than unity), λn the Langragian mean free path of atoms in the nozzle, and Dn

the diameter of the nozzle aperture. The Langragian mean free path of atoms is given

by:

λn = 1/(
√

2nπσ2) (2.24)

where n is the number density of the atoms behind the nozzle, and σ is the effective

collision diameter of the atoms. As atoms expand out of the source nozzle, they are

traveling faster than the local speed of sound, and hence faster than interactions be-

tween atoms can propagate. The atoms are therefore immune to conditions outside
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the source reservoir and cannot be influenced by external factors such as the back-

ground pressure. This region is termed the zone of silence and extends until it reaches

an interface known as the Mach disk.

The Mach disk forms where the density and temperature gradients between the

supersonically expanding gas and the background become so large that they result in

shock waves forming. The shock waves are regions of high pressure and temperature

gradients and are on the order of the mean free path of the atoms. These shock waves

in turn modify the direction of the supersonic flow and reduce the Mach number to

subsonic velocities. The location of the Mach disk is given by [63]

xm = 0.67Dn(P0/Pb)
1
2 (2.25)

where xm is the longitudinal position downstream from the nozzle aperture, Dn is the

nozzle diameter of the source, P0 is the stagnation pressure behind the nozzle, and Pb

is the background pressure in the expansion chamber. Referring to Figure 2.3, the gas

first expands isentropically from the nozzle. The Mach number continues to increase,

and the beam remains unaffected by the background pressure. The beam is said to be

”underexpanded” and the subsequent expansion occurs as the flow attempts to meet

the necessary boundary conditions imposed by the ambient background pressure Pb.

Eventually, the beam will reach a point where it ”overexpands”, and the beam is

recompressed by the shock waves, the barrel shock at the sides, and the Mach disk

normal to the flow direction.

Figure 2.4 represents the Mach number behaviour for typical operating conditions

of a cooled supersonic source using neon gas (Dn=350µm, P0=5 Torr, Pb=1×10−4

Torr, T0=130 K) The main curve shows the increase in Mach number with distance

from the source nozzle, as given by Equation 2.22. However, this curve neglects the

decreasing density and collision rate of the expanding beam. Taking this into account,

and utilising Equation 2.23 we see that the collision rate drops rapidly after leaving

the source, resulting in a terminal Mach number MT =3.3 at a distance of only ∼0.4
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Figure 2.3: Supersonic beam expansion from a reservoir at pressure P0, temperature
T0 through a nozzle into an area of low pressure Pb

mm from the source nozzle. In contrast, the location of the Mach disk (i.e. the extent

of the ”zone of silence”) is some 41 mm distant from the source nozzle.

2.2.3 Skimmed supersonic beams and shockwaves

For most supersonic sources, it is practicable to extract the beam from the supersonic

flow by means of a skimmer placed within the zone of silence upstream from the Mach

disk. The skimmer extracts and collimates the still expanding beam into a region of

lower pressure. In this way, large shockwaves do not form and perturb the expanding

jet, and divergent atoms in the beam are deflected from the beamline.

The skimmer is typically of conical shape with an inlet aperture to admit the

supersonic jet into the region of lower pressure aft of the skimmer. The angles of the

cone are chosen carefully so as to stop reflection of atoms back into the beam, and

also prevent the formation of shockwaves before the inlet. In addition, the skimmer

inlet diameter should be of the order of the free stream mean path of the atoms in
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Figure 2.4: Mach number as a function of distance from source nozzle, showing
location of Mach Disk and terminal Mach number
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the expanding jet. It should also be large enough to admit a substantial proportion

of the jet to obtain an intense collimated beam, but not large enough to disrupt the

low pressure region aft of the skimmer. Finally, the aperture should be as sharp

as possible, to prevent back scattering from the hole surface. These conditions are

only general, however, and are subject to the individual conditions of the supersonic

flow. Extensive work has been undertaken investigating the role of the skimmer in-

terference and interactions with the supersonic beam [64],[59],[60],[65]. In particular,

understanding the formation of shockwaves along the skimmer has been vital in op-

timization of the atomic beam.

For the case where the supersonic jet expands from the nozzle into a source cham-

ber maintained at low pressure (Pb=10−4 to 10−3 Torr), the skimmer design is not so

critical. Sufficient pumping to maintain a low enough pressure before the skimmer

is usually enough to prevent shockwaves from forming [24]. Atoms in the supersonic

beam reflected from the external and internal skimmer walls can still cause interfer-

ence in the beam, however, and so careful skimmer design and placement is worth

consideration for this type of source. In contrast, supersonic jets expanding from a

nozzle into a higher pressure region (Pb=10−2 to 1 Torr), a pronounced barrel shock

and Mach disk will form as the beam interacts with the background gas (see Figure

2.3). In this case, the skimmer is located in the ”zone of silence” of the supersonic

jet, before the onset of the Mach disk [24]. This leads to a well-defined system of

shock waves attached to the skimmer. With careful skimmer design, however, no

dispruptive shock zone develops on the leading edge of the skimmer tip. The internal

and external angles of the skimmer are critical. Empirical studies under a variety

of source conditions have found the optimal skimmer design to have a full included

internal angle of 45o and full included external angle of 55o [64],[59].

One further property that requires attention is the distance of the skimmer from

the source nozzle. To gain full advantage of the supersonic expansion, the skimmer

must be placed within the zone of silence at a distance further than the onset of
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the terminal Mach number. Generally, it is best to position the skimmer as far as

possible from the source nozzle to gain full advantage of the cooling. This also lim-

its disruptive skimmer interactions with the supersonic beam, since the gas load on

the skimmer is less. In our discussion, we have neglected one further role that the

skimmer can play. For discharge sources, where the atomic beam is excited to de-

sired ionic, dissociated, or higher electronic states through electrical breakdown, the

skimmer can function as one of the discharge electrodes. This technique is commonly

employed for the creation of metastable states for rare gas sources, and is discussed

further in the following section.

2.2.4 Supersonic DC discharge sources

For a variety of experiments, effusive and supersonic sources of species in neutral

excited states (metastable, Rydberg) or ionic states might be required. A large num-

ber of techniques have been developed in conjunction with effusive and supersonic

sources in order to generate such beams [58],[59]. Metastable states of the rare gases,

the focus of this work, have found application in a number of areas, including atomic

collisions, laser cooling, atomic spectroscopy and interferometry, and surface probes

[24].

The metastable rare gas atoms exist in higher excited states which cannot undergo

radiative decay to lower energy states, since the necessary transition is forbidden by

electric dipole selection rules. Hence, direct excitation from the ground state to the

metastable state via an electric dipole transition (i.e. photon) is accordingly forbid-

den. As a result, a number of techniques have been developed to prepare metastable

atomic beams.

By far the most common approach is to utilize a discharge source, where the

rare gas atoms are excited to the metastable state by the impact of electrons present

in the active plasma of an electrical discharge. Such discharge sources are easy to con-

struct, and have high metastable flux (1013-1015 sr−1s−1), but have the disadvantage
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that the excitation efficiency is generally low (0.001% [24]), with most of the beam

remaining in the ground state. Other techniques, (charge transfer, electron beam

bombardment etc) can have higher efficiency of metastable production, but generally

have lower overall flux.

We will constrain our treatment here to DC discharge sources, specifically two

variations of supersonic DC discharge sources. A schematic of the basic design and

discharge modes is shown in Figure 2.5, labeled (1) and (2) respectively. The source

gas emerges in a supersonic flow from a small diameter nozzle. The emerging atoms

are excited within the discharge struck between the cathode, located coaxially within

the nozzle, and an external conducting skimmer. The discharge path is indicated

by (1) in Figure 2.5. Electron collision in this region results in the formation of the

metastable states [24],[66],[67]. An insulating nozzle is generally used, constructed

from a material with good thermal conductivity (e.g. boron nitride), so that heat

generated in the discharge can be dissipated by some cooling mechanism (e.g. water,

liquid nitrogen, liquid helium). In addition, to help initiate the discharge, a positive

potential is typically applied to the skimmer.

Metastable atoms will readily Penning ionize upon collision with a background

gas atom or molecule, and so the pressure in the source chamber is generally kept

as low as possible. Typical source chamber pressures for sources of this type are

10−5-10−4 Torr. The stagnation pressure behind the nozzle required for the discharge

varies with the source gas, the pumping speed available in the source chamber, and

the nozzle hole diameter, but generally lies in the 1-100 Torr range. Higher stag-

nation pressures result in a more supersonic beam with higher Mach numbers, but

correspondingly require larger throughput pumps to deal with the gas load in the

system.

The second design is similar to the first, but makes use of a conducting noz-

zle as the anode for the discharge [68],[69]. The excitation of the metastable atoms
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Figure 2.5: Schematic showing two variations in DC discharge sources

takes place in the discharge region behind the nozzle, with the discharge path, indi-

cated by (2) in Figure 2.5, occurring between the cathode and the aperture in the

nozzle. Typical nozzles are constructed from metals, such as copper, brass, and stain-

less steel. The proximity of the cathode and nozzle aperture generally means that

the stagnation pressure in the discharge region is lower. As a result, the operating

source chamber pressure is typically low, ∼ 10−6-10−5 Torr, and can be advantageous

for systems requiring UHV. There will be, however, a high collision rate inside the

source before the atoms enter the collision-free region, with the resultant metastable

beam having a lower flux than in design (1).

2.2.5 The discharge region - glow discharges

The discharge itself is governed by Paschen’s Law, where the breakdown characteris-

tics between the cathode and the anode are dependent upon the gas pressure p and

the distance d between the electrodes. Paschen’s law is usually expressed as
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Figure 2.6: Paschen curves indicating breakdown voltage Vb as a function of the
product of pressure and distance between electrodes, for Air, Ar, and Ne [70]

Figure 2.7: Voltage and current characteristics for dark, glow, and arc discharge
conditions [70]
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Vb =
Bpd

ln(Apd)− ln(ln(1/γt)
(2.26)

where p is the pressure, d is the distance between electrodes, and A and B are em-

pirical constants subject to the constraints of the discharge, particularly the amount

of background ionizing radiation required to initiate the discharge. The symbol γt

corresponds to the Townsend second ionization co-efficient, which describes the net

number of secondary electrons produced per ionic impact with the cathode, and is

dependent upon the cathode material. Figure 2.6 shows the typical Paschen curves

for air, argon and neon.

As would be expected, the defining characteristics of the discharge, such as the

breakdown voltage, structure of the voltage, and voltage current relationship, depend

on the gas used in the source, as well as the geometry and material of the electrodes

used. Three general regions can be identified in the discharge structure, and these are

shown in Figure 2.7. The first of these regions is the dark discharge, termed as such

because the discharge remains invisible. The breakdown in the gas in this region is

due to background radiation sources, such as cosmic rays. The electric field between

electrodes is insufficient to accelerate electrons to energies required for ionization of

the source gas, and the discharge is unsustained. Increasing the applied voltage to

the electrodes from the DC power supply pushes the discharge into the Townsend

regime, where the electric field is now sufficient for electrons to ionize atoms in the

gas, and the current increases exponentially. Above a critical voltage (the breakdown

voltage Vb), secondary electrons are emitted from the cathode by ionic impact, and

self sustaining electrical breakdown occurs.

From this point, the discharge enters the glow discharge regime, termed as such

since excitation collisions in the source gas are of sufficient energy to make the dis-

charge luminous. An interesting feature in this regime is that the voltage remains rel-

atively constant in this regime with increasing discharge current. The glow discharge

region exists for currents ranging from 10−5-1 Amp, and discharge sources operating
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under these conditions are generally referred to as cold cathode sources. The glow

discharge is the most efficient for metastable production. Electrons produced in the

breakdown accelerate electrons to energies sufficient to excite the metastable states

of the source gas via inelastic collisions. The efficiency of the metastable production

by this method depends on the energies of the electrons in the discharge, and the

pressure conditions in the source.

As the current is increased to levels above ≈1A, the discharge enters the arc

regime. In this regime, the cathode becomes sufficiently hot to emit thermionic pho-

tons, and a cascade of electrons are produced in the discharge. The voltage drops as

the current is increases, with the limiting factor being the internal resistance of the

DC power supply. Discharge sources operated in this region are generally referred to

as hot cathode sources.

2.3 The Supersonic DC Discharge Source

The source developed for this work is a supersonic DC discharge source, designed

along the principles outlined in §2.2. As mentioned at the beginning of this chapter,

it incorporates 3D translation for optimisation of the source flux and temperature of

the metastable beam. Furthermore, the source has been designed such that it can be

operated in either of the two discharge modes outlined above, merely by switching

the from an insulating nozzle (mode (1) in Figure 2.5) to a conducting nozzle (mode

(2) in Figure 2.5). This section outlines the vacuum system for the beamline, and

details the source construction and characteristics.

2.3.1 System overview

The apparatus consists of four principle sections; the source, the source chamber,

the sample chamber, and beam diagnostics chamber, labelled in order by Roman

numerals in Figure 2.8. Figure 2.8 shows a side view of the system, with the four

sections indicated. Many of the principal vacuum elements in the system (the 700 l/s
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diffusion pump, rotary pumps, and 500 l/s turbo pump) were incorporated from two

de-commisioned experiments, reducing the overall cost and time in construction. A

schematic of the vacuum arrangement is given in Figure 2.9, indicating the position

of the various elements relative to each other.

Section I - Metastable source

The first major element is the discharge source, which is mounted from a 6” diameter

flat faced oversized flange at the back of the source, and which sits within the source

chamber. The vacuum seal is made with a Viton o-ring seal. A set of micrometers

mounted from the oversized flange allow the source to be translated in vacuo in the

two transverse dimensions within the source chamber, whilst maintaining the vacuum

seal between the sliding flat face and the oversized flange. The oversized flange is itself

mounted from from a stainless steel bellows arrangement connected to the near end

6” CFF flange of the source chamber. Four additional micrometers fastened to the

near end flange make contact with the oversize flange, and allow the length of the

bellows to be adjusted. This then provides longitudinal adjustment of the source

within the source chamber. Further details of the source and its vacuum system are

provided in §2.3.2 below.

Section II - Source chamber and beamline

The source chamber provides the mounting for the source into the system, and the low

pressure environment for its operation. The source chamber is evacuated by a 700 l s−1

oil diffusion pump (Edwards; 160) that utilizes Santovac 5TMdiffusion pump oil. The

diffusion pump offered a large throughput alternative to high cost turbo-molecular

pumps. The diffusion pump is backed by a 25 m3 s−1 rotary pump (Leybold Heraeus;

D253/WS). A 160 mm diameter pneumatic swing valve sits between the diffusion

pump and the source chamber. The pressure in the source chamber is monitored

using a full range Bayard-Alpert (BA) pressure gauge (Pfeiffer; PBR260). A foreline

trap (Edwards; FL20K) is connected to the inlet of the rotary pump to limit back-

streaming of pump oil into the source chamber.
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Mounted concentrically in the 6” CFF flange of the source chamber that con-

nects to the rest of the apparatus, is a copper gasket that provides the mount for the

skimmer. The conical shaped skimmer provides two purposes; it acts as the anode

during the electric breakdown for the source discharge, and provides physical colli-

mation of the beam. In addition, it serves as an element for differential pumping,

allowing the atoms to expand from the source to pass through the skimmer and into

the high vacuum area without undergoing significant collisional loss. The skimmer

is insulated from the copper gasket by a teflon sheet. A positive electrical poten-

tial to aid the discharge is applied to it by means of a electric vacuum feedthrough

connected to a 2.75” CF flange. Further details on the skimmer are provided in §2.3.2.

Downstream from the skimmer, the source chamber is connected to a small cham-

ber with six 2.75” CFF. A set of electrostatic plates, wired to an electric vacuum

feedthrough, sit within this chamber. The electric field produced deflects charged

particles created in the discharge from the beamline. A full-range BA pressure gauge

(Pfeiffer; PBR260)is also mounted to this chamber to monitor the pressure in this

region behind the skimmer.

Section III - Sample chamber

The sample chamber, as its name suggests, provides a high vacuum region for the

samples exposed by the metastable atomic beam. The chamber features a lid that

can be raised and lowered in order to place and remove the sample mount from the

system. The vacuum seal is made by a large diameter Viton o-ring between the rim of

the chamber and the chamber lid. A 2.75” CFF pneumatic gate valve (MDC, model

GV-1500M-P) separates the source chamber and beamline from the front flange of

the sample chamber. This allows the vacuum of the source chamber to be maintained

while samples are being placed and removed.

On the underside of the chamber is two vacuum ports. The first port admits
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a rotary feedthrough from which the samples are mounted. Suspended from the sec-

ond port is the vacuum pump assembly, which consists of a 500 ls−1 turbo pump

(Pfeiffer-Balzers; TPH520), backed by a 12 m3 s−1 rotary pump (Edwards; E23M-12)

with fore-line trap (Edwards; FL20K). The pressure is monitored in the chamber by

a full-range BA gauge attached to one of the side ports (Pfeiffer; PBR260).

The bottom plate of the chamber has tapped M6 holes to allow the mounting

of other experimental elements, such as the chopper wheel assembly for time-of-flight

analysis (see §2.4.2). Electrical feedthroughs mounted from the 2.75” sideports pro-

vide connection to the Faraday cup on the sample mount to measure the metastable

beam flux. Viewports around the circumference of the chamber also allow the ob-

servation of the sample mount to make sure it is correctly positioned during sample

exposure.

Section IV - Beam diagnostics chamber

A 1 m flight tube with 2.75” CFF flanges connects the back end of the sample chamber

to the beam diagnostics chamber. Within the chamber sits a 25 mm diameter multi-

channel plate (MCP)(Quantar Technology; 3300), mounted from the 6” CFF flange

at the back end of the chamber. A 2.75” T-junction provides access for the electrical

feedthroughs for the MCP. The MCP is used for atom detection in the time-of-flight

arrangement (see §2.4.2), as well as analysis of the atomic beam profile.

2.3.2 Metastable Source - design and operation

In a supersonic discharge source, the alignment and positioning of the nozzle with

respect to the skimmer is critical in order to optimise the characteristics of the de-

sired beam, but most particularly for optimisation of the metastable flux. With that

in mind, the source was designed to incorporate 3D movement, the mechanism for

which is detailed below. Furthermore, the source also allowed the nozzle construction

to be changed from an insulating boron nitride nozzle to a conducting stainless steel
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nozzle to change the discharge conditions. A schematic of the source assembly is

given in Figure 2.10. The design is similar to previous designs by Fahey et al [66] and

Kawanaka et al [68]. The principal features of the assembly are the source and its

components, the source flange and sliding flange, the bellows arrangement, and the

nozzle region.

The source itself consists of a simple pair of concentric stainless steel tubes. The

liquid nitrogen reservoir is formed in the closed cavity between the outer tube and the

inner tube, and allows the source gas and nozzle assembly to be cooled (see §2.3.4).

The inner tube, formed by the inner wall of the liquid nitrogen reservoir, acts as the

inlet region for the source gas. Located coaxially within this stainless steel tube is a

long Pyrex glass tube, which tapers down to a 1.5 mm orifice at the nozzle assembly.

The far end of the tube is Torr-sealed onto a stainless steel T-piece. The source is

evacuated through the Pyrex tube via a rotary pump connection to the KF25 flange

on the T-piece, as indicated in Figure 2.10. This prevents build up of gas within

the glass tube and nozzle during source operation that could result in unwanted dis-

charge modes. This T-piece also has a KF16 flange, which admits the high voltage

BNC connection to the cathode. The cathode is constructed from stainless steel rod,

its outside insulated with heatshrink, and extends nearly the entire length of the glass

to the nozzle.

The source is mounted from a 6” flat plate flange welded to the exterior of the

far end of the liquid nitrogen reservoir. This flange in turn is sealed onto a larger

”sliding” flange via a 4” diameter Viton o-ring. This side of this sliding flange has

been designed to allow translation of the source flange across it, while still maintain-

ing vacuum integrity with the o-ring seal. As can be seen in Figure 2.10, a set of

four micrometers (transverse micrometers) are mounted on this flange, and allow the

source flange to be translated in the x-y plane indicated. The source flange itself has

clearance holes that are 15 mm in diameter, but is sealed to the sliding flange with

only eight M8 bolts. By loosening these bolts, these larger holes then allow up to 5
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mm movement in the x and y directions, whilst maintaining vacuum. These bolts are

then refastened once the source has been translated.

The far side of the sliding flange is connected via a 6” CFF flange to the bel-

lows. The bellows have a 4” inner diameter. The bellows can comfortably allow ∼20

mm of extension in the longitudinal, or z-direction. A further set of micrometers

(longitudinal micrometers) are mounted from the source chamber and are shown in

Figure 2.10. These micrometers make contact with the oversize flange, and allow the

bellows to be translated or tilted, which in turn moves the source within the source

chamber. This allows the source nozzle to be translated between 2-18 mm from the

skimmer aperture.

At the end of the source construction is the nozzle assembly. A cross section

of it is shown in Figure 2.11. The nozzle has a 350 µm aperture and is constructed

from boron nitride, which is machinable, an electrical insulator and a good thermal

conductor. This final property is desirable when the source is run at liquid nitrogen

temperatures, allowing the gas to cool as it expands from the nozzle. The depth of

the aperture is 250 µm. The nozzle itself is sealed onto the end of the liquid nitrogen

reservoir, with a Viton o-ring. The aluminium ring, which sits concentric with the

o-ring, ensures that the nozzle is in good thermal contact with the liquid nitrogen

reservoir when sealed. Surrounding the glass tube is the teflon spacer, which has a

series of spiral grooves on its outer wall. The teflon spacer forces the source gas to

flow around its outer edge, in close contact with the reservoir wall. Collisions between

the source gas and the reservoir, maintained at liquid nitrogen temperatures, will re-

duce the thermal energy of the atoms in the beam. The teflon spacer also provides

insulation to prevent the discharge occurring between the cathode and the stainless

steel assembly. The cathode itself sits within the glass tube, its sharpened steel tip

∼ 20 mm from the aperture of the nozzle.

The skimmer is a cone shaped assembly that has a 1.5 mm orifice, with a full
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Figure 2.10: Diagram showing the metastable source assembly, with liquid nitrogen
reservoir
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Figure 2.11: Diagram showing the cross-section of the source assembly and skimmer
region, and exploded view of the nozzle

included internal angle of 45 degrees and full included external angle of 55 degrees,

for the optimum skimmer design [64]. The skimmer is fastened onto a copper gasket,

and is insulated from the gasket by means of a teflon plate. An electrical connection

is made onto the skimmer via a electrical vacuum feedthrough. This allows the ap-

plication of a high positive potential onto the skimmer to help initiate the discharge.

The gasket itself sits concentrically in the 6” CFF flange at the far end of the source

chamber.

As mentioned above, the source assembly could be modified to incorporate a stain-

less steel nozzle. This nozzle is identical in construction to the boron nitride nozzle

outlined above. In this configuration, the discharge proceeds between the cathode
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and the aperture of the nozzle.

2.3.3 Source operation

In order to operate the discharge, first the source gas is opened to the inlet line from

the gas cylinder through a 3-way SwagelokTM ball valve. In series with the gas line

is a variable leak valve (Granville Phillips; 203019), which allows fine control of the

flow into the source inlet. The pressure in the line is monitored with a 1-100 Torr

Baratron pressure gauge (MKS; 122A). The source gas then flows along the outside

of the glass tube, through the teflon spacer, and into the nozzle region, where it then

expands through the nozzle into the source chamber.

The discharge is initiated using a 0-2kV, 5-25 mA constant current regulated

power supply, which is connected via BNC cable to the cathode feedthrough. In ad-

dition, a 2kV positive voltage, from a 0-3kV constant voltage supply, is applied to

the skimmer via the electrical feedthrough in the source chamber. Once the discharge

is initiated, the source is typically operated at a discharge current of 15 mA. Table

2.1 gives a table of the typical background and operating pressures of the various

elements in the system.

Region Background Pressure Operating Pressure
(Torr) (Torr)

Source gas line 1×10−2 ∼760
Discharge Nozzle 1×10−2 1-10
Source Chamber 2×10−7 ∼1×10−4

Sample Chamber 1×10−7 5×10−7

Table 2.1: Table of background and operating pressures for various sections of the
apparatus
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2.3.4 Liquid nitrogen system

The liquid nitrogen system consists of the gravity fed source reservoir, a holding de-

war mounted from the source, and an external 50 litre supply dewar. The holding

dewar and its connection to the source reservoir is shown in Figure 2.10. The holding

dewar consists of inner and outer coaxially sealed cylinders. The innermost cylinder

acts as the storage vessel for the liquid nitrogen. The volume between the inner and

outer cylinder is evacuated by rotary pump by means of an KF25 fitting welded to

the outer cylinder. The evacuated volume is then sealed with a variable flow valve

(Edwards; SP25). Evacuation of this area greatly reduces loss of liquid nitrogen from

thermalization with the ambient temperature.

The holding dewar itself sits atop a translatable platform bolted onto the top

of the source chamber lid. This allows the holding dewar to be translated in situ

with any translation of the source that might be desired. The liquid nitrogen in the

dewar is gravity fed into the source reservoir through the 0.5” stainless steel tube to

the 5/8 ” diameter feeder tubes on the top of the source reservoir. The connection

between the two tubes is made by 0.5” to 5/8” SwagelokTM connectors. An identical

connection is made for the outlet tube.

In order to control the level of the liquid nitrogen in the holding dewar, an auto-

matic filling system is used [71]. Two temperature sensors (green LED’s) are located

at different levels, one at the bottom of the holding dewar, and the other 2/3 of the

way up. At liquid nitrogen temperature, the forward bias of the LED’s increases

from ∼ 2.5 V to 8 V. This change in the bias is then used as an input switch for

a an op-amp logic control unit. This logic circuit remains closed until both sensors

are covered by liquid nitrogen, at which point the circuit opens. When closed, the

circuit opens a solenoid pneumatic valve attached to the 50 litre supply dewar, which

forces the liquid nitrogen up into the holding dewar, where it then gravity feeds the

source reservoir. The location of the sensors and the circuit operation ensures that
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the holding dewar is always at least 2/3 full, with enough volume remaining to pre-

vent overflow of the holding dewar.

During operation, the temperature of the source is also monitored using a K-type

thermocouple, attached to the source nozzle with heat conductive tape. Connection

of the thermocouple through an electrical feedthrough to the source chamber allowed

connection to the temperature gauge (DSE; Q1437).

2.4 Detection and characterisation systems

The two principal factors of performance for the metastable atomic beam source

are the metastable beam flux, and the longitudinal velocity distribution. As such,

appropriate elements to characterise these parameters have been incorporated into

the system, and their function is discussed in the following sections.

2.4.1 Faraday plate - Metastable detection and absolute flux

The metastable excited states of noble gases lie far above the ground state of the

atom (He* ∼20 eV, Ne* ∼16 eV, Ar* ∼ 12 eV) and close to the ionization potential

of the atom. In contrast, the kinetic energies of noble gas atoms expanding from our

source are low, typically 0.1 eV at 300 K. As a result, it is advantageous to make use

of the liberation of the internal energy of the metastable states as a means of detection.

Metastable atoms incident upon a surface with work function Φ may eject electrons

from that surface if the excited state internal energy E∗ exceeds the work function

of the material (E∗ > Φ). This property can be exploited for the characterisation

of a number of properties of the metastable beam, but particularly the metastable

beam flux. There are three primary mechanisms, shown in Figure 2.12, by which

emission of electrons from a surface can occur, and the mechanism varies for different

metastable energies, the surface material, and other factors such as contaminant ma-

terial adsorbed on the surface. In our treatment here, we consider only the metastable
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interaction of conducting surfaces (i.e. metals).

For a metastable atom approaching a surface with a sufficiently high work func-

tion Φ, resonance ionization will occur (shown as (1) in Figure 2.12(a)). The excited

electron of the metastable atom tunnels into a vacant level above the Fermi surface

(with energy EF ), resulting in the formation of an ion of the atomic species close

to the surface of the material. If the energy required for recombination of the ion

to the neutral ground state is greater than twice the work function (E+≥2Φ), then

Auger neutralization may subsequently occur (shown as (2) in Figure 2.12(a)). The

Auger neutralization process involves the tunneling of an electron from the conduct-

ing surface into the now vacant hole state of the ion, with simultaneous excitation

and ejection of a secondary electron from the conduction band [22].

If the surface has no vacant energy levels, then resonant ionization is inhibited,

and Auger de-excitation is the only process that can occur, and is shown in Figure

2.12(b). At a suitably close distance between the metastable species and the surface,

an electron exchange occurs, with an electron tunneling to the ground state of the

atom, and ejection of the metastable electron from the atom. The energetic require-

ment for this process to occur is that the metastable energy is larger than the work

function of the surface material (E+>Φ).

Finally, we consider the case of a metastable impacting upon a conducting ma-

terial with a contaminant adsorbate layer (Figure 2.12(c). In general, the presence

of an adsorbate on the conducting surface will sufficiently reduce the probability of

Resonance ionization occurring. Auger de-excitation is then the dominant process,

involving electrons from the adsorbed atom layer. For metastable states of sufficient

energy, outright Penning ionization of the adsorbed layer will generally occur.

All three mechanisms presented in Figure 2.12 involve the ejection of an elec-

tron from the surface. As one would expect, the efficiency of this process will vary
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Figure 2.12: Mechanisms of secondary electron ejection from metal surface

for different metastable-surface combinations. This efficiency, the secondary electron

ejection co-efficient γ, has been determined by a number of methods for various sur-

faces. Table 2.2 gives a summary of γ values for one such surface, chemically cleaned

stainless steel, determined by four different methods (γa−d). For completeness, the γ

values for the first three rare gas metastable states (He*, Ne*, Ar*) are presented.

Species γa γb γc γd

He* (21S) 0.95 0.53 0.6 -
He* (21S) 0.95 0.69 - -
Ne* (3P2) 0.91 0.61 - 0.30
Ar* (3P2) 0.97 - - 0.04-0.22

Table 2.2: Table of electron ejection coefficients γa−d for stainless steel surface,
T=300 K. γa Gas cell method [72], γb Improved gas cell method [73], γc Pulse laser
photoionization method [73], γd CW laser photoionization [74].

From Table 2.2, one can see that a large degree of variation exists in the mea-

surement of these values. In general, this variation arises from the differing presence

of adsorbed material on the surface of the stainless steel. The γ values for the more

energetic rare gas metastables, such as He* and Ne*, are relatively well defined, and

accepted values for He* and Ne* lie in the 0.3-0.7 range. At the energies of these
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metastable states, efficient Penning ionization of all adsorbates is energetically al-

lowed, and favourable.

The rare gas metastable states of lesser energy (<12 eV), such as the 3P2 state

Ar*, have values of γ that are more susceptible to variations in the adsorbed material.

Generally for these states, Penning ionization of the adsorbed material is energetically

forbidden, and other competing processes such as Auger de-excitation are more likely

to occur. As a result, the value of γ is more heavily influenced by factors such as the

adsorbate material and thickness.

For the work presented here, we have used a value of γ=0.3 for Ne*, and γ=0.13

for Ar*, determined for chemically cleaned stainless steel surfaces by the more recent

CW photoionization method [74], [22]. For the Ar* 3P2 state, we use the value of

γ=0.13 value lies in the centre of the accepted range of 0.04-0.22, as seen in Table

2.2. With an understanding of the mechanisms of electron ejection by metastable

atoms, and quantification of the ejection co-efficient γ, a measurement of the charge

on a stainless steel plate over time will directly relate to the incident metastable flux.

That is, if we measure a current I−, we can relate it to the flux F by the expression

F =
I−

eγ∆Ω
(2.27)

Here, ∆Ω is the solid angle of the detection surface, given in steradians, and e is

simply the fundamental unit of charge.

Shown in Figure 2.13 is the metastable detection Faraday plate. The metastable

detector consists of a 20 mm stainless steel plate (316 grade), electrically isolated from

its mounting by teflon spacers. The detector plate is connected via a wire through

a high vacuum electrical feedthrough to a ground referenced picoammeter (Keithley,

model 485) external to the vacuum system.

As the metastable atoms collide with the plate, the resulting electron ejection
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Figure 2.13: Schematic of the stainless steel Faraday plate, and sample mount

from the metal surface generates a current that is measured by the picoammeter.

To prevent the ejected electrons from recombining with the surface and negating the

current, a 30 mm diameter stainless steel ring was positioned 5 mm in front of the

detector plate. A positive potential is applied to this ring, and increased in value

(>150 V) until the detection current on the plate becomes constant, indicating the

inhibition of electron recombination onto the detector plate.

2.4.2 Time-of-flight analysis

There are number of methods that can be used to determine the velocity distribution

of the resulting atomic beam. One of the simplest methods, and the one utilised

in this work, is the time of flight (TOF) technique. This technique consists of me-

chanically chopping the atomic beam to produce pulses of atoms that are detected

downstream. As the pulses travel towards the detector, the pulse spreads according

to the individual velocities of the atoms. By measuring the time at which the atoms

in the pulse arrive at the detector, and knowing the distance from the mechanical

chopper to the detector, the corresponding intensity distribution can be directly re-

lated to the velocity distribution of the beam. For our system, the presence of the
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highly excited metastable states makes the detection of these states available to a

number of devices, including channeltron electron multipliers and multi channel po-

sition sensitive detectors. A schematic of the setup is presented in Figure 2.14.

Referring to Figure 2.14, once the atomic beam passes through the skimmer,

it encounters the mechanical chopper, mounted from the base plate of the sample

chamber. It consists of a 100 mm rotating aluminium wheel with a small (0.5 mm)

slit, driven by a 12 V DC motor. The motor was mounted through an aluminium

plate with another 0.5 mm slit cut in the vertical plane. When the slits from the

rotating wheel and plate align, a pulse of atoms is allowed to pass. In order to gate

the detector, an electro-optical switch (Farnell: ZN109) mounted on the plate was

used. As the slit rotates through the switch, this provides the gating signal for the

detection electronics. The switch is positioned such that the detector is gated before

the atom pulse is admitted.

The detector consists of 25 mm multi-channel plate (MCP) (Quantar Technol-

ogy; 3300) located in the beam diagnostics chamber a distance of 1.7 m from the

chopper wheel. The sum of detection events at the MCP is measured by a multi

channel scaler (MCS) (Norland, model:5700) . The MCS accumulates the detection

events into 10 µs channels. The gating signal from the chopper wheel electro-optical

switch triggers the start of each MCS sweep, and allowed the accumulation of mul-

tiple atom pulse events. As a result, the total time-of-flight spectrum is the sum of

numerous single pulse distributions.

2.5 Source performance

The overall performance of the source was determined by two principal factors; the

metastable flux, measured as a function of the discharge current and pressure, and

the longitudinal velocity distribution.
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Figure 2.14: Setup of the time-of-flight apparatus, consisting of source, chopper
wheel, MCP, and MCS

2.5.1 Metastable flux

To determine the absolute metastable flux of the beam, the Faraday plate described

in §2.4.1 was used. Measurement of the current I− through the steel Faraday plate

allowed the metastable flux to be determined.

Ultra-violet photons produced in the discharge are of sufficient energy to cause the

ejection of photoelectrons from the stainless steel Faraday plate. As a result, the UV

contribution to the current on the Faraday plate must be taken into account in order

to obtain a proper measure of the metastable flux. To measure the UV content of the

beam, nitrogen gas was leaked into the sample chamber to pressures sufficient to cause

almost total collisional loss of the metastable state atoms in the beamline. By this

method, the UV content was determined to be 6% for Ne*, and 11% for Ar*. The

value determined by this method was in agreement with the proportion estimated

from the integrated area of the UV peak in the time-of-flight spectra (see §2.5.2).
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Another factor of consideration is the presence of charged particles in the beam.

However, the electrostatic deflectors, operating at 300 V, made the contribution of

charged particles in the beam negligible. It was noted that the current measured by

the picoammeter was constant for potentials on the deflector plates greater than 150

V, indicating that the vast majority of charged particles had been deflected from the

beamline.

The metastable flux was analysed as a function of the discharge current and the

source pressure, in order to determine the optimum operating conditions. A sample

of data for operation at room temperature is given in Figure 2.15. The curves are

non-linear, indicating the onset of saturation for the production of the metastable

states at higher discharge currents. The optimum pressure was determined to be

at a source pressure of P0∼ 3-4 Torr, and source chamber pressure of Pb∼1.0×10−4

Torr. Pressures above these values resulted in collisional loss from background gas,

reducing the available metastable flux. Below these values, the lower number density

of the expanding gas results in less collisional excitation of the metastables within

the discharge.

The metastable flux was also analysed as a function of nozzle to skimmer dis-

tance, to investigate the transmission of the metastable beam through the residual

background gas in front of the skimmer. Figure 2.16 shows the measured flux on the

Faraday plate for metastable neon, where the source was translated longitudinally in

0.5 mm steps from a distance of 2 mm to 15 mm. A maximum in the intensity was

observed at distance of ∼ 8 mm between the nozzle and skimmer. Similar behaviour

was obtained by Verheijen et al [75] for their metastable neon beam. It is clear then

that the ability to translate the source allows the optimisation of the metastable flux

and reduce the loss of metastable atoms by background gas collisions and skimmer

interactions.
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Figure 2.15: Ne* flux with increasing discharge current

Figure 2.16: Ne* flux as a function of the distance between discharge nozzle and
skimmer entrance
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Figure 2.17: Longitudinal velocity distribution for metastable Ne* with liquid nitro-
gen cooled source

2.5.2 Velocity distribution

The longitudinal velocity distribution of the metastable atomic beam was determined

using the time-of-flight method outlined in §2.4.2. The temperature, pressure and

discharge current were all varied in order to find the optimum velocity. For the

analysis, it is convenient to transform the velocity distribution in Equation 2.21 to a

distribution in terms of the time intervals dt as measured by the multi channel scaler,

giving

Psuper(t) = Nsuper(d/t)3exp[−(d/t−Mc2)
6
5
c2

]
dv

dz

dz

dt
dt = Nsuper

d4

t5
exp[−(d/t−Mc2)

6
5
c2

]dt

(2.28)

The data presented in Figure 2.17 shows typical longitudinal time-of-flight distribu-

tion for the liquid nitrogen cooled metastable neon beam, operating at a source nozzle

pressure of P0∼ 5 Torr, with sample chamber pressure of Pb=1.3×10−4 Torr. The

Mach number was determined by a least squares fit of Equation 2.28. This fit also
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determined the local speed of sound, and hence the beam temperature, from Equa-

tions 2.15. From the least squares fit, given as the solid line in Figure 2.17, the Mach

number was determined to be 3.5, and the temperature of the beam 26.1 K. The vast

reduction in the beam temperature is characteristic of the advantages conveyed by a

supersonic source. From Equation 2.17, the temperature of the source reservoir could

be determined, and was found to be 132.5 K. This agrees with the 130 K temperature

measured with the K-Type thermocouple attached to the source nozzle, as outlined

in §2.3.4.

For the neon source operating at this temperature, and under these pressure con-

ditions, the terminal Mach number was calculated to be MT =3.3 (see Figure 2.4 in

Section 2.2.2). The measured value of M=3.5 agrees closely to the calculated ter-

minal Mach number, indicating that the source operation agrees with the predicted

behaviour from the thermodynamic model outlined above. The deviations of the fit

at the start and end of the distribution have been observed previously [61] for inter-

mediate Mach Numbers (M=3-20) such as those measured here. They are attributed

to the larger energy content of the beam due to the modified velocity distribution

in Equation 2.21. These deviations decrease with increasing Mach number [61]. The

heating in the discharge will also contribute to the deviation of the velocity distribu-

tion from the thermodynamic model.

The source was operated over a number of discharge conditions, with and without

liquid nitrogen cooling. As expected, the Mach number increased for higher source

pressures, ranging in value from M∼2-7. However, the most efficient operation for

optimum metastable flux (P0=3-5 Torr, Pb=1.0-1.5×10−4) yielded typical Mach num-

bers between M=3-6. Similar behaviour was also observed for the source operating

with metastable argon, but the Mach number was lower than that for neon (M=2-3).

The most probable velocity of the atomic beam was also determined from the

time-of-flight distributions. Increasing the discharge current, whilst generating a
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larger metastable flux, also caused heating in the discharge region and nozzle. As

a result, the most probably velocities observed in the time-of-flight were higher at

larger discharge currents. A summary of typical operating parameters, including the

source flux, Mach number, and most probably velocities (vmp) are provided in Table

2.3 below.

Species γ Flux Mach Number vmp (373K) vmp (130 K)
ms−1 ms−1

Ne* 0.30 5×1014 atoms sr−1 s−1 3.5 950 515
Ar* 0.13 3×1014 atoms sr−1 s−1 2.2 665 379

Table 2.3: Table of operating conditions for Ne* and Ar*, operated at a discharge
current of 15 mA

2.6 Source performance - stainless steel nozzle

In addition to investigating the performance of the boron nitride nozzle, a comparison

study was undertaken with an identical nozzle constructed from stainless steel [69].

The boron nitride was removed from the front end of the source, and the stainless

steel nozzle put in its place. In this form, the discharge occurs between the cath-

ode and the aperture of the grounded stainless steel nozzle, as discussed previously

Section 2.2.4 and shown as (2) in Figure 2.5. No positive potential was applied to

the skimmer for this configuration, ensuring that secondary discharge modes to the

skimmer did not occur. The source was maintained at a distance of 8 mm from the

skimmer for operation in both modes. All other conditions in the system were kept

the same during the measurements. In this way, by utilising the same detection mech-

anisms, a direct and unambiguous comparison of the two discharge modes could made.

Measurements of the metastable flux and velocity distributions were undertaken

for the stainless steel (SS) nozzle, and compared to data taken for the boron ni-

tride (BN) nozzle assembly. In order to ensure identical operating conditions, the
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temperature of the source nozzle was monitored for all measurements using the K-

Type thermocouple, which was in good thermal contact with the nozzle. The source

was operated with and without cooling for both Ne* and Ar*. A summary of the

metastable flux results for highest flux observed for both nozzle types, using Ne* and

Ar*, is provided in Table 2.4.

Species Nozzle Type Source Temp. Chamber pressure Flux
(Kelvin) (Torr) (sr−1s−1)

Argon BN 373 K 1.5×10−4 5.1×1014

129 K 1.3×10−5 1.6×1014

SS 379 K 1.0×10−4 1.4×1014

135 K 1.1×10−4 1.0×1014

Neon BN 373 K 1.1×10−4 5.1×1014

129 K 1.6×10−4 6.9×1014

SS 379 K 3.8×10−5 2.6×1014

135 K 8.0×10−5 5.3×1014

Table 2.4: Table of optimum flux conditions for Ne* and Ar* at 15 mA current, for
the boron nitride (BN) and stainless steel (SS) nozzle.

The data provided in Table 2.4 shows that the boron nitride nozzle produced

higher flux than the stainless steel model, regardless of the source gas species or tem-

perature. In addition, the pressures required for initiation of the discharge for the

stainless steel nozzle were lower than those required for the boron nitride nozzle, as

were the optimum operating pressures, but were not as low as the operating pressures

used in a similar source design [68].

For the boron nitride nozzle, a significant amount of the excitation occurs ex-

ternal to the nozzle, where the local pressure is lower, and less collisional loss is

expected to occur. For the stainless steel nozzle, all excitation occurs behind the noz-

zle. The lower flux for the stainless steel nozzle can then be attributed to collisional

loss of metastable atoms passing through the nozzle. Of further interest is that cool-

ing the source with liquid nitrogen resulted in a significant increase in the optimum

flux for Ne*, but a decrease for Ar*, for both nozzle configurations. We can only
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attribute this to the different breakdown conditions for the two gases. In general, the

Ar* discharge seemed to be slightly more unstable than the Ne* discharge for both

nozzle types. Time-of-flight analysis was also undertaken on the stainless steel nozzle

assembly. It is presented in Table 2.5, with data from the boron nitride assembly

included for comparison.

Species Nozzle Type Source Temp. Chamber pressure vmp

(Kelvin) (Torr) (ms−1)
Argon BN 373 K 2.3×10−4 665

129 K 7.7×10−5 379
SS 379 K 1.0×10−4 693

135 K 1.7×10−4 449
Neon BN 373 K 1.0×10−4 950

129 K 1.6×10−4 515
SS 379 K 3.0×10−5 1015

135 K 8.0×10−4 595

Table 2.5: Most probable velocities (vmp) from time-of-flight analysis for the two
source nozzles, operated at discharge current of 15 mA

The most probable velocities of for the source operated with the stainless steel

nozzle were significantly higher than those for the boron nitride nozzle. This is unsur-

prising, as the discharge to the stainless steel nozzle generates a significant amount of

heating, which would in turn increase the thermal motion of the source gas atoms. In

addition, the cooling of the nozzle region is less effective for the stainless steel nozzle,

by virtue of its lower thermal conductivity.

The Mach numbers in the time-of-flight distribution were significantly lower for

the stainless steel nozzle. Typically the Mach number was 2-4 for Ne*, and only 1-3

for Ar*. This is expected given the lower source pressure required for the discharge

in this mode. In conclusion, the operation of the source is more effective in terms of

flux, lower velocities and higher Mach numbers for the boron nitride nozzle. However,

for applications requiring UHV, lower pressures utilised for the stainless steel nozzle

make it a viable option for applications that might require UHV conditions.



Chapter 3

Atom lithography with Ar* and

Ne*

This chapter presents investigations into neutral atom lithography performed with

the metastable discharge source detailed in Chapter 2. Atomic beams of argon and

neon excited into metastable states were used to expose bare and resist coated Au/Si

substrates. Selective patterning of the substrates was achieved by a physical grid

mask placed in front of the substrate. The resists investigated in this work include

organic alkanethiol self-assembled monolayers (SAM), as well as metastable activated

’contamination’ resists formed from dilute hydrocarbon background vapours. Positive

and negative contrast pattern transfer into the underlying substrate was observed for

the SAM resists, and negative contrast patterns were observed for the metastable

activated contamination resists. A clear transition from positive to negative contrast

patterns was observed with increasing metastable dosage for the SAM resists. As

is discussed and evidenced in the following sections, this effect is attributed to the

formation of a negative resist from the background pump oil.

This chapter begins with an overview of the neutral atom lithography process

with beams of metastable states of the noble gases, and is presented in §3.1 below.

§3.2 discusses the physical and chemical nature of the alkanethiol self assembled mono-

layers used as resist materials for the metastable atom lithography process. Methods

63
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of characterising the resist layer by ellipsometry and contact angle goniometry are

discussed, and the apparatus constructed for these purposes are detailed in §3.3. For

completeness, §3.4 gives an overview of the other surface analysis techniques used for

analysis in this work, including atomic force microscopy (AFM), scanning electron

micrscopy (SEM), and X-ray photoelectron spectrscopy (XPS). §3.5 follows detailing

the sample and resist preparation, and ellipsometric and contact angle goniometry

results for investigations into the rate of formation of the SAM resist, the resist film

thickness, and resist quality. The final sections, §3.6, §3.7, and §3.8 detail the atom

lithography exposures, etching process, and subsequent positive and negative con-

trast patterns, and a discussion of pump oil contamination as the mechanism for this

process.

3.1 Introduction

Neutral atom lithography is in many ways akin to conventional photon, electron or

ion lithography. In atom lithography, a resist-coated surface is exposed to a neutral

atomic beam through a patterned mask (either physical or optical), and then etched

with an agent that differentially penetrates the damaged resist and transfers the pat-

tern into the surface. Neutral atom lithography offers many advantages and attractive

features over these other techniques. The foremost amongst these advantages is the

elimination of diffraction and space charge effects as resolution limitations in the

lithographic process. Neutral atomic beams at thermal kinetic energies (typically <

100 meV) have short de Broglie wavelengths (<1Å). With such a small wavelength,

diffraction effects are negligible and the atoms can transfer the patterns with higher

resolution. In addition, since the atoms are electrically neutral, the trajectories of

the atoms are unaffected by uniform electric or magnetic fields, and long range inter-

particle space charge effects between atoms are very small. The resolution of charged

particle lithography is inherently limited by such space charge effects that are not

present in neutral atom lithography. The atom lithography process, as described

above, is parallel in nature. This allows the possibility of rapid large area patterning



3.1. INTRODUCTION 65

with inherently nanometer-scale resolution. This is in contrast with much slower se-

rial techniques, such as electron beam lithography, where the desired structures have

to be “drawn” into the resist.

By far the most interesting aspect of neutral atom lithography lies in the new

opportunities afforded by developments in atom optics. The internal states of the

atom allow centre-of-mass manipulation of the atoms using forces arising from inter-

action with laser light or magnetic fields. The laser accessible internal states of atoms

allow for laser cooling of atomic beams, enhancing the beam flux and collimation

[76]. In addition, other forces, such as the optical dipole force of a light field gradient

acting on an atom with an induced dipole moment, and the force on paramagnetic

atoms in a magnetic field gradient, allow for precise manipulation of the motion of

atoms in a beam. As a result, a full range of atom optical elements (masks, lenses,

waveguides, holograms) are available to manipulate and pattern atomic beams [77],

[78]. In particular, the use of laser light forces to create “light masks” in the atomic

beam have particular application for atom lithography [19], [10]. The use of atom

optical forces for atomic beam enhancement and manipulation are explored in more

detail in Chapters 5 and 6.

In charged particle lithography, the exposure mechanism principally relies on

transfer of the large kinetic energies of the electron or ion to damage the resist.

For atom lithography using thermal atomic beams with small kinetic energies, other

mechanisms must be used to damage the resist. The exact mechanism is dependent

upon the specific atomic species using in the beam. One such process, involving

chemically modifying the resist surface, is applicable to reactive atomic species, such

as the alkali atoms. Another such method is to make use of internal energy transfer

from neutral atoms in excited states to the resist surface. The metastable states of the

noble gases are natural candidates for atom lithography utilising this mechanism [79].

A number of atom-surface combinations have utilised these mechanisms and been
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found effective for neutral atom lithography (a review of the field to recent date can

be found in [11],[13],[14]). The alkali species Rb and Cs have been used to chemi-

cally modify resists on various surfaces ([46]-[50],[12]). The alkali atoms are not only

highly reactive, but are easily accessible to manipulation by laser cooling and other

light forces, making them ideal for atom lithography considerations. The metastable

states of the noble gases have also been used to pattern various resist covered sur-

faces ([17]-[45],[43],[80]). In particular, and in the context of this work, the metastable

states of the noble gases have been used to pattern organic thin film resists consisting

of an alkanethiol self assembled monolayer (SAM) [17]. This system forms the basis

of the work presented in this thesis.

3.1.1 Atom lithography with alkanethiol SAM resists

The metastable states of the noble gases (e.g. He*, Ne*, Ar*), as discussed in Chapter

1, are long lived highly excited states with large internal energy. For the metastable

species used in this work, the Ar* states have an internal energy of ∼12 eV, whilst the

Ne* states are more energetic, with energies ∼16 eV. Upon collision with a surface,

the metastable atom de-excites, and the associated energy is delivered into the sur-

face. This energy deposition is sufficient to break chemical bonds and locally modify

the resist. Penning ionization processes can also occur, resulting in the liberation of

electrons into the resist material. The secondary electrons at such energies produced

in this process only have a mean free path in the surface of a few Ångströms. Thus,

the energy dissipation is localized in the surface within a region of similar size, and

without damaging the underlying material, making the process ideal for lithographic

purposes. In addition, ground state noble gases are by nature chemically inert. This is

of particular importance in the metastable discharge source used, as only a small frac-

tion of the beam is excited to the metastable states, with the remaining constituent

atoms of the beam in the ground state or short lived excited states. Thus, the inert

noble gas species ensures that no other problematic chemical or other energetic pro-

cesses arise during the atom lithography process. The metastable state atoms are also

open to laser manipulation via closed optical transitions from the metastable state to
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higher-lying states. This allows beam brightening techniques such as transverse laser

cooling to be used, as well as offering the possibility of patterning and manipulation

of the metastable beam using other optical forces. These considerations are discussed

in more detail in Chapters 5 and 6.

As with any lithographic process, the choice of resist is of critical importance.

Changes in the resist structure from exposure to the energetic species must provide

sufficient selectivity in the etching process to faithfully reproduce the desired pat-

tern. A number of different resist materials have been explored for metastable atom

lithography. Of these, organic self assembled monolayers (SAMs) of alkanethiols have

been found to offer much promise [17]. These long chain molecules self assemble from

solution to form a hydrophobic tightly packed and ordered monolayer on surfaces of

interest to lithography, such as gold. Exposure of the SAM to energetic species, such

as metastable noble gas atoms, leads to bond scission within the molecular chain.

The modification of the SAM within the exposed areas results in local changes to

the wetting properties of the region, changing the susceptibility of these areas to wet

chemical etching. The chemical etch transfers the pattern into the underlying sub-

strate material. The formation and energetics of these self assembled monolayers,

and the metastable-SAM interaction, are explored in further detail in §3.2.

An overview of the metastable atom lithography exposure processes used in con-

junction with SAM resists are shown in Figure 3.1. Gold coated silicon substrates

Au/Si were prepared with a alkanethiol self assembled monolayer and exposed to

beams of Ar* and Ne* through a physical proximity mask. The resulting etch yielded

the familiar positive contrast patterns (Process A in Figure 3.1) as well as unexpected

negative contrast patterns (Process B in Figure 3.1). These negative contrast pat-

terns have been previously observed by Baldwin et al [41], [81], [55], with beams of

He*, and are attributed to contamination of the SAM resist with background pump

oil vapour in the system. The metastable-SAM interaction in the presence of this

contamination is also explored in further detail in §3.2
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3.1.2 Atom lithography with contamination resists

The internal energy of the metastable states can also be used to catalyse the growth

of a carbonaceous resist, on an otherwise bare surface, in the presence of dilute hydro-

carbon vapours native to many vacuum systems. The formation of these “contami-

nation” resists were first observed in electron beam lithography systems [82]. Since

then, this process has been investigated for beams of metastable noble gas atoms, and

these resists have shown to be highly effective on a number of surfaces (Si, SiO2, and

Au) and in the presence of a variety of contaminant species [18], [44], [45]. We have

investigated the formation of these resists for Au/Si substrates exposed to beams of

Ar* and Ne*, and the process is shown in Figure 3.1 (indicated as Process C). The

nature of these resists, and the mechanism for their formation is discussed in greater

detail in §3.2.

3.2 Resists for atom lithography

3.2.1 Self assembled monolayers - alkanethiols on gold

Ultra-thin organic films have found practical application in a multitude of physical

and chemical systems (a good review of thin organic films and their applications can

be found in Reference [83]). Within this field, a large body of work has been de-

voted to the study and application of so called self assembled monolayers (SAMs)

[84],[85],[86]. SAMs are single layer molecular assemblies that spontaneously form

on appropriate substrates when immersed into a solution of the active surfactant

in an organic solvent [83]. Examples of such SAM organic layers include organosil-

icon or hydroxylated surfaces (Si02 on Si) and the alkanethiols on coinage metals

(CH3(CH2)nSH on Au,Cu,Ag). The principal feature of a SAM is the ability to self

assemble from solution into an highly ordered and closely packed single molecular

adsorbed layer on a surface.
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The work discussed here is limited to the use of alkanethiol self assembled mono-

layers on gold surfaces. The thiol-gold system has been found to offer significant

utility, in the context of metastable atom lithography, for a number of reasons [85].

Gold is a relatively inert metal, and does not form stable oxide surfaces. Further-

more, gold has a strong specific interaction with the sulfur head of the alkenethiol

that allows a highly ordered and robust monolayer to be formed. The terminal group

of the alkenethiols, the non-polar CH3 ensures that the resulting layer is a low en-

ergy surface with a hydrophobic nature. Finally, gold has the advantage of being the

conventional choice in microelectronic circuit fabrication, due to its high electrical

conductivity and relative chemical inertness.

There are three principal parts to a self-assembling surfactant molecule, and we

will examine these in terms of the energetics of the system, and the implications for

the formation of the monolayer (see Figure 3.2). The first part of the molecule is the

surface active head group that provides chemisorption onto the substrate surface. For

the case of alkanethiols on Au, this takes the form of a covalent and slightly polar

Au-S bond. This process is exothermic, and results in the molecules attempting to

occupy every available binding site on the substrate surface. In turn, they push to-

gether molecules that have already adsorbed on the substrate surface. These bonds

allow high surface mobility, and allows the molecules to be brought close enough to-

gether for other forces, such as van der Waals forces, to become significant [83].

The alkyl chain ((CH2)n) forms the second part of the molecule. Upon bind-

ing to the surface, less energetic van der Waals forces between the alkyl chain result

in the ordering and packing of the molecular assmembly. Typically, the chain is tilted

20◦-30◦ from the surface normal (see Figure 3.3). The third and final part of the

molecule is the surface group, or terminal functionality. For the case of the alkenethi-

ols, this is simply a methyl (CH3) group. It is these terminal groups that compose

almost exclusively the low energy and hydrophobic surface [83].
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Figure 3.2: A schematic view of the forces and binding energies within a self-
assembled monolayer (adapted from [83])

3.2.2 SAM formation on gold

Formation of the alkanethiol SAM is achieved by immersing a clean, hydrophilic

gold substrate into a dilute solution (10−3M) of the alkanethiol compound in an

organic solvent. Typically ethanol is used as the solvent. The adsorption kinetics of

the formation of the SAM from the solution can be divided roughly into two steps.

First, there is a very fast step, which involves the rapid adsorption of the alkanethiol

molecules to the surface. Then follows a much longer process, over the period of

several hours, whereby the molecules re-orient themselves into the highly ordered

closely packed monolayer [83],[85]. The kinetics of formation are more rapid for

alkanethiols with longer alkyl chains, since the van der Waals interactions responsible

for the ordering of the SAM increase with the chain length. An illustration of the

typical form of an alkenethiol self-assembled monolayer on gold (dodecanethiol or

DDT: CH3(CH2)11SH on Au) is shown in Figure 3.3, showing the bond tilt (30o) and

the close packing (5 Å) of the molecules on the surface.
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Figure 3.3: Illustration of dodecanethiol SAM on a gold surface, showing the tilt
angle (20-30◦), close molecular packing (∼ 5Å) and film thickness (∼ 15 Å)

3.2.3 Metastable-SAM interactions

As indicated in Figure 3.2, the bond energies within the alkanethiol molecules in a

SAM, particularly that of the surface group, are quite small relative to many energetic

processes. In particular, the internal energy of metastable noble gas atoms is much

larger than these bond energies. Figure 3.4 details possible bond breaking mech-

anisms for alkanethiols in a SAM exposed to metastable state atoms, as discussed

in Close et al [87]. Collision between a metastable state atom and an alkanethiol

molecule in the SAM expose the underlying CH2 groups in the aliphatic chain, which

have higher surface energy (more polar, less hydrophobic) [88]. Further exposure

can lead to scission of C-H bonds and formation of a radical in the aliphatic chain,

resulting in the appearance of polar groups, either from inter-chain bonding (to form

C=C bonds), or from reaction with background gas constituents (eg. to form polar

C=O bonds). The presence of these polar groups results in the surface becoming

more hydrophilic, and hence more susceptible to wet chemical etching. The resulting

transfer to an underlying substrate would be positive contrast.

Alternatively, scission of the C-C bonds can occur, producing carbon chain frag-

ments. These bonds can then cross link with adjacent molecules to produce a more
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hydrophobic surface than the original SAM. Wet chemical etching would then pro-

duce a negative contrast pattern into an underlying substrate. This mechanism is

indicated by the bottom sequence (2) in Figure 3.4.

By the mechanisms detailed above, we can see how the alkanethiol SAM can

be utilised as a selective resist for patterning an underlying surface, such as gold.

Alkanethiol SAMs have an average chain to chain separation between molecules of ∼

5Å, corresponding to a lateral density of ∼ 4.5 × 1014 molecules/cm2 [89]. This small

intermolecular distance and high density offer a small footprint and theoretically high

resolution for lithographic processing. Furthermore, damage within the SAM from

these processes is confined relatively locally to the damaged molecular chain, due to

the small thickness of the monolayer (typically 1-3 nm).

In addition to the processes outlined above, interactions between the more en-

ergetic metastable species with an alkanethiol SAM may result in Penning ionization

processes [90]. This process can be described by

CH3(CH2)nSH+M∗→CH3(CH2)nSH++M+e−

where CH3(CH2)nSH is the SAM molecule that is ionized, and M∗ is the metastable

state atom. At these energies, the mean free path of the ejected electron is suffi-

cient to penetrate the surrounding SAM, and break bonds in adjacent alkanethiol

molecules. However, the electron energy is not sufficiently large for it to penetrate

deep into the SAM and damage the underlying substrate. As a result, the damage

process is localized to a small region around the target molecule in the SAM.

With the increasing body of work devoted to metastable atom lithography, more

detailed investigations into the metastable SAM interactions have been conducted

[87]. The impetus has been a better understanding of the damage mechanisms out-

lined above, and their exact role in the formation of positive and negative contrast

patterns. Close et al [87] studied the fragmentation of dodecanethiol (DDT) molecules
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Figure 3.4: Bond breaking processes arising from the metastable M*-SAM inter-
action. (1) C-H bond breaking, resulting in less resistance to wet chemical etching
(positive contrast patterns). (2) C-C bond breaking, resulting in more etch resistant
cross-linked resist (negative contrast patterns). Figure adapted from [87]

embedded in helium nanodroplets and exposed to a low energy electron beam. The

results of this work indicated the breaking of C-H and C-S bonds (Sequence (1) in Fig-

ure 3.4), but no evidence was observed for the breaking of the C-C bonds (Sequence

(2) in Figure 3.4). As a result, the evidence suggests the formation of negative con-

trast patterns is unlikely to proceed by the breaking and cross-linking of C-C bonds.

Rather, the negative contrast patterns are likely to form from the interaction of the

metastable atoms with background contaminants (such as pump oil) deposited on the

SAM surface, to form an effective negative resist more durable than the SAM layer.

The resulting resist, formed from the cross-linking of damaged SAM bonds with these

contaminant molecules, is likely to be similar in nature to contamination resists grown

on bare surfaces. The metastable interactions with adsorbed contaminants on surfaces

are explored in more detail in the following section.
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3.2.4 Metastable formation of contamination resists

As previously described, in the presence of dilute hydrocarbon vapours (e.g. diffusion

pump oil), metastable atoms can be used to catalyse the growth of a durable car-

bonaceous “contamination” resist [18], [44], [45]. Studies of the material growth in

electron beam systems have indicated that the activation of this growth is caused by

low-energy electrons (5-20 eV) [91]. In these studies, conducted with 50 keV electron

beams, low energy electrons were only a small constituent of the beam produced from

secondary sources. Given the small proportion of low energy electrons in these beams,

the resulting resists required very high electron dosages > 10 C cm−2. Metastable-

atom-activated resists have been observed with much lower dosage [54], [44] than

equivalent resists activated by high energy electron beams. The Penning ionization

processes of metastable atoms provide a ready supply of low energy electrons to stim-

ulate the rapid growth of the contamination resist. Thus the electron beam studies

and the metastable atom activated work both suggest that the growth activation is

via these low energy electron mechanisms.

The rate of the contamination resist growth is dependent on the metastable

species, the nature of the background vapour, and the relative supply of that contam-

inant material during exposure. Studies have shown that the growth mechanism is

more efficient for more energetic metastables such as He* and Ne*, than for Ar* [44].

In addition, a number of different contamination materials have been used, including

DC705 diffusion pump oil (trimethylpentaphenyltrisiloxane 90%/polyphenylmethyl-

siloxane 10%) [18] and Neovac SY (alkyldiphenyl ether) [44], exposed to beams of

Ar* and Ne*. Surface probe analysis by X-ray photoelectron spectroscopy (XPS)

and Auger electron spectroscopy (AES) showed that contamination resist formed

matched the ratios of the constituent materials (C/Si/O in the case of the siloxane

vapour). The spectra indicate the presence of C=C bond formation. Such C=C bond

formation has previously been observed in SAMs exposed to electrons with kinetic

energies of 10-100 eV [89], similar to the internal energies of the metastable state
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atoms. Thus, this evidence suggests that the growth mechanism for the contmination

resist involves the dissociation of C-H bonds and the formation of alkene functional

groups.

3.3 Characterisation of self-assembled monolayers

The application of alkanethiol SAMs as resists for atom lithography relies on their

ability to provide a continuous and defect free hydrophobic monolayer. For that

reason, it is important to be able to ensure the integrity of the SAM properties by

experimental method. Two such methods are ellipsometry, to determine the pres-

ence and thickness of a the self assembled monolayer, and contact angle goniometry,

which gives an indication of the level of order of the molecular assembly in the mono-

layer. These methods, and their utility for analysis of the alkenethiol self assembled

monolayers used here are discussed in the following section.

3.3.1 Ellipsometry

Ellipsometry is a method for the measurement of thicknesses and refractive indexes of

very thin films, and for the determination of the optical constants [92]. In particular,

it is highly useful for analysis of the kinetics of formation of thin films on surfaces.

The technique is based on the principle of a change in the state of polarization of

light following reflection from a surface. For surfaces covered with a thin film, the

entire optical system of film and substrate influence the change in polarization upon

reflection. The change in polarization makes it possible to deduce information of the

film properties, but most particularly the film thickness.

A number of ellipsometric configurations exist, including null, photometric, imag-

ing and spectroscopic ellipsometry [93], [92], [94], [95]. It is outside the scope of this

thesis to go into detail on each of these methodologies. A detailed treatise on the

subject of polarized light and ellipsometry can be found in Azzam et al [92]. For the

purposes of measurement of film thickness, and optical constants such as refractive
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Figure 3.5: Schematic of the rotating analyser ellipsometer constructed for thin film
measurement.

index of thin films, rotating analyzer ellipsometry has been found to have advantages

in speed and accuracy [93]. For this reason, a rotating analyzer ellipsometer was

constructed. This instrument was used to study the kinetics of formation of SAM

resists of dodecanethiol (DDT) and octadecanethiol (ODT) on gold surfaces, as well

as determine the ellipsometric thickness of these films. The results of this analysis

can be found in §3.5. In the next section, we derive our ellipsometric analysis in terms

of the rotating analyser ellipsometer used for this purpose.

Rotating Analyzer Ellipsometer

The apparatus is based upon the Ellipsometric Thickness Analyser (ETA) design re-

ported by Hauge et al [93]. A schematic of the ellipsometer apparatus is shown in

Figure 3.5. Laser light, produced from an intensity stabilised He-Ne laser (Spectra

Physics; model 117A) is passed through a linear polarizer, and is incident on the

sample at an angle of 70◦ from the normal [94],[92]. The incident light is the sum
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of the two polarization components, one in the plane of incidence (p-polarized) and

the other perpendicular to the plane (s-polarization). The reflecting surface and thin

film interface alters the phase and amplitude of the reflected light, and hence its

polarization state. The reflected light from the sample passes through the analyzer,

which is another linear polarizer rotating with fixed speed. Mounted on the rotating

polarizer is an aluminium semicircular plate. The edge of this plate acts as the trig-

ger as it rotates through the optoelectronic switch. A photodiode is used to measure

the transmitted light intensity of the reflected beam. Triggering and sampling of the

data is undertaken with a computer interfaced PC74 DAQ card (Eagle Technologies).

Analysis of the resulting waveform is then performed with a program written in the

MatlabTM programming language. The state of polarization of the reflected light,

defined by the phase and amplitude relationships between the s and p-wave compo-

nents, is thus determined. The ratio of these polarization components is then used

to determine optical parameters such as the film thickness, with a sensitivity many

times smaller than the wavelength of the light source used.

The transmitted light at the analyzer has an intensity I given by [93]

I(θ) = I0(1 + α cos 2θ + β sin 2θ) (3.1)

where θ is the azimuth of the transmitting axis of the analyzer, measured counter

clockwise from the plane of incidence looking towards the light source, and I0 is the

average intensity for a full rotation of the analyzer. The terms α and β are Fourier

coefficients that represent all the polarization information known about the polariza-

tion states. They are obtained by a Fast Fourier Transform (FFT) analysis of the

intensity waveform, shown in Figure 3.6(a).

A useful parametric representation of the polarization state of the light is in terms

of the azimuth φ and the ellipticity tanχ (ratio of minor to major axis). Figure 3.6(b)

shows the locus of the electric field vector for elliptically polarized light in a plane

normal to the direction of propagation z. The coefficients α and β determined from
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Figure 3.6: (a) Intensity signal measured at the photodiode through the analyser
polariser (b) Definition of ellipsometric parameters φ and χ from the polarization
ellipse

the Fourier transform in terms of this parametrization (φ,χ) are [93]

α = cos 2χ cos 2φ (3.2)

β = cos 2χ sin 2φ (3.3)

A more useful parametrization for ellipsometric considerations is the relative mag-

nitude and phase of the electric field components along two orthogonal axes. In this

framework, the z-axis is along the direction of propagation, the x-axis in the plane of

incidence (p-wave), and y-axis in the plane of the sample (s-wave). The normalized

Fourier components α and β can then be expressed in terms of tanΨa, the p-wave to

s-wave amplitude ratio, and ∆a, the p-wave to s-wave relative phase at the analyser.

α = − cos 2Ψa (3.4)

β = sin 2Ψa cos ∆a (3.5)

Inversion of these equations allows us to express the ellipsometric parameters Ψa and

∆a in terms of our Fourier coefficients as [93]

Ψa =
arccos(β/α)

2
(3.6)
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∆a = arccos
β√

1− α2
(3.7)

With the polarization now described in terms of the components (Ψa,∆a) at the

analyser, we introduce the complex parameter ρa to represent the polarization

ρa = tan Ψa expi∆a (3.8)

Here ρa is the complex amplitude of the electric field components along the x and y

directions at the analyzer. Thus, we can express the polarization of the light incident

and reflected from the surface by the parameters ρi and ρr respectively. With no

sample present, and the arms of the apparatus directly aligned, the polarization

measured at the analyzer is the incident polarization (ρa=ρi). With the sample

in place, the polarization measured is the reflected light at the analyser (ρa=ρr).

From these two polarization states, the complex ratio ρ of the reflected and incident

polarization state parameters can be calculated, represented by

ρ =
ρr

ρi

= tan Ψ expi∆ (3.9)

The simplest configuration has the initial polarizer set at 45◦. This gives equal s-

wave and p-wave oriented light (Ψi=45◦) which are in phase (∆i=0◦). Thus, ρi=1,

and hence ρ=ρa (i.e. Ψ=Ψa and ∆=∆a). It is in this mode that the ellipsometer is

operated. From the ratio ρ, and in terms of the experimentally determined values of

∆ and Ψ, properties such as the film thickness can be determined.

Determination of the film thickness, d

Figure 3.7 shows the air-film-substrate system of the ellipsometer, with the relevant

incident and reflected angles φ and index of refraction n. Here n1 represents a real

index of refraction, whereas n2 and n3 can be complex.

The parallel (p-wave) and normal (s-wave) reflection coefficients for light incident

at the boundary of air and film are

r12
p =

n2 cos φ1 − n1 cos φ2

n2 cos φ1 + n1 cos φ2

(3.10)
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Figure 3.7: Reflection of light (incident angle φ1, transmitted angle φ1) from a thin
film covered surface. Adapted from [94]

and

r12
s =

n1 cos φ1 − n2 cos φ2

n1 cos φ1 + n2 cos φ2

(3.11)

Similar expressions exist for the reflection co-efficients r23
p and r23

s for the interface

between the film and the substrate. The total reflection coefficients, Rp and Rs that

include reflections from both interfaces, are given by:

Rp =
r12

p + r23
pexp(D)

1 + r12
pr23

p exp(D)
(3.12)

Rs =
r12

s + r23
sexp(D)

1 + r12
sr23

s exp(D)
(3.13)

The quantity D is given by

D =
−4πin2 cos φ2d

λ
(3.14)

where λ is the wavelength of the light used, and d is the thickness of the film layer.

The ratio of the parallel and normal total reflection (p-wave to s-wave) coefficients is

defined as
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ρ =
Rp

Rs
= tan Ψ exp(iD) (3.15)

Substitution of the reflection co-effecients Rp and Rs given in Equation 3.12 and 3.13

into Equation 3.15, and rearrangement, gives a quadratic of the form

ε1(exp(D))2 + ε2 exp(D) + ε3 = 0 (3.16)

where the coefficients ε1,ε2, and ε3 are complex functions of the form f(n,φ,∆,Ψ). For

a given value these coefficients, Equation 3.16 gives two solutions for exp(D), and a

value of d, the thickness, can be calculated for each solution. The co-efficients, which

are complex, result in a complex value of d. The true film thickness is a real quantity,

so the solution of the quadratic in Equation 3.16 giving the real component yields

the true solution. However, experimental errors result in imaginary components for

both solutions for d, so the true thickness is the one with the smallest imaginary

component. The imaginary part of the solution for d is used as a relative measure of

error in the film thickness.

3.3.2 Contact angle Goniometery

Contact angle goniometry is a useful technique that measures the wetting proper-

ties of a fluid on a surface [96]. Wetting refers to the contact between a fluid and a

surface, when the two are brought into contact. A liquid with high surface tension

(strong internal bonds) will form a droplet, whereas a liquid with low surface tension

will spread out over a greater area (bonding to the surface). In contrast, a drop will

spread or wet a surface if that surface has a high surface energy (or surface tension).

On surfaces with low surface energy, a droplet will form. This phenomena is a result

of the minimization of interfacial energy. If the surface is high energy, it will want to

be covered with a liquid because this interface will lower its energy.

The primary measurement to determine wettability is a contact angle measure-

ment. This measures the angle at which a liquid/vapour interface meets a solid
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Figure 3.8: Interfacial energies of liquid/vapour/solid interface. γsv is the solid-
vapour interfacial energy, γsl the solid-liquid interfacial energy and γlvthe liquid-
vapour energy.

Figure 3.9: Schematic of the contact angle goniometer apparatus, consisting of CCD
camera, sample mount, microlitre syringe, and variable light source.
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surface. The contact angle and the surface energies of the materials involved are

related by the equation [96]:

γsv = γsl + γlv cos θ (3.17)

where γsv is the solid-vapor interfacial energy, γsl the solid-liquid interfacial energy

and γlvthe liquid-vapor energy (i.e. the surface tension). Figure 3.8 shows a diagram

of a droplet placed onto a surface, and the interfacial energies involved. The contact

angle is specific for any given system, and is determined by the interactions across the

three interfaces. Thus, measurement of the contact angle directly provides informa-

tion on the interaction energy between the surface and the liquid, and the properties

of the surface.

A contact angle of 90◦ or greater generally characterizes a surface as not-wettable,

and one less than 90 means that the surface is wettable. A wettable surface may also

be termed hydrophilic and a non-wettable surface hydrophobic. Superhydrophobic

surfaces have contact angles greater than 150, showing almost no contact between

the liquid drop and the surface [96].

To investigate the wetting properties of the hydrophobic SAM resists on gold

surfaces, a contact angle goniometer was constructed, based upon the design of Au-

renty et al [96]. A schematic of the contact angle measurement system is shown in

Figure 3.9. The setup consists of a 10 µL microlitre syringe (Hamilton; 701N), a CCD

camera (Panasonic;WV-BP334), a sample mount, and variable light source. Small

µL droplets of the liquid of interest (in this work, deionized H2O with resistivity of

18 MΩ cm) are suspended from the tip of the syringe, and the sample mount is raised

using the micrometer control, until the suspended droplet makes contact with the

surface of the substrate. The sample mount is then lowered away slowly to detach

the droplet from the syringe tip. The CCD camera is then used to image the resulting

drop. The variable light source allows the the drop profile to be accurately imaged.
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The resulting image files are then analysed, the triple point and tangent line deter-

mined, and the contact angle calculated. The results of contact angle measurements

conducted with dodecanethiol (DDT) monolayers on gold surfaces can be found in

§3.5.

3.4 Surface Diagnostics

Analysis of the surface structures on the samples was undertaken using a number of

techniques, including atomic force and scanning electron microscopy. The following

section details the instrumentation and techniques used to image and characterise the

resist damage mechanisms and resulting pattern formation .

3.4.1 Atomic Force Microscopy

The atomic force microscope (AFM) is a high-resolution type of scanning probe mi-

croscope, and is one of the foremost tools for imaging, measuring and manipulating

matter at the nanoscale. It has many advantages over other instruments, such as

scanning electron microscopes. Foremost amongst these is that it generates a true

three-dimensional profile of a surface with nanometer resolution, and can be used

to identify and characterise different materials and intermolecular forces within the

sample. Furthermore, it can be operated under ambient conditions without the need

for special prior sample preparation, and is non-destructive of the structure.

A schematic of the AFM, showing the basic principles of operation, is illustrated

in Figure 3.10. A sharp tip, mounted on a cantilever, is brought into close proximity

to the sample to be analysed. The sample, mounted on a piezoelectric stack (PZT) is

scanned back and forth along the x and y axis in a raster pattern. Close range forces

between the tip and the surface cause the cantilever to bend and deflect in response to

the topography of the sample. This deflection is measured using a laser spot reflected

from the top of the cantilever into position sensitive photodiode array (PSPD). Under

typical operating conditions, feedback from this array corrects the vertical control of
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Figure 3.10: Schematic of the atomic force microscope. The sample is scanned with a
piezoelectric transducer (PZT). Vertical movement of the cantilever is detected from
a reflected laser beam and position sensitive photodiode (PSPD). Feedback to the
vertical control of the PZT generates the topographical information of the sample.

the PZT (z axis). The correction signal allows the three dimensional topography of

the sample to be determined, and an image of the surface is generated.

The nature of the force interactions between the tip and the surface are pri-

marily dependent on the tip to surface distance. Forces that can be measured include

mechanical contact forces, van der Waals interactions, electrostatic forces, chemical

bonds, and capillary forces (caused by water vapour on the surface). Of these, the van

der Waals force is the predominant one in causing the cantilever to bend or deflect

when the tip is brought close to the surface. Figure 3.11 shows the van der Waals force

curve as a function of the tip and sample surface. As shown, this force can be be either

repulsive or attractive, depending on the distance to the surface. The other forces

of significance include frictional and adhesive forces, such as the capillary force, and

under ambient conditions, arise from layers of adsorbed water vapour and nitrogen
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Figure 3.11: Force components as a function of distance on atomic force microscope
tips in contact (repulsive) and non-contact (attractive) modes.

gas on the sample. As a result, the AFM has a number of different modes of operation

suited for various applications, and for measurement under different conditions. The

primary modes of operation are the static contact mode mode, dynamic non-contact

mode, and a dynamic contact mode (tapping), with the relevant operating conditions

indicated on the van der Waals force curve in Figure 3.11.

Contact & Non-contact modes

In the contact mode operation, the probe is brought into contact with the sample

surface, and as indicated in Figure 3.11, the probe feels a repulsive force from the

surface. The resulting deflection of cantilever is measured, and feedback is applied

to the PZT scanner to change the vertical position of the sample to maintain con-

stant force and distance between the probe and sample surface. This mode is usually

termed constant force contact mode, since the force applied by the cantilever, and

hence the distance between the tip of the probe and the surface, is kept constant by

the feedback to the PZT.
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In the dynamic non-contact mode, the tip is held above the sample in a re-

gion where the van der Waals forces are attractive; typically a distance of tens to

hundreds of ängströms). The cantilever is then externally oscillated at or close to

its resonance frequency using the piezoelectric transducer in the cantilever. Interac-

tion forces between the tip and sample modify the oscillation amplitude, phase and

resonance frequency of the tip, which in turn provide information about the char-

acteristics of the sample surface. Both amplitude and frequency modulation can be

used. Amplitude modulation is the more common technique; changes in the oscilla-

tion amplitude provide the feedback signal for imaging, and the phase of oscillation

can be used discriminate between different materials on the sample surface.

Intermittent contact modes - Tapping mode

In dynamic contact mode, or tapping mode, the cantilever is oscillated with high

amplitude (typically 20 nm) close to its resonant frequency by a piezoelectric driver.

The probe is then brought close to the sample, until the probe ”taps” the sample once

every oscillation cycle. The contact with the surface causes the oscillation amplitude

of the probe to be reduced. This reduced oscillation amplitude of the cantilever is

then used as control signal for the vertical axis on the PZT scanner, which adjusts

the tip-sample separation to maintain a constant amplitude and force on the sample.

The sample topography is then generated from the change in the height of the PZT

scanner. The key advantage of the tapping mode is that the oscillation amplitude

of the cantilever is large enough to overcome any tip-sample adhesion forces. In

addition, the high resonant frequencies of the tip (50-500kHz) make the surfaces stiff

(viscoelastic) and the tip-sample adhesion forces are greatly reduced. These adhesion

forces (such as the capillary force) generally arise from contaminant water vapour and

other adsorbed gases on the surface of the sample. Prevention of tip adhesion limits

damage to the surface of the sample, and makes the tapping mode highly desirable

for analysis of delicate and loosely bound sample features.
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3.4.2 Scanning Electron Microscopy (SEM)

For many years, the principal instrument for microscopy and microanalysis has been

the scanning electron microscope. Unlike optical microscopes, which rely on the

transmission and reflection of light on a sample surface, scanning electron micro-

scopes use a focused electron beam scanned across the sample surface as the illumi-

nating probe. Electrons ejected and scattered from the surface are then collected,

and the resulting signal is transformed into a scanned image of the surface features.

The scanning microscope permits not only high resolution but also good focus over

a wide range of sample surfaces (large depth of field), resulting in images with a

well-defined, three-dimensional appearance. It can produce images of sample fea-

tures ranging from millimeters to as small as several nanometers. Unlike an atomic

force microscope, however, the scanning electron microscope suffers the disadvantage

of operating under high vacuum. Furthermore, the images of the sample surface are

not a true three-dimensional representation of the surface features, and sample analy-

sis by the high energy electron beam can sometimes be damaging to sensitive samples.

A schematic of the principal components of the SEM used in this work (JEOL;

JSM-35C) is shown in Figure 3.12. The electron beam is produced from by a

thermionic emission electron gun, consisting of a tungsten hair pin filament which

acts as the cathode. A high negative potential from the accelerating power source is

applied to the filament, and current from the heating source is passed through the fil-

ament. The filament heats, resulting in the emission of thermionic electrons from the

filament tip. These electrons are then accelerated by the filament-anode potential. A

bias potential is also applied to the Wehnelt electrode, which acts as an electrostatic

cathode lens, pre-focusing the electrons before they pass through the aperture of the

anode plate. This point of focus is known as the crossover, and its diameter is re-

garded as the size of the electron source. The electron gun is constructed to minimise

the diameter of the crossover to obtain a high brightness electron source.
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Figure 3.12: Schematic of the scanning electron microscope (SEM) used in this
work (JEOL;JSM-35C). The principal components are the thermionic electron gun,
electron optics, the scintillator detector, and cathode ray tube (CRT).

The electrons then pass through another set of electron lenses, the condenser lens,

which demagnifies the crossover formed in the electron gun. The resulting electron

beam then falls onto the objective lens and objective lens aperture. The objective

lens focuses the electron beam through the aperture onto the sample located below.

As it is focused, it passes through a set of orthogonally placed deflection coils, the

scanning coils. Current passed through these coils from independent sawtooth wave

generators (SWG) produces a uniform magnetic field on the electron beam. The vec-

tor addition of these two magnetic fields deflects the electron beam in the horizontal

and vertical directions and scans the electron beam across the sample surface, with

the scan rate for each axis determined by the period of the sawtooth wave functions
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JEOL JSM-35C Specifications
Working Pressure 10−6 Torr

Accelerating Voltage 0-39 kV
Filament Hairpin Tungsten, DC heating

Probe Current 10−12 - 10−7 A
Working Distances 15 and 39 mm

Resolution 60Å (WD=15mm) and 150Å (WD=39mm)

Table 3.1: Table of typical operating conditions and resolution parameters for the
JEOL JSM-35C scanning electron microscope.

on each coil. In this way, the horizontal scan is repeated in vertical steps until the

vertical scanning is also completed.

The irradiation of the sample by the scanning electron beam results in the emis-

sion of secondary electrons from the sample surface, as well as backscattered electrons

from the surface. These secondary electrons are collected by the detector, which is a

scintillator-photomultiplier type. The secondary electrons are accelerated within the

scintillator material, resulting in photoemissions. These are collected by the photo-

multiplier tube (PMT) behind the scintillator, producing an electron cascade. The

resulting PMT output is amplified by a pre-amplifier, the video amplifier, and finally

displayed on the CRT as a scanning image synchronized with the horizontal and ver-

tical scanning the scanning coils. The analog signal corresponding to the scanning

image is then digitised, buffered, and processed by computer. For reference, a table

of relevant parameters of the SEM used in this work is provided in Table 3.1.

3.4.3 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is an electron spectroscopic method that

uses x-rays to eject electrons from the inner-shell orbitals of atomic species on a sur-

face. The measurement of the kinetic energy of these electrons can then be used to

determine the composition and chemical species that exist within a material. It is

a highly useful technique for the determination of the composition and structure of
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thin films.

A schematic of a typical XPS instrument such as the one used in this work (Kratos;

Ultra Imaging XPS) is shown in Figure 3.13. It consists of a monochromatic x-ray

source, the electron energy analyzer, and the detector. A sample maintained under

ultra high vacuum is bombarded with X-rays. The X-rays penetrate a substantial

distance into the sample (a few nanometers) and excite atoms within the material,

leading to ionization and the emission of a core (inner-shell) electron. A fraction of

these electrons from the top few nanometers are ejected from the sample and are de-

tected by a hemispherical electron energy analyser fitted with a multi-channel plate.

Since the energies of the inner-shell electrons is highly specific to the atomic nature,

the electron spectrum can be used to determine the composition of the surface re-

gion of a sample. In addition, the presence of chemical bonds between various atomic

species in the surface can also be determined by shifts in the binding energy produced

by these bonds.

The kinetic energy of the photoelectrons, Ek, is determined by the energy of the

x-ray radiation, hν, and the electron binding energy, Eb.

Ek = hν − Eb (3.18)

The experimentally measured energies of the photoelectrons are given by:

Ek = hν − (Eb + Ew) (3.19)

where Ew is the work function of the spectrometer.

3.5 Sample preparation and analysis

For any lithography process, a key issue to obtain high resolution and reproducibility

is the initial preparation of the substrate and resist layer. This section covers the

deposition process of gold layers onto the silicon substrates, cleaning and handling
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Figure 3.13: Schematic of the X-ray Photoelectron Spectrometer (Kratos; Ultra
Imaging XPS).

of the substrates, and formation of the alkenethiol SAM resist. In addition, results

from analysis of the SAM coated samples undertaken with the rotating analyser

ellipsometer and contact angle goniometer are presented.

3.5.1 Sputter coating of samples

A number of physical vapour deposition techniques exist for the creation of thin

metallic films on substrates. Of these, sputter coating has become perhaps the most

widespread in use. In sputter coating, energetic ions (usually argon) produced in the

plasma of a gaseous glow discharge bombard a target of the material that is to be

deposited. The target itself forms the cathode of the discharge. An atomic collision

cascade ensues, with the ejection of dislodged target atoms. These ejected atoms

form an omni-directional vapour that condenses on the substrate; the substrate itself

forms the anode of the glow discharge. The result is the deposition of an even and

consistent thin film of the target material onto the surface of the substrate.
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Figure 3.14 shows a schematic of the sputtering system used in this work (Emitech;

K575D). The principal components of the system are the glass bell jar; the turbo

and rotary pumps for vacuum generation; the substrate plate; the dual head targets

(mounted on the chamber lid); and the DC source. Substrates are placed onto the

mounting plate within the bell jar, the lid sealed, and the system evacuated using the

rotary and turbo pumps. Once sufficient vacuum is obtained (< 10−3 Torr), argon gas

is leaked into the chamber, and the DC discharge is initiated to begin. The plasma

is created and sustained by the DC source, and is operated in the glow regime. The

mechanisms in this regime, as discussed in §2.2.5 of Chapter 2, are secondary electron

emission at the cathode, and impact ionization of the neutral gas atoms, to produce

a self sustaining electrical breakdown.

The system operates with a dual head target system, allowing the deposition

of both oxidising metal (eg. chromium) and noble metal (eg. gold) materials. The

target heads themselves are magnetron devices. Located behind the target material

is an annular permanent magnet. The resultant magnetic field concentrates and in-

tensifies the plasma in the space immediately above the target by trapping electrons

near the target surface. This trapping arises from the drift of the electrons in the

− ~E× ~B direction. The electrons undergo a cycloidal motion along the lines of flux,

typically with a radius of a few mm. The confinement of the electrons in this region

improves the rate of ionization of the argon gas near the target, and hence the ion

bombardment and sputtering rate from the target surface.

The pressure and currents required for the sputtering process are primarily a

function of the target material. Oxidising materials such as chromium are sputtered

at lower pressure than that of noble metals. Typical operating pressures for the

sputtering process are 5×10−3 to 1×10−2 Torr. The system incorporates a preset

menu to allow the sputtering parameters to be tailored for both oxidising and noble

targets, and to adjust the pressure and discharge currents accordingly. In addition,

both oxidising and noble targets can be used sequentially to do multiple coatings
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Figure 3.14: The Emitech K575D dual head sputter coater. The sputtering occurs
in an argon plasma. Principal components are the two magnetron heads for oxidising
(Cr) and noble (Au) metals.
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without breaking vacuum. In the dual target mode, the sample is rotated by a motor

underneath the desired target material. In addition, the oxidising sputter cycle has

a target cleaning process to removed oxides from the surface. During this process,

the substrate is shielded from the target by the sputter shield to prevent undesired

deposition from occurring. The operating discharge currents range from 5-150 mA,

depending on the rate of deposition required. Higher currents result in faster rate of

deposition of the target material, but also lead to higher vapour temperatures and

less even films on the surface.

There are several stages in the condensation of the vapour onto the substrate

surface to form the continuous metallic film. Heterogenous nucleation is the first

stage, where individual clusters of atoms form and grow as more vapour atoms are

deposited onto the substrate surface. As these clusters grow and touch, a liquid-like

coalescence begins, until a continuous film is formed on the substrate. The poly-

crystalline granular structure that results is a consequence of the thermodynamics of

the coating process and substrate structure.

The substrates used in this work are <100> oriented test grade Si (N/Phosphorus

doped) wafers of 100 mm diameter, 474-575 µm thickness (Addison Engineering), with

a measured RMS surface smoothness <1 nm. These were then cleaved into smaller

25 mm x 25 mm samples. Upon cleaving, these were washed with analytical reagant

(AR) grade acetone, and spun dry in a stream of dry nitrogen. These were then

placed into plastic sample plates for storage and transport.

Samples were then placed into the sputter coater for vapour deposition. For the

gold films used in this work, it was necessary to first deposit an ultra-thin layer of

chromium to improve the adhesion between the silicon and gold. The chromium (Cr)

oxidises quickly and adheres to the native silicon oxide (SiO2) layer present on the

silicon surface. Chromium, being metallic, will easily interdiffuse with the subsequent

sputtered gold surface, forming a smooth adhesive interfacial layer.
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An ultrathin layer of Cr (3 nm) was first deposited, followed by 35-45 nm of

Au. For the chromium deposition, the discharge was run at a current of 20 mA for 60

seconds, followed by 70 mA for 60 seconds for the gold. Samples were then removed

from the sputter coater using stainless steel tweezers, and placed back into their sam-

ple plates to await coating of the SAM resist.

Atomic force microscopy (in contact mode) was performed on Au coated Si sam-

ples to determine the surface smoothness and grain size of the film. Figure 3.15(a)

shows the resulting image of the surface. The RMS surface smoothness of the sput-

tered gold film was found to be ∼2.5 nm, with individual grains of the order of 20 nm

in diameter. For comparison, gold films of identical thickness were produced using

an evaporation deposition source (JEOL; model JEE-4X). These were also analysed

using AFM, and the resultant image is shown in Figure 3.15(b). The difference in

grain size is pronounced, with the evaporated samples producing grains on the order

of 100 nm in diameter. The grain size is a limiting factor in the etch resolution of

lithography processes [18], with smaller grain size providing better resolution. The

RMS surface smoothness of the evaporated gold film, however, was similar (∼3 nm)

to that of the sputter coated film.

3.5.2 Formation of SAM layers on Au/Si

To form the alkenethiol SAM resist, Au/Si samples were placed into a dilute solution

of the alkenethiol to be used. For the atom lithography samples, a 1 mM solution of

DDT in absolute AR grade ethanol was used, made up in 250 mL glass beaker. To

prevent contamination, all glassware was washed thoroughly with detergent followed

by an acetone rinse, before a thorough three-step rinse with the ethanol solvent. The

beaker was covered once the samples were in solution, to prevent dust and other con-

taminants from settling onto the samples. Samples were left to sit for > 18 hours to

form the SAM resist on the gold surface.
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Figure 3.15: AFM images (contact mode) of evaporated and sputter coated Au films
on Si

In addition to the DDT solution, 1 mM octadecanethiol (ODT) solutions were

made, also in ethanol solvent. Samples placed into the ODT solution were then used

for ellipsometric measurements of the SAM film thickness for increasing immersion

times. The results of these measurements for both DDT and ODT are presented in

the following section.

Ellipsometery measurements - kinetics of SAM formation

The rotating analyser ellipsometer detailed in §3.3 was used to study the kinetics of

adsorption of the SAM onto the Au/Si substrate. The Au/Si samples in the DDT

and ODT solutions were removed at periodic times from the solution, and placed

onto the sample mount of the ellipsometer. The ellipsometric thickness was then

measured at each of these periods. Figure 3.16 shows the ellipsometric thickness

measured at different intervals by this method. The rate of formation agrees quite

well with ellipsometric data published elsewhere [85]. As can be seen, the kinetics of

formation are quite rapid, with the SAM reaching its final thickness on the order of

∼100 s. The kinetics are more rapid for the longer chain ODT than DDT, which is

to be expected given the larger van der Waals forces at play between molecules in

the SAM. The terminal ellipsometric thickness determined here (∼1.8 nm for DDT)
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Figure 3.16: Ellipsometric kinetics of formation of dodecanethiol (DDT) and octade-
canethiol (ODT) self assembled monolayers (SAM) on Au/Si substrates

and ∼2.5 nm for ODT films) are in quite close agreement with those predicted from

bond length calculations by Bain et al [85] (∼ 1.6 nm for DDT and ∼2.3 for ODT).

As noted in §3.2.2, although the adsorption of the SAM molecules onto the surface

is rapid, the formation of the SAM takes many hours, where the molecules re-orient

themselves into a highly ordered closely packed monolayer. For this reason, to form

a stable and defect free SAM for atom lithography, samples were left in the solution

for a period of > 18 hours.

Contact angle measurements - results

Defect free and highly ordered SAM resists exhibit a highly hydrophobic surface.

Measurements of the contact angle of liquids upon the SAM give a direct measure

of this order, and the presence (or lack thereof) of defects in the SAM. The contact

angle goniometer detailed in §3.3 was used to analyse DDT resists formed on Au/Si

to determine their quality. The Au/Si were removed from the DDT solution after a



100 CHAPTER 3. ATOM LITHOGRAPHY WITH AR* AND NE*

Figure 3.17: Contact angle of water on a DDT-Au/Si surface. The measured value
was 108◦, indicating a hydrophobic and defect free self assembled monolayer of DDT.

period of > 18 hours, rinsed in a beaker of AR grade ethanol, and then dried with

a stream of nitrogen gas. They were than placed onto the sample mount of the go-

nioameter. A 2 µL drop of 18 MΩ grade H2O were deposited on the surface, and

analysed.

Figure 3.17 shows a typical image of a 2 µL water droplet on the surface of Au/Si

substrates immersed in a dodecanethiol solution for 18 hours. The quite pronounced

contact angle of 108◦, indicates the presence of a defect free highly ordered hydropho-

bic SAM. This value is in good agreement with those values obtained by Bain et al

[85]. Care was taken to image the drop as quickly as possible, as droplets of such

small volume would evaporate completely in a few minutes under ambient conditions.

In addition, it was noticed that the contact angles of the drop would be reduced as the

drop diminished in size. It is important to note here that a number of different meth-

ods and interpretations exist for measurement of contact angles. Principal among

these variations is a hysterisis in the contact angle that arises on whether the drop

has advanced (drop expanding) or receded (drop contracting) across the sample prior

to measurement. The method employed here yielded consistent results over many

samples, and is similar in nature to that used by Bain et al [85] in determination of

contact angles of droplets on alkanethiol coated gold surfaces.
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3.6 Sample exposure and etching

The prepared samples were mounted onto a carousel style sample holder (see Figure

2.13), designed to accommodate up to six samples, and placed into the sample cham-

ber at a distance of 27 cm from the skimmer. The metastable beam was patterned by

a set of copper hexagonal mesh and square mesh electron microscopy masks mounted

onto aluminium plates. These plates were then clamped onto the surface of the sub-

strates. The electron microscopy patterns were GCu400 (square mesh) and GCu400h

(hexagonal mesh) with a 42 µm hole diameter and a 20 µm bar diameter. The system

was evacuated, and the samples were exposed to metastable beams of Ar* and Ne*

for various periods to investigate the required dosage to create reliable patterns. The

typical metastable beam flux at the sample position was 5.1×1011 s−1 cm−2 for Ar*,

and 4.4×1011 s−1 cm−2 for Ne*, which was measured with the stainless steel plate

Faraday cup mounted on the sample carousel. After exposure, the samples were re-

moved from the system and placed in an aqueous ferricyanide solution to transfer the

pattern into the gold surface.

3.6.1 Etching

The composition of the standard ferri/ferrocyanide etchant was [97]:

Material Concentration (M)
KOH 1.0

K2S2O3 0.1
K3Fe(CN)6 0.01
K4Fe(CN)6 0.001

Table 3.2: Table of etching solution materials and molarity

A set of electronic scales with milligram accuracy were used to measure and weigh

each constituent of the etching solution. These were then placed into a round bottom

flask, and made up to the concentrations given Table 3.2 in 250 mL of distilled water

(18 MΩ quality). The gold etching is an electrochemical process that can be described
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by the following set of redox reactions [97]:

(1) Metal oxidation:

Au0 + 2S2O3
2− = Au(S2O3)2

3− + e−

or

Au0 + 2OH− = Au(OH)2
− + e−

Au(OH)2
− + 2S2O3

2− = Au(S2O3)2
3− + 2OH−

(2) Reduction of an oxidizer:

Fe(CN)6
3− + e− = Fe(CN)6

4−

The oxidation of gold is the rate determining step, since the rate of etching is

controlled by the concentrations of the co-ordinating ligand S2O3. The ferrocyanide

(K4Fe(CN)6) does nothing to enhance the etch rate, but its presence reduces the den-

sity of defects in the gold pattern during the etch (by lowering the redox potential

of the ferri/ferrocyanide pair) [97]. The etching solution also removes the underlying

chromium layer [97] (as well as titanium, another element used as an adhesion layer

for gold []).

The etch time was typically ∼ 8-12 minutes for positive pattern transfer with

the SAM resists, with almost complete removal of the gold and underlying chromium

layer in the exposed area. Etch times were significantly longer to transfer negative

patterns with the SAM, typically ∼15-20 minutes. This etch time is consistent with

that required to etch through unexposed SAM layers. Bare Au/Si samples formed

with a contamination resist generally only required ∼5 minutes to etch, consistent

with the removal rate for unprotected gold. There was no clear difference in the etch

resistance of the exposed areas where the negative resist had formed for the DDT-

Au/Si and bare Au/Si samples, indicating that the resist structures formed in the

exposed regions is likely to be chemically similar.
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3.6.2 Atom lithography with SAM resists

Positive pattern formation was observed for samples with DDT self assembled mono-

layers exposed to beams of Ar* and Ne*. The minimum dosages for observable pattern

formation in the substrate were 9.5 ×1014 atoms cm−2 for Ar* (∼2.1 Ar* for every

DDT molecule), and 1.3×1014 atoms cm−2 for Ne* (∼0.3 Ne* atoms for every DDT

molecule). We have defined here the minimum value as the one resulting in a dis-

cernable pattern in the substrate after etching, and determined by looking for the

pattern contrast under an optical microscope. Dosages larger than these minimum

values resulted in better reproducibility of the pattern. An etch time of 8 - 12 minutes

yielded the best pattern transfer to the underlying substrate.

For argon, positive patterning was observed for samples exposed to dosages less

than 3.4×1015 atoms cm−2. For exposures of longer duration and heavier dosage, neg-

ative patterning was observed. This critical dosage corresponds to ∼7.6 Ar* atoms for

every DDT molecule. Similar negative patterning was observed for samples exposed

to neon, but the transition occurred at significantly shorter exposure times (40 min-

utes) and smaller dosages than for argon. For Ne* this critical dosage was 9.4×1014

atoms cm−2. This corresponded to dosages of ∼ 2.2 Ne* for every DDT molecule. For

negative patterns, longer etch times of 15-20 minutes were required to transfer the

pattern to the underlying substrate. The etch time is consistent with that required

to etch through the unexposed SAM. A summary of the relevant dosages for positive

and negative patterning of SAM coated samples is given in Table 3.3.

The dosages we have observed for the transition from positive to negative pat-

terns for Ar* and Ne* are significantly less than the dosages reported by other groups

for positive pattern formation in DDT-Au/Si substrates. For effective positive pat-

tern transfer, Bard et al [98] used large dosages of Ar* (15×1015 atoms cm−2, ∼33

Ar* per SAM molecule), and Engels et al [45] reported dosages of 5-10 Ne* per SAM

molecule. Even taking into account uncertainties in characterisation of the metastable
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beam brightness, particularly for Ar*, our results differ by significant factors. This

discrepancy could be explained if our definition of effective pattern transfer for pos-

itive patterns has been less stringent than reported elsewhere. However, given that

the transition from positive to negative patterning in the SAM resist has occurred at

quite low dosages in our system, this can not be adequately determined other than

through optical and atomic force microscopy. A selection of typical etched samples

of positive and negative patterns were analysed with atomic force microscopy (AFM)

and scanning electron microscopy (SEM), to investigate the etch quality and edge

profile across the samples. The generated images are given in Figure 3.18. Figure

3.18(a) and (c) shows an SEM and AFM image respectively of a positive contrast pat-

tern produced in DDT-Au/Si exposed to Ne*, with a dosage 8.2×1014 atoms cm−2

and 35 minutes exposure time. The resultant etch depth is ∼40 nm, as shown in

Figure 3.18(d), and indicates the almost complete removal of the underlying gold.

Multiple samples were exposed in order to determine any effect that differing

emersion times in DDT solution, time in the sample chamber before exposure, and

duration of exposure were having on the formation of negative patterns. For exam-

ple, the source was operated at a lower current to generate less metastable flux, and

samples were exposed for longer periods than normally required for the observation

of negative patterning. However, the patterns observed when etched were positive

contrast, indicating that it is the metastable dosage and not the exposure time that

is the mechanism responsible for the negative resist formation.

Samples were also exposed to the beam with the metastable atoms quenched with

a buffer gas, leaving only the UV component in the beam. At the typical exposure

times used in this work (1 hour), the patterning with the UV beam was weak, and

not faithfully reproduced into the substrate when etched. This confirmed that the

metastable atoms were the primary mechanism in the patterning of the SAM resist

for both positive and negative pattern formation.
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Of further significance, during the course of our measurements the diffusion pump

oil in our source chamber required replacement, necessitating the system being brought

back to atomspheric pressure. Upon replacement of the oil, a significant change in

the time required for the formation of the negative resist was observed. Previous

exposures made with Ne* had seen a transition from positive to negative contrast

patterns at a dosage of 1.4×1015 atoms cm−2 , corresponding to an exposure time

period of 1 hour under typical conditions. After the change in diffusion pump oil,

this transition time was reduced to 40 minutes, with the required transition dosage

now 9.7×1014 atoms cm−2, as given in Table 3.3. No modifications to the setup of

the source were made up in this time, making it unlikely that other factors were

involved. This behaviour strongly hints for the formation of the negative resist in the

SAM arising from pump oil contamination on the surface of the substrate, with the

metastable beam catalysing the process. These contaminants could be from lighter

hydrocarbon constituents of the diffusion pump oil boiled off when the diffusion pump

is operational, or, more likely, pump oil vapours introduced into the system from the

rotary pumps during re-evacuation of the system.

We found no evidence that longer periods in the chamber before exposure to

the beam had any significant effect on the transition dosage required. Baldwin et

al [81] also observed negative pattern formation in DDT-Au/So at quite low dosages

using a beam of He*. However, they were unable to draw any conclusions for any

metastable dosage dependence upon the transition from positive to negative resist

formation, but did attribute the formation of the negative patterns to contamination

pump oil. Further supporting evidence for this model and discussion of other possible

mechanisms is provided in the following sections.

3.6.3 Contamination resist formation

Bare gold substrates with no resist layer were also exposed to beams of metastable

argon and neon. The etching revealed that a negative resist had formed in the areas
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Figure 3.18: SEM and AFM images of etched positive and negative patterns in Au/Si
substrates. The SEM images are at 400× magnification, AFM images are 85µm ×
85µm in dimension. (a) SEM image, DDT-Au/Si exposed to Ne*, positive contrast,
dosage 8.2×1014 at cm−2, 35 minutes exposure. (b) SEM image, DDT-Au/Si exposed
to Ne*, negative contrast, dosage 1.4×1015 at cm−2, 60 minutes exposure. (c) AFM
images of (a) showing etched positive region. (d) Edge profile of sample (a) across line
shown, showing the etch depth of positive region to be ∼ 40 nm. (e) AFM image, no
resist Au/Si exposed to Ne*, negative contrast, dosage 2.3×1015 at cm−2, 90 minutes
exposure. (f) Edge profile of contamination resist sample across line shown in (e),
showing etch depth of 30 nm.
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Species Substrate Resist +ve contrast dosage -ve contrast dosage

Ar* Au/Si DDT Min. 9.5×1014 at cm−2 > 3.4×1015 at cm−2

Max. 3.4×1015 at cm−2

- n.a. > 1.7×1015 at cm−2

Ne* Au/Si DDT Min. 1.3×1014 at cm−2 > 9.4×1014 at cm−2

Max. 9.4×1014 at cm−2

- n.a. > 5.2×1014 at cm−2

Table 3.3: Dosages for positive and negative patterning for DDT and contamination
resists. The - indicates data for gold coated substrates with no initial SAM resist.

exposed to the metastable beam, and the negative pattern was subsequently trans-

ferred into the underlying substrate. For samples exposed to Ar*, a dosage of 1.7×1015

atoms cm−2 was sufficient to create a durable resist layer for the subsequent etching

stage. For Ne*, the required dosage for this resist formation was significantly less, at

5.2×1014 atoms cm−2. Longer exposures resulted in a more durable resist formation.

The dosages for negative pattern formation with bare substrates are also summarised

in Table 3.3. Figure 3.18(e) shows an atomic force microscopy scan of an etched

Au/Si sample exposed to Ne* dosage 2.3×1015 atoms cm−2, 90 minutes exposure.

The resultant etch profile is given in Figure 3.18 (f), showing an etch depth of ∼30

nm.

In our system, a residual gas analyser (RGA) (Stanford Research Systems; RGA-

100) was fitted to the sample chamber in order to check for the presence of pump

oil vapours in the background vacuum of the sample chamber. The RGA detected

the presence of mechanical pump oil contamination in the system, with a partial

pressure of 1×10−8 Torr, contributing ∼ 5 percent of the total background. This

level increased when the source was operational, indicating that the source backing

pump evacuating the discharge region was a primary cause of the mechanical pump

oil vapours. The level of diffusion pump oil contamination was smaller than the level
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of mechanical pump oil, with a partial pressure of ∼2×10−9 Torr.

The metastable dosages required for the formation of durable contamination re-

sists are significantly smaller than those observed by other groups. Johnson et al [18]

used a heavy metastable Ar* dosage of 1.4×1016 atoms cm−2, and very long expo-

sure times of 22 hours to produce contamination resists on SiO2 substrates. When

their samples were deliberately contaminated with a ∼1 nm layer of DC705 diffusion

pump oil prior to exposure to the metastable beam, the exposure time required to

form an effective resist was reduced considerably to 1 hour, which would correspond

to a dosage of 6.4×1014 atoms cm−2. Rehse et al [44] observed an enhanced rate

of resist formation with Ne*, with a sevenfold improvement in the rate of formation

contamination resist formation over Ar*. Our results indicate contamination resist

formation at comparable dosages and exposure times without the need for the de-

liberate contamination of the surface. It also provides evidence that the rate of the

contamination resist formation is limited by the presence of contaminant material at

the surface during the exposure to the metastable beam, a conclusion also reached

by Johnson et al [18].

3.6.4 XPS analyis of samples

X-ray photoelectron spectroscopy (XPS) was conducted on DDT-Au/Si and bare

Au/Si samples exposed to the metastable beam of neon for various periods. For

DDT-Au/Si samples, the spectrum showed no real change in the size of the carbon

(1s) signature peak or oxygen (1s) peaks for periods between 0-30 minutes. For expo-

sures of longer duration (> 40 minutes) a dramatic increase in the carbon (1s) peak

and the oxygen (1s) was evidenced, as shown in Figure 3.19. Other control samples

placed in the chamber, and exposed to the beam for the same duration, were later

etched to confirm the formation of the respective positive and negative patterns. This

increase in the carbon (1s) peak and the oxygen (1s) peaks are reflected in the increase

in the atomic concentrations with dosage, as shown in Figure 3.20. A similar process

was observed for bare Au/Si samples exposed to the beam to form the contamination
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resist.

The similarities in the XPS spectra for both the DDT-Au/Si samples and

the bare Au/Si samples supplies strong evidence that a similar process is occurring

in both cases. Figure 3.21 shows the XPS scans for the carbon (1s) signature peaks.

The principal peak in the spectrum occurs at binding energy of 284.8 eV. This peak

can be deconvoluted into two components at binding energies 284.9 and 284.4 eV,

which we attribute to the C-C/CH2 and C=C peaks respectively. Upon increasing

exposure to the metastable beam, we see a remarkable growth in the size of the peak,

indicating the presence of more carbonaceous material on the surface material. The

broadening and asymmetry of the peak we attribute to the dehydrogenation of CH2

groups and the formation of C=C bonds [99],[54]. The other peaks identified in the

spectrum at binding energies of 286.3 eV, 288.1 eV, and 289.1 eV we have identified

as the C-O, C=O, and O=C=O groups [100], [101]. Increasing the metastable dosage

exposure resulted in a considerable growth of the C-O and O=C=O bonds.

The increase in the C (1s) peak is consistent with the formation of a carbona-

ceous layer from the pump oil contaminants, which in this case consist of mechanical

pump oil (Alcatel 100) and diffusion pump oil (Santovac 5 - polyphenyl ether). John-

son et al [18] observed similar increases in the C (1s) and Si (2p) peaks, indicative of

the constituent elements of their siloxane DC705 diffusion pump oil used in their sys-

tem. It would appear then that the exact nature of the pump oil contaminants is not

an important requirement in the formation of the negative resist, which is consistent

with the conclusions drawn by Thywissen et al [102]. Given the higher partial pres-

sure of mechanical pump oil in our system than diffusion pump oil, and its notable

increase during operation of the metastable discharge source, it is most likely that the

source line backing pump, rather than the diffusion pump, is the primary supplier of

the contaminants forming the resist. The backing pump was without a foreline trap

during the experiments described in this chapter, as it was found that the foreline

trap inhibited the pump throughput, and led to pressure spikes and instabilities in
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Figure 3.19: Comparison of XPS results showing the increase in the carbon (1s)
and oxygen (1s) peaks for DDT-Au/Si samples exposed to (a) 10 minutes and (b)
90 minutes dosage of Ne*. The spectra have been normalized to the intensity of the
Au(4f7) peak at 83.8 eV.
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Figure 3.20: Atomic concentration of carbon (1s) state for substrates exposed times
to increasing dosages of Ne* (a) DDT-Au/Si (b) Bare Au/Si
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Figure 3.21: XPS showing the carbon (1s) signature peak and identified sub-peaks
for increasing dosage of Ne* (a) DDT-Au/Si (b) Bare Au/Si.
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the source operation.

As discussed in §3.2, a number of possible models exist for the formation of the

negative resists in the DDT-Au/Si substrates exposed to metastable atoms. One

possible mechanism is the cross-linking of the dodecanethiol (DDT) aliphatic chain

damaged by the energetic metastable impact. Such behaviour has been observed

in aromatic self-assembled monolayers of 1,1’-biphenyl-4-thiol (BPT) exposed to low

dosages of electrons to form negative contrast resists [103]. However, experiments

using large dosages of metastable atoms [98], [45] and electrons [103] have not uncov-

ered such behaviour in aliphatic self-assembled monolayers, such as DDT.

Another possible model is that the DDT molecule, weakened by the impact of

the metastable atoms, undergoes an exchange reaction with a pump oil contami-

nant. Chabinyc et al [100] observed that areas of a self-assembled monolayer of DDT

exposed to a metastable beam of Ar* would be replaced by another thiol, mercapto-

hexadecanoic acid, when placed in such a solution. This resulted in the formation of

a negative resist in that region. A third possible model is that sufficient metastable

impact catalyses the formation of bonds between the contaminant molecules adsorbed

on the substrate surface and the DDT monolayer. These last two models are sup-

ported by the very similar x-ray photoelectron spectra for the DDT-Au/Si samples

and bare Au/Si samples.

It is also worth noting here that we could not discern any clear difference in

the etch resistance of the exposed areas where the negative resist had formed for the

DDT-Au/Si and bare Au/Si samples. However, the unexposed areas etched at sig-

nificantly different rates, with the unexposed gold etching away in around 5 minutes,

while the unexposed DDT regions remained resistant for longer periods (20 minutes).
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3.7 Conclusions

In this chapter we have investigated the pattern formation of samples exposed to

metastable beams of Ar* and Ne*. Positive and negative patterning in DDT-Au/Si

samples was observed at dosages considerably lower than those typically used by

other groups for positive pattern formation. Negative patterning was also observed

in bare Au/Si samples. In both DDT-Au/Si and bare Au/Si samples, the negative

resist appeared to be as the result of a contamination resist forming from pump oil

contaminants and catalysed by metastable impact.

For bare Au/Si samples, reliable patterns were obtained with much smaller metastable

dosages (1.7×1015 atoms cm−2 for Ar*, and 5.2×1014 atoms cm−2 for Ne*) and much

shorter exposure times (∼1 hour), that previously required deliberate contamination

of the surface [18]. X-ray photoelectron spectroscopy indicated the presence of a car-

bonaceous layer on DDT-Au/Si samples and bare Au/Si substrates, whose signature

increased with continuing exposure to the metastable beam.

The backing pump from the discharge source line is thought to be the major cause

of these contamination vapours, as it was the only pump on the system not fitted

with a foreline trap. Other contaminating vapours from the diffusion pump, in lesser

quantity, probably also play a role. In future lithography experiments, replacement of

the pump with a larger throughput model, and fitting of a foreline trap at the input

should ensure stable and relatively clean operation of the discharge source, ensuring

reproducible high contrast positive tone lithography. In Chapter 4, however, the sys-

tem design is unaltered, and we make further use of the contaminating pump to form

negative tone resists on iron coated substrates in an effort to produce ferromagnetic

nanostructures.



Chapter 4

Iron dot fabrication using atom

lithography

4.1 Introduction

In recent years, there has been growing interest in the field of nanosized magnetic

materials, particularly those elements exhibiting ferromagnetism such as nickel (Ni)

and iron (Fe). The production of magnetic structures with dimensions comparable to

fundamental lengths such as the domain wall width provides the opportunity to study

behaviour in low-dimensionality magnetic nanostructures, such as magnetoresistivity,

oscillatory exchange coupling and perpendicular surface anisotropy [104]. Techniques

for producing these structures are also crucial to discovering the limits involved in

magnetic memory technology [104]. The trend towards device miniaturization in

magnetic memory technology predicts future systems utilising structures with dimen-

sions that approach the minimum size of the magnetic domains in magnetic materials.

To date there have been a number of techniques applied to the formation of nano-

sized magnetic structures, including epitaxial film deposition, optical and electron

beam lithography, and the placement and decay of biological organisms containing

naturally occurring magnetic particles (e.g. iron) [105]. More recent work has seen

the development of atom optics based direct deposition of magnetic materials. This

115
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direct deposition approach has been successfully applied for the creation of iron nanos-

tructures [15],[16], using a laser cooled Fe atomic beam focused onto a substrate via

an optical standing wave mask. This technique required many novel developments,

including a high flux atomic beam source of Fe, as well the development of laser

cooling techniques to reduce the transverse velocity spread of the atomic beam and

enhance atomic beam flux. However, laser cooling techniques are difficult to apply to

Fe beams for two reasons. Firstly, the strongest optical resonance is 372nm, requiring

a specialized continuous wave UV laser. Secondly, the appropriate optical resonance

used for cooling is not a closed transition, having many relaxation channels and rel-

atively high probability of decay to a dark state. Furthermore, direct deposition

techniques using optical standing wave masks suffer from a background ”pedestal” of

the deposited material, from unfocused atoms, as well as broadening of the features

due to thermal diffusion of the deposited atoms on the surface.

As discussed in Chapter 1, one of the key advantages atom lithography holds

over direct atomic deposition is that it can be used to pattern a wide variety of

material substrates, including metals, semiconductors, and dielectrics, without the

need for an atomic beam source of the desired material. To date, most work with

metastable atom lithography has focused on the formation of gold nanostructures,

given the utility of coinage metals in conventional microchip technology, and the ease

with which alkanethiol SAM resists will form on its surface. This chapter presents an

extension of the metastable atom lithography process to the formation of micrometer

sized iron structures. The process makes use of the formation of a negative tone

contamination resist from the metastable neon beam, as outlined in Chapter 3, on an

iron coated silicon substrate capped with a thin film of gold and coated with a SAM

resist. Also detailed is a three step etching process developed for the generation of

the iron structures. As shall be shown, this proof-of-principle process results in the

formation of iron structures with dimensions of the order 7.5 µm.
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Figure 4.1: Process for formation of microfabricated iron dots using a SAM based
contamination resist. The contamination resist is formed from background pump oil
vapour on the SAM surface catalysed by metastable de-excitation. A subsequent
3-step etch process is used to generate the iron structures.

4.2 Iron microfabrication using atom lithography

The principles for the iron microfabrication technique are shown in Figure 4.1. The

samples consist of a silicon substrate sputter coated with a thin layer of iron, followed

by the sputter coating of a thin capping layer of gold. These substrates were then

placed into a dodecanethiol SAM solution to form the resist on the gold capping layer.

The samples were then placed into the vacuum apparatus on a sample carousel, and

exposed to the metastable neon beam through a physical grid mask. In Chapter 3,

negative tone patterning of SAM resists was observed, and attributed to the catalysing

of adsorbed pump oil vapour on the sample by the metastable atomic beam above a

critical dosage. As shown in Figure 4.1, this process is used to form a negative tone

resist on the Au/Fe-Si samples. The contamination resist method is required in order

to form the iron dots; conventional positive tone would result in replicating the mask

as an iron grid, which isnt desired. Upon exposure to the metastable atomic beam,

the samples are removed from the system, and undergo a three-step etch process.
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The details of each of these processes is outlined in the following subsections.

4.2.1 Sample preparation

The substrates consist of <100> oriented test grade silicon wafers. These substrates

were then sputtered with a 45-55 nm thick layer of iron followed by a 40 nm layer

of gold using the Emitech K575-XD argon ion sputter coater. In the work presented

in Chapter 3, a thin layer of chromium (3 nm) was used as an adhesive layer for

the gold. However, in this work the chromium layer is replaced by a thicker layer

of iron, without any detrimental effects arising, such as peeling and flaking of the

gold film surface. The gold capping layer provides the surface for the formation

of the SAM (self-assembled monolayer) resist. The particular SAM resist used was

dodecanethiol (C12H25SH). As detailed in Chapter 3, these molecules bond readily

onto the gold surface, and self assemble into a tightly packed monolayer. The samples

were immersed in a solution of 0.7 g dodecanethiol (DDT) in 300 mL of pure ethanol

for > 20 hours to ensure a uniform coverage of the SAM resist.

4.2.2 Sample exposure

Upon removal from the SAM solution, the substrates are placed in the sample cham-

ber on the revolving carousel sample holder at a distance of 50 cm from the source.

The patterning was provided by an array of copper TEM grid masks, glued on an

aluminium plate, that was directly clamped over the sample surface. Two such masks

were used, one with dimensions identical to those reported in Chapter 3 (Mask 1),

and a smaller mask with 12.5 µm pitch, 5 µm bar and 7.5 µm hole features (Mask

2). The samples were then exposed to the metastable neon beam. The metastable

atoms change the hydrophobic properties of the resist upon impact. As discussed

in Chapter 3, above a critical dosage of metastable neon, in the presence of back-

ground hydrocarbon contaminants, a negative tone resist is formed on the sample.

The negative resist forms when pump oil hydrocarbons adsorbed on the SAM layer

are catalysed by the incident metastable excited state atoms and consequently, areas
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exposed to the atomic beam become more resistant (i.e. more hydrophobic to an

etching solution and a negative image of the mask is produced upon etching).

For the experiments detailed here, a lengthy exposure time of 240 minutes was

used, in order to ensure adequate formation of the negative tone DDT based resist.

As discussed in Chapter 3, the etch selectivity of the resist improves with increasing

exposure time above the critical dosage of 9.4×1014 at cm−2 for metastable neon.

For an exposure time of 240 minutes, with an operational source flux of 3.5×1014 at

sr−1s−1, the dosage at the sample location is 1.95 ×1015 at cm−2, or 4-5 Ne* per SAM

molecule.

4.2.3 Wet chemical etching

The etching process is shown in Figure 4.1. For the initial gold etching process, a

ferrocyanide wet etch solution of 12.5g KOH, 6.5g K2S2O3, 0.8 g K3Fe(CN)6 and

K4Fe(CN)6 in 250 mL distilled water was used. The samples are removed from the

vacuum system and placed into the ferrocyanide wet etch solution for a period of 20

minutes. After etching, a negative pattern is left in the gold substrate.

A subsequent etching process tailored for ferromagnetic materials is then used

to transfer the grid pattern into the underlying iron sublayer. The etching solution

consists of 5 mL of 10 M hydrochloric acid (HCl) in 100 mL of methanol (CH3OH).

The iron material between those regions protected by the resist is removed, to leave

a series of gold capped iron dots. A final ferrocyanide etch stage then removes the

remaining gold cap layer, to leave iron micrometer sized features on the silicon sub-

strate. Upon removal from the etching solution, the samples were stored in a closed

container of pure ethanol to prevent oxidation of the iron surface.



120 CHAPTER 4. IRON DOT FABRICATION USING ATOM LITHOGRAPHY

4.3 Results and Discussion

High resolution atomic force microscopy (AFM) was undertaken to determine the

edge resolution of the dots. Figure 4.2(a) shows an AFM image of 7.5 µm iron dots

on silicon. The corresponding edge profile (Figure 4.2(b)) confirms the thickness of

the iron layer at ∼ 45 nm. The width of the step edge in this profile is 40 nm,

giving an indication of the resolution of the process. The AFM probe used to ob-

tain this profile has a tip radius of 10 nm and a subsequent footprint of 20 nm and

therefore features below this size are not resolvable in the scan. The RMS surface

smoothness of the iron layer is ∼5 nm, comparable to the measured smoothness of

freshly sputtered iron surface. Figure 4.2 (c) shows a 3D image of an AFM scan over

a larger area. As can be seen, there are a few obvious raised irregularities in the

patterned structure, mainly from un-etched material, or from contaminants on the

surface introduced during the etching process. The presence of these irregularities

can be seen in Figure 4.2(d), which shows the scan profile measure across the white

line indicated in (c). Measurements at locations indicated by the arrows in (d) con-

firmed the feature heights to be ∼ 52 nm. For comparison, a high resolution (300 ×)

optical microscope image of the surface was taken, and is shown in Figure 4.3. The

iron dots on the surface show reasonable etch quality. The darker regions indicate

contaminants, either foreign or unetched material, or etched material that has been

removed and deposited on the surface during the etch process. The overall process

was consistent over a number of samples. Longer exposure times to form the negative

resist resulted in better patterning performance upon the etching stages. Refinement

of the etch stages, particularly the secondary HCl/CH3OH etch stage should also re-

sult in higher resolution features. It should be noted here that the metastable atomic

beam also has a UV photon constituent generated in the discharge that accounts for

approximately 6% of the beam flux of sufficient energy to resist modification. At

the micrometer scale of the experiments described here, the UV contribution will not

have significant effect on the resolution, although creation of smaller feature sizes

approaching the wavelength of the UV in the beam will be diffraction limited.
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Figure 4.2: (a) 85µm×20µm AFM image, showing 20 µm size iron structures on
silicon surface (Mask 1) (b) Step profile of iron dot edge, showing 40 nm etch depth (c)
Scan showing 7.5 µm diameter iron dots on the surface (Mask 2). (d) Corresponding
step profile along the white line indicated in (c), showing features with 50 nm height.

Figure 4.3: 300X optical microscope image showing iron dot structures on the silicon
surface
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4.4 Conclusions and Future Work

This chapter has demonstrated the successful fabrication of iron dot micrometer struc-

tures using metastable neon lithgraphy. The combination of robust and etch selective

negative tone resists formed from a SAM background layer, and a tailored three-stage

etch process for the gold and iron thin films resulted in the reproduction of the 7.5

µm square mesh pattern of the mask. Atomic force microscopy also indicated the

resolution of the dot edges to be 40 nm, limited by the probe resolution of 20 nm.

Future extension and refinement of the technique, such as the use of nanofabricated

silicon nitride masks, should see the feature size reduced to nanometer scales, with

corresponding increase in resolution. In addition, the successful demonstrate of this

technique opens the path for fabrication of many other materials, such as ferromag-

netic nickel, and other materials of interest such as gallium and indium. Extension of

the process to other materials would require specialised developments, both in resist

structure and in the relevant wet chemical etching process for the desired materials.

The significant amount of literature existing on multi-layer epitaxy and optical litho-

graphic fabrication over a variety of materials means that tailoring exact resist and

etching processes to metastable atom lithography should not be an insurmountable

problem. The work demonstrated here holds promise for fabrication of multi-doped

material surfaces, without the need for specialised atomic beam sources or difficult

laser cooling schemes required in the direct deposition schemes.

In addition to physical contact masks, this technique should also be open to

the use of optical mask techniques, such as standing wave focusing, as discussed

in Chapter 1. Extended to two dimensions, the metastable neon beam could then be

used generate a periodic array of iron dot structures onto a surface, with features <

150 nm realisable. Optical masking techniques and their resolution are discussed in

more detail in Chapter 6. However, the use of optical masking techniques requires a

transversely laser cooled and collimated atomic beam for successful application. The

development of laser cooled atomic beam source is the subject of the next chapter.



Chapter 5

Laser collimation and cooling of an

atomic beam

5.1 Introduction

As discussed in Chapter 2, the proportion of rare gas atoms excited to the metastable

states in a discharge source is quite low, typically only ∼0.01% of the beam. The typ-

ical beam flux of metastable atoms produced in such sources is limited to ∼1014-1015

atoms sr−1 s−1. Correspondingly, in the diverging beam, the flux of atoms through

a constant area diminishes with the distance from the source. For atom lithography

purposes, where the exposure time required for pattern formation is a function of the

available beam flux, this can result in lengthy exposure times of many minutes, or

even hours. In addition, the large transverse velocities in the diverging beam prevent

the use of optical mask techniques, such as that provided by a far detuned standing

wave, without the use of physical collimating apertures that reduce the available beam

flux. Furthermore, the large longitudinal velocity spread in thermal beams inhibit

the usefulness of other atom optical elements, such as hexapole magnetic lenses, in

providing tightly focused atomic beams.

In recent years, several groups have employed laser cooling techniques to the rare

gases to intensify the atomic beams, and reduce the associated longitudinal velocities,

123
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for a variety of applications [76],[106],[55],[107]. In particular, the development of a

multi-reflection collimator [76], [106] has been instrumental in capturing atoms over

a wide transverse velocity range, and producing a bright and well collimated atomic

beam. The collimator consists of two pairs of nearly parallel mirrors arranged so that

the light field, consisting of four multiply reflected resonant laser beams in the trans-

verse direction, cross the atomic beam at varying angles to provide a large transverse

velocity capture range.

The longitudinal velocities of atoms have been reduced through the use of Zeeman

slowers [108]. In a Zeeman slower, a counter-propagating laser beam is used to de-

celerate the atoms by scattered photons in a spatially dependent magnetic field. The

magnetic field provides a Zeeman shift to the energy levels of the transition, and its

spatial dependence is chosen to match the changing Doppler shift experienced by the

moving atom along the beam path. In this way, the atoms can be made to be resonant

and slowed continually along the entire length of the Zeeman slower. To this end, we

have constructed a multi-reflection collimator based upon the design of Hoogerland

[76], as well as a Zeeman slower, to provide a bright and longitudinally slowed atomic

beam. This chapter will begin with an exploration of the basic concepts in the theory

of laser cooling and develop this in the context of our beam brightening apparatus.

The construction of the collimator and the Zeeman slower will be detailed, along with

experimental results and an analysis of their performance.

5.2 Optical forces on a neutral atom

The forces on an atom in a light field are described, in their simplest form, by a

semiclassical approach, developed by Cook et al [109]. We consider a two level atom

with lower state |1〉 and upper state |2〉 in a classically described light field. The

interactions of the atom with the light field can be described by the position and

momentum state of the atom, in terms of the Hamiltonian of the system.
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H =
P̂ 2

2M
+ E0 − d̂ · Ê(R̂, t) (5.1)

where P̂ 2/2M is the kinetic energy of the atom associated with the momentum oper-

ator P̂ , E0 is the energy of the internal state of the unperturbed atom, d̂ the electric

dipole moment operator, and Ê(R̂, t) the electric field operator at the centre-of-mass

position operator R̂. We can describe the dynamics in terms of time evolution of

the position and momentum operators ~R and ~P by commutation relations with the

Hamiltonian.

˙̂
R =

1

ih̄
[R̂, Ĥ] =

∂Ĥ

∂R̂
=

P̂

M
(5.2)

and

˙̂
P =

1

ih̄
[P̂ , Ĥ] = −∂Ĥ

∂P̂
= ∇(d̂ · Ê) (5.3)

By Ehrenfest’s theorem, the expectation value of the force on the atom can be written

~F = 〈 ˙̂
P 〉 = 〈∇(d̂ · Ê)〉 (5.4)

Since d̂ is independent of R̂, the force can be expressed as

~F = 〈(d̂ · ∇Ê)〉 (5.5)

The electric field operator of the light field has a form given by

Ê(R̂, t) = ~ε ~E(~r, t) (5.6)

where ~r = 〈R̂〉, ~ε is the unit polarization vector (also independent of R̂), and ~E(~r, t)

is the electric field vector. We invoke here the electric dipole approximation, where

we assume spatial variations ∇E of the electric field on the scale of the atomic wave-

packet (valid for most situations, since the light field wavelength λ>λdb, the de Broglie

wavelength of the atom). Thus,

~F = 〈d̂ · ~ε〉∇ ~E(~r, t) (5.7)
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The expectation value 〈d̂ · ~ε〉 involves the atomic dipole operator d̂ induced by the

field, and as such, is dependent on R̂. The expectation value can be expressed in

terms of the atomic density matrix ρ which describes the state of the two-level atom.

For the two level atom with states |1〉 and |2〉, the matrix element 〈1|d̂ · ~ε|2〉≡ µ can

be taken to be real, and

〈d̂ · ~ε〉 = µ(ρ12 + ρ21) (5.8)

with ρ12 and ρ21 atomic density matrix elements representing the electronic coherences

between the lower state |1〉 and the excited state |2〉 of the atom. If ω0 = (E2−E1)/h̄

is the natural frequency of the transition, it is convenient to express the expectation

value in terms of the two components of the Bloch vector as

〈d̂ · ~ε〉 = 2µ(u(t) cos ω0t− v(t) sin ω0t) (5.9)

In the rotating wave approximation, taking only resonant terms in the atom-light

interaction, these Bloch vector components are

u(t) =
1

2
(ρ12e

iω0t + ρ21e
−iω0t) (5.10)

v(t) =
1

2i
(ρ12e

iω0t − ρ21e
−iω0t) (5.11)

w(t) =
1

2
(ρ11 − ρ22) (5.12)

The ρ11 and ρ22 terms are the populations of the |1〉 and |2〉 states of the atom. We

consider now a general monochromatic electric field of the form

~E(~r, t) =
1

2
E(~r, t)(e−i(ωt−θ(~r)) + ei(ωt−θ(~r))) (5.13)

where E(~r, t) is the real amplitude of the electric field, ω the natural frequency of the

field, and θ(~r) a phase factor. The position dependent Rabi frequency of the light

field is then defined as
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Ω(~r) = − d̂E(~r)

h̄
(5.14)

The general expression for the light force, in the rotating wave approximation,

can then be expressed as

~F = −h̄(us∇Ω(~r) + vsΩ(~r)∇θ(~r)) (5.15)

where us and vs are the steady state components of the Bloch vector. The two

components within the brackets of Equation 5.15 are the dipole force, proportional

to the gradient of the Rabi frequency ( ~Fdip = −h̄us∇Ω(~r)), and the scattering force,

proportional to gradient of the phase of the field (~Fscat = h̄vsΩ(~r)∇θ(~r)). In the

adiabatic approximation, where the atom is moving slowly enough in the light field

to maintain equilibrium between its internal state and the field, the steady state

values of us and vs are obtained from solutions to the Bloch equations, given by

u̇ =
−Γ

2
u + (∆L + θ̇)v (5.16)

v̇ = −((∆L + θ̇)u +
Γ

2
v + Ωw) (5.17)

ẇ = Ωv − Γ(w + 1) (5.18)

where ∆L = ω−ω0 is the detuning of the light field from the transition, and Γ is the

decay rate of the transition from the upper level. In the steady state case we take

u̇, v̇, ẇ = 0, and the solutions for us and vs are given by

us =
−4Ω(∆L + θ̇)

4(∆L + θ̇)
2
+ Γ2 + 2Ω2

(5.19)

vs =
−2ΓΩ

4(∆L + θ̇)
2
+ Γ2 + 2Ω2

(5.20)

Substitution of these values into Equation 5.15 gives the generalised form of the force

equation for an atom in a monochromatic light fields.

~F =
h̄

4(∆L + θ̇)
2
+ Γ2 + 2Ω2

(−∆L∇Ω2 + ΓΩ2∇θ) (5.21)
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We will now consider two particular cases under the steady state conditions; a two-

level atom in a travelling wave light field, and an atom in a standing wave light field.

As shall be seen, the scattering force and the dipole force arise uniquely out of the

specific interaction with the light field.

5.2.1 The scattering force

For a travelling wave, θ(~r) = k · ~r is the phase of the light field with wave number k

at centre of mass position ~r, and the electric field is given by

~E(~r, t) = E0(cos ωt− k · ~r) (5.22)

Thus, ∇θ = k, and θ̇ = k · ~̇r = k · v where v is the atom velocity. In addition, the

Rabi frequency is given by Ω = d̂E0/h̄ =constant . Substituting into Equation 5.21,

we get the reduced equation

~F = h̄kΓ
Ω2

4(∆L − k · v)2 + Γ2 + 2Ω2
(5.23)

5.2.2 The scattering force - atoms in motion

For an atom in motion, it is convenient to simplify Equation 5.23 by setting an

effective detuning ∆ to be

∆ = ∆L − k · v = ω − ω0 − k · v (5.24)

to include both the detuning of the field from the resonance, and the Doppler shift of

the field due to the atomic motion. The Rabi frequency Ω can likewise be expressed

in terms of the decay rate Γ, and a resonance saturation parameter s, which is the

ratio of the the light intensity I to the saturation intensity Is for the transition. Thus,
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Ω = Γ

√
s

2
= Γ

√
I

2Is

(5.25)

where

Is =
πhc

3λ3τ
(5.26)

Here τ is the lifetime of the excited state of the transition, and λ the wavelength of

the light field. Thus, substitution of these terms in Equation 5.23 gives the scattering

force as

~Fscat = h̄k
Γ

2
[

s

1 + s + 4∆2/Γ2
] (5.27)

As each photon in the light field has associated with it a momentum h̄k, the remaining

terms in Equation 5.27 represent the scattering rate ξ, given by

ξ =
Γ

2
[

s

1 + s + 4∆2/Γ2
] (5.28)

The maximum possible scattering rate is given by Γ/2 when s → ∞, and cor-

responds to 50% of the atoms being in the excited |2〉 state. That is, absorption

and emission of a photon from the field by the atom is followed immediately by

another such event. Thus, the scattering force is limited by the rate at which spon-

taneous emission can occur, and saturates at Fmax = h̄kΓ/2. The scattering force is

non-conservative and dissipative, and the velocity dependence of the force appears

through the detuning resulting from the Doppler shift ∆ = ω − ω0 − k · v. It is this

velocity dependence that allows the force to be applied for laser cooling of atoms.

The above discussion of the use of the scattering force for laser cooling can be

best be summarised by considering a two level atom in a laser plane wave, as shown

in Figure 5.1. The atom, originally in the ground state |1〉 absorbs a photon from

the resonant laser field and undergoes a transition to the excited state |2〉. It will

then return to the ground state by spontaneously emitting a photon in a random

direction. Since the photons in the laser field all have the same momentum, and
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Figure 5.1: Resonant photon atom interactions (a) Resonant transition between lower
state |1〉 and excited state |2〉, with associated energy E|2〉-E|1〉=h̄ω0. (b) Absorption
of photon followed by spontaneous emission, with net momentum transfer.

the spontaneously emitted photons have random direction and associated momenta,

after multiple excitation and decay processes, there is a net force on the atom in the

direction of the laser field. The result is a velocity dependent and dissipative force

that damps the atomic motion and a results in a reduction in the atomic velocity. By

the equipartition theory, which relates the velocity of an ensemble of atoms to their

temperature, their reduced velocity corresponds to directly to a reduced temperature,

and hence, cooled atoms.

5.2.3 The dipole force

We now consider the force on a two-level atom at rest in a standing wave light field,

in the steady state conditions where an equilibrium is maintained between the atom

and the light field. The electric field of the standing wave is described by the general

form
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~E(~r, t) = E(~r) cos ωt (5.29)

For this system, the Rabi frequency is Ω(~r) = d̂E(~r)/h̄ and there is no phase de-

pendence, so θ = 0. The amplitude E(~r) is a solution of the time-independent wave

equation. Under these conditions, the scattering force vanishes, and Equation 5.15

simplifies to leave just the dipole force component, given by

~Fdip =
−h̄∆L∇Ω2

4∆L
2 + Γ2 + 2Ω2

(5.30)

The dipole force is a result of the interaction between the induced atomic dipole

moment and the amplitude gradient of the standing wave. It can be written in terms

of the atomic polarizability α as

~Fdip =
1

2
α∇E2 (5.31)

where

α =
−2∆Ld̂2

h̄[4∆2
L + Γ2 + 2( d̂E

h̄
)2]

(5.32)

The dipole force Fdip is derivable from a potential

~Fdip = −∇U (5.33)

with the potential U

U =
1

2
h̄∆L ln(4∆L

2 + Γ2 + 2Ω2) (5.34)

Substitution for the Rabi frequency from Equation 5.25 gives

U =
1

2
h̄∆L ln(1 +

I(~r)

Is

Γ2

Γ2 + 4∆L
2 ) (5.35)

The dipole force is then expressed in terms of the intensity I(~r) at position ~r in the

standing wave, as
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~Fdip = −∇U = −∇ h̄∆L

2
ln(1 +

I(~r)

Is

Γ2

Γ2 + 4∆L
2 ) (5.36)

From Equation 5.30 it becomes clear that the dipole force can be either attractive

or repulsive, depending on the sign of the light detuning ∆L = ω − ω0. For positive

detunings (∆L>0), the force on the atoms is towards the intensity minima of the

light field (the nodes), and for negative detunings (∆L<0), towards the intensity

maxima (the antinodes). On resonance (∆L = 0) the dipole force vanishes. Unlike

the scattering force, the dipole force does not saturate to some terminal value, and

increases with increasing light intensity of the field. The dipole force is conservative,

and the kinetic energy of the atom at any moment is determined by the local potential

within the light field. The dipole force is explored in more detail in Chapter 6.

5.2.4 Optical Molasses

We consider now one particular laser cooling mechanism that makes use of the scat-

tering force, known as optical molasses. The arrangement is shown in Figure 5.2. The

optical molasses is formed by two counter-propagating travelling laser beams (to form

a standing wave) that are red-detuned with respect to the atomic transition (typically

Γ/2 below the atomic resonance (ω < ω0)). An atom at rest in the optical molasses

will experience equal scattering forces from each beam, and there is no net force on

the atom. An atom in motion, however, will experience a net force, as the scattering

of photons is greater from one beam than the other. This occurs because the light

from the beam opposing the direction of motion will be shifted into resonance by

the Doppler motion, resulting in more photons scattered from the beam, and the

atom will be slowed. Correspondingly, the light from the beam co-propagating to the

atomic motion is Doppler shifted further from resonance. As a result, fewer photons

are scattered from the beam. A net force then arises on the atom from the stronger

interaction with the beam opposing the atomic motion. For small velocities, the de-

celerating force is proportional to the velocity; the atoms experience a friction-like
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Figure 5.2: Optical molasses formed by two counter-propagating red detuned laser
beams

force. The atomic motion is damped, and the atoms are cooled. It is this character-

istic that constitutes the term optical molasses.

This process is best understood by looking at the total scattering force on an

atom by the two beams within the optical molasses. For low velocities (k · v � Γ)

and low intensities (s�1), the resultant force on the atom can be expressed as the

sum of two traveling waves, which differ only in sign and the sign of the Doppler

detuning, to give

~FOM = h̄k
Γ

2
[

s

1 + s + 4(ω − ω0 + k · v)2/Γ2
− s

1 + s + 4(ω − ω0 − k · v)2/Γ2
] (5.37)

The total force has a minima and a maxima, corresponding to the atom being res-

onant with one of the two beams. These minima and maxima occur when the Doppler

shift matches the frequency detuning of each beam forming the optical molasses. That

is, when
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ω − ω0 = ±k · v (5.38)

The force can be expressed in terms of the damping co-efficient α

~FOM = −αv (5.39)

where

α = −h̄k2/
(8s∆/Γ)

(1 + (2∆/Γ)2)2
(5.40)

In contrast to the travelling wave case outlined above, the optical molasses force

is a true damping force, as the atoms are slowed toward v = 0 independent of their

initial velocities. We note here that the expression for α in Equation 5.40 is valid

only for s � 1, as it depends on spontaneous emission to return the atoms to the

ground state. The pure damping force as expressed in Equation 5.37 would reduce the

atomic velocities, and hence the absolute temperature of the atoms, to zero. Such an

outcome would be violation of thermodynamic laws, and hence there must be other

diffusion and heating mechanisms at play. This additional heating mechanism arises

from the recoil of the photon during the random spontaneous emission of photons,

and this mechanism is discussed in the following section.

5.2.5 Doppler cooling limit

The diffusion process arises from the recoil of the atom from the sponteously emitted

photons. Within the optical molasses, the atoms undergo many spontaneous emission

cycles and therefore perform a random walk in momentum space, with step length

equal to the photon memomentum h̄k, in the spatial region in which the beams

overlap. The temperature of the atoms is thus determined by the equilibrium between

cooling and heating due to this diffusion process. The cooling process within the

molasses has a close analogy to Brownian motion, since there is both a damping force

(FOM , from the optical molasses), and a random diffusive force (the recoils from the

spontaneously emitted photons). Over many photon emission processes, the average
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momentum transfer is zero, but the root-mean-square (rms) scatter is non-zero. In one

dimension, taking into account both absorption and spontaneous emission processes,

the mean square momentum is

〈p2〉 = 2(h̄k)2ξt = 2(h̄k)2Nscat (5.41)

where Nscat is the number of photon recoil events, defined as the scattering rate ξ

multiplied by the time t the atom is in the light field. The time evolution of the mean

square momentum allows us to define the momentum diffusion co-efficient Dp, by

d〈p2〉
dt

= 2(h̄k)2ξ = 2Dp (5.42)

The rate of heating by diffusion can be expressed by the time derivative of the kinetic

energy of the atoms 〈p2〉/2m, as

dEheat

dt
=

1

2m

d〈p2〉
dt

=
Dp

m
(5.43)

With the usual approximation that |k · v| � |∆|, |k · v| � Γ and s � 1, we have

dEheat

dt
=

(h̄k)2Γ

2m

s

1 + (2∆/Γ)2
=

Dp

m
(5.44)

Similarly, it is possible to express the rate of cooling in the optical molasses, as

dEcool

dt
= FOMv = −αv2 (5.45)

where FOM is the optical molasses force described in Equation 5.39, with α the damp-

ing co-efficient, and v the atomic velocity. This is the rate at which the kinetic energy

of the atom is dissipated due to the dampening of its motion by the light field. At

equilibrium, the heating and cooling rates are the same, so that

dEcool

dt
+

dEheat

dt
= 0 (5.46)

Equating terms, this gives

Dp

m
= αv2 (5.47)
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From the equipartition theorem, we can relate the rms velocity to the temperature

of the atomic ensemble. Assigning kbT/2 of thermal energy to each degree of freedom

of the atom, then kbT/2 = mvrms
2/2, and we have

kbT =
Dp

α
=

h̄Γ

4

1 + (2∆/Γ)2

2|∆|/Γ
(5.48)

We note here that the temperature is not dependent on the laser power, as both the

damping force and the diffusion increase at equal rates. The minimum in temperature

occurs when ∆ = −Γ/2, to give the Doppler cooling limit

kbT =
h̄Γ

2
(5.49)

For the metastable neon 3P2-
3D3 transition used in this work, the Doppler limiting

temperature is 196µK, with a minimum rms velocity of 29 cms−1. This limit becomes

important in the minimum velocities that can be achieved by transverse laser cooling

for atomic beam collimation.

5.2.6 Anamolous Zeeman Effect

The optical molasses and other cooling mechanisms described above have a limited

range in momentum space over which they are effective. As a result, a number of

techniques have been developed by which atomic thermal velocities may be reduced

to a level where other cooling techniques, such as optical molasses in a magnetic

optical traps (MOT), are effective. This is of particular importance for experimental

apparatus involving thermal atomic beams, where the mean longitudinal velocities

can be quite significant. One of the primary means to achieve this is to make use of

perturbations of the internal energy levels of an atom generated by a magnetic field,

described by the anomalous Zeeman effect. To first order, the Zeeman shift ∆E of

an atom with magnetic projection mJ in a magnetic field B is

∆E = gJmJµBB (5.50)
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where µB is the Bohr magneton, and gJ the Landé g factor. For a two-level atom

with an optical transition between the two atomic states, the perturbation to the

transition energy ∆EB is given by

∆EB = µmB = (gJ ′mJ ′ − gJmJ)µBB (5.51)

where gJ ′ ,mJ ′ are the excited state parameters, and gJ ,mJ the lower state. The

effective magnetic moment of the transition is µm, and ∆mJ can take values of

∆mJ =+1,0,-1. We consider the case of a magnetic field that varies linearly with posi-

tion along the z cartesian axis. The magnetic field profile will be given by B(z) = Gz,

where G is the magnetic field gradient. The transition frequency ωm in this field will

be given by

ωm = ω0 +
mum

h̄
Gz (5.52)

where ω0 is the atomic resonance frequency. We consider now a thermal atom with

velocity v through this magnetic field, encountering a counter-propagating circularly

polarised beam (σ+,∆mJ = +1) with frequency ω. The effective frequency is given

by

ωeff = ω − ω0 +
µm

h̄
Gz − k · v (5.53)

From this expression we see that a magnetic field profile can be chosen to so that

the energy shift µmGz/h̄ provided by the magnetic field exactly matches the Doppler

shift to the laser field −k · v experienced by the moving atom. In this way, the atom

can be made to be resonant with the Doppler shifted light field, and hence undergo

laser cooling. The profile can be tailored so that the gradient of the magnetic field

matches the deceleration of the atom in the field. The effect of the (σ+) circularly

polarised light is to optically pump the atoms into the uppermost magnetic sublevel

of the lower state by progressive absorption and spontaneous emission of photons.

The σ+ ensures that only ∆mJ = +1 absorption occurs. The decay channel back to

the lower state can have any ∆mJ value of -1,0,+1, but over many absorptions and
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spontaneous emissions, the atoms are eventually pumped into the uppermost mag-

netic sublevel of the lower state. In this way, only ∆mJ = +1 transitions from the

uppermost magnetic sublevel of the lower state are induced.

For the case of our metastable neon beam in the 3P2 state, the Landé gJ fac-

tor described above is gJ=3/2, and for the 3D3 state is gJ ′=4/3. Over many exci-

tations, the σ+ light used for the 3P2-
3D3 transition optically pumps the atoms to

the uppermost magnetic sublevel, 3P2(mJ=2), whereafter the transition is limited to

3P2(mJ=2)-3D3(mJ=3). This will be discussed in more detail in the context of the

Zeeman slower in §5.7.

5.3 Atomic Beam Collimation

It was shown in §5.2.4 that the velocity dependent forces in an optical molasses cre-

ated by a standing wave laser field can be used to slow and cool the atomic motion.

Thus, applied to an expanding atomic beam in the two transverse directions, a 2D

optical molasses could be used to collimate the emerging atomic beam [76]. However,

as discussed earlier, the capture range of the scattering force in the optical molasses is

limited to small velocities (for Ne*, v⊥≈± 3 ms−1), for the ideal case where the laser

detuning is ∆L=−Γ/2. Thus, for thermal beams with a typically large transverse

velocity spread, only a small fraction of the beam could be cooled and collimated in

this way. By increasing the laser detuning ∆L the capture range can be increased

so that the light is resonant with atoms with larger velocity, as shown in Figure 5.3.

However, the same problem is encountered, in that the atoms will only absorb pho-

tons and undergo cooling while their Doppler shift is within less than one linewidth

of the transition, (i.e. < Γ). A metastable neon atom with, for example, a transverse

velocity v⊥=50 ms−1, will undergo cooling to a new transverse velocity of v⊥=40

ms−1, at which point the Doppler shift is too large to be in resonance with the light

field, and no further cooling takes place. Thus, to cool and collimate all atoms within

a large capture range (v⊥=±50 ms−1), to a velocity v⊥ ≈0 ms−1 requires an approach
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Figure 5.3: (a) Acceleration of atoms in a 2D optical molasses, as a function of veloc-
ity. The capture velocity is indicated by ±vc (b) A larger capture range is obtainable
at larger detunings (∆L=10Γ). Effective collimation is achieved by progressively
changing the frequency to ∆L=Γ/2 along the length of the collimator.

that continually matches the laser detuning with the Doppler shift experienced by

the decelerating atom.

To collimate the atomic beam, the method employed in this work is that de-

veloped by Hoogerland et al [76] for metastable neon. The metastable neon atomic

beam, emerging from the skimmer, is illuminated by the laser at an angle that changes

as the atom travels downstream through the interaction region, creating effectively

curved wavefronts transverse to the atomic beam motion. By continually changing

the angle of the laser with the atomic beam, the effective detuning can be kept in

resonance with the Doppler component from the atomic motion, resulting in a con-

tinuously slowed and cooled beam in the transverse directions.

In this scheme, this is achieved by using multiple reflections of laser light from a

set of near parallel mirrors, as shown in Figure 5.6. With four such beams, in the two

orthogonal transverse directions, two-dimensional collimation can be achieved. The

laser beams are initially coupled in one end of the mirrors at an angle β0 relative to

the atomic beam, and the angle between the mirrors is given by α. Each subsequent
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Figure 5.4: Schematic of the collimator section. The collimating beams are coupled
between the mirrors at an input angle β0. Each reflection reduces the angle between
the collimator beams and atomic beams by α.

reflection from the mirror reduces the angle with the atomic beam by the angle α, so

that the after n reflections, the angle of the laser formed with the atomic beam βn is

given by

βn = β0 − nα (5.54)

For β small, and the number of reflections between the mirrors large, then β can be

approximated as a continuous function of the longitudinal position z, described by

β(z) =

√
2α(

zmax − z

d
) (5.55)

with zmax the axial position where β(z) = 0, and the laser beam would turn back in

the opposite direction. zmax is given by

zmax ≈ d
β0

2

2α
(5.56)

The mirror length is thus chosen to be smaller than zmax, and is defined by the
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input angle β0 and mirror angle α. In terms of this system, the Doppler shift experi-

enced by the moving atom with velocity components (v⊥,v‖) is [76]

∆D = −k · v = −kv‖ sin β + kv⊥ cos β ≈ −kβv‖ + kv⊥ (5.57)

From Equation 5.27, the expression for the scattering force on an atom from a single

beam is of the form

F =
h̄kΓ

2

s

(1 + s + 4(∆/Γ)2)
(5.58)

where ∆ = ∆L + ∆D is the effective detuning with contributions from both the laser

detuning, ∆L = ω − ω0, and the Doppler shift ∆D, as given above.

The parameters of the collimator designed for this work were chosen to meet the

requirements for the liquid nitrogen cooled supersonic Ne* beam outlined in Chap-

ter 2, and optomised using a numerical simulation of the atomic trajectories in the

collimator light field (see following section §5.3.1). A summary of the collimator pa-

rameters is given in Table 5.1. The principal parameters are the input angle of the

laser β0 and the mirror angle α. The input angle β0 cannot be too small, as this makes

coupling the light into the mirror system very difficult. However, larger β0 increases

the necessary laser beam waist, requiring high laser power for the same equivalent

beam intensity. The values presented in Table 5.1 offer a flexible compromise, allow-

ing a large capture range and minimising the difficulty of coupling the beams, whilst

maintaining relatively modest laser power requirements. The mirror length (L=150

mm) is chosen to provide sufficient interaction time for the laser collimation, defined

by the axial velocity of the atomic beam.

Using the parameters outlined above, the effective detuning ∆ of the laser beams

can be determined as a function of the axial position z along the collimator, and is

shown in Figure 5.5. As can be seen, the detuning continually changes from ∆ = −8Γ

to ∆ = −Γ/2. It will be shown in the the next section, however, that the achievable
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Beam input angle β0 120 mrad
Mirror angle α 2.4 mrad

Mirror separation d 60 mm
Mirror length L 150 mm
Mirror width w 20 mm

Laser detuning ∆L +40 MHz
Number of reflections n ∼38

Mean atom velocity (axial) v̄‖ 537 ms−1

Table 5.1: Table of collimator properties

capture range is limited by the distance of the collimator from the skimmer, as well

the available laser beam waist.

5.3.1 Numerical simulations of atomic trajectories

To test the validity of the design parameters in Table 5.1, a series of simulations

of the atomic trajectories were performed by solving Equation 5.58 by Runge-Kutta

technique. The initial positions of the atoms were determined by the geometrical

constraints imposed by the skimmer aperture, and initial velocities selected randomly

from the experimentally determined longitudinal velocity distribution and gaussian

transverse velocity profile. The skimmer aperture itself is located 55 mm in front of

the the collimator, and the dynamics of the atoms are evolved classically from their

initial positions until their interaction with the collimator light field.

Figure 5.6 shows a plot of the transverse positions and velocities of the atoms

travelling through the collimating stage. The saturation intensity was chosen to be

s = 1, for the experimentally used square shaped linearly polarized laser beam profile

of 7 mm × 18 mm (gaussian width). As can be seen, all atoms with transverse veloc-

ities vt<40 ms−1 are collimated, consistent with velocities resonant with the effective

detuning at the start of the collimator (-8Γ). The resulting width of the collimated

atomic beam is ∼ 15 mm.
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Figure 5.5: The effective laser detuning from the transition resonance, as a function
of the axial position along the mirrors (150 mm long). The detuning is chirped from
∆eff=-8Γ at the start of the collimator to ∆eff=-Γ/2 at the end.

5.4 Experimental setup of collimation section

Figure 5.7 shows the experimental apparatus, incorporating the collimator and asso-

ciated atomic beam diagnostics sections. A number of modifications to the system

presented in Chapter 2 were necessary for inclusion of these new sections. The source

chamber was modified by removing 75 mm from the axial tube, and relocating the

6” CFF flange. To maintain the same nozzle skimmer relationship, the skimmer was

then back-mounted from a 75 mm long perspex tube in turn bolted to a copper gasket.

An intermediate spacer flange was used between the source chamber and collimation

chamber, to provide the knife-edge seal for the skimmer gasket as well as o-ring seal

for the perspex collimation chamber. The modifications allowed the skimmer hole to

be brought within 55 mm of the collimation stage whilst maintaining the same nozzle

skimmer relationship and discharge conditions. Details of the collimating stage and

chamber are outlined in the following sections. Following the collimator chamber is

a 6-way stainless steel chamber. This provided a vacuum flange for the 55 l/s turbo
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Figure 5.6: Numerical simulations of the collimated atomic trajectories in the trans-
verse collimation stage. (a) The transverse position of atoms along the collimator,
showing the collimation of the beam (b) The reduction in transverse velocities along
the collimator.
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pump (Pfeiffer;TPH55). The top flange of this chamber provided the mounting for

the linear drive of the first thin wire detector (see §5.4.2). Downstream from this

chamber, was a secondary 6 way chamber, which provided access for the 500 l/s

turbo pump (Pfeiffer-Balzers;TPH520). At the back of this chamber were mounted

the multi-channel plate. The linear drive for the secondary thin wire detector was also

mounted from the top of this chamber. The following sections provide more detail on

the collimator, the required laser setup, and beam diagnostics.

5.4.1 Collimating stage

Alignment of the collimator mirrors was performed external to the vacuum system,

using a low power (4 mw) He-Ne laser (Spectra Physics; Model 117A). A set of aper-

tures were used to calibrate the input angle to the required angle of β0=120 mrad.

The mirrors were mounted in an aluminium frame that was spring mounted to the

collimator body. A set of four tilt screws per mirror allowed adjustment of the mirror

angles to give the required value (α=2.3 mrad). This was determined by counting

the number of reflections (typically 38), and the position along the mirrors at which

they occurred. Once calibrated, the collimator assembly was placed into the collima-

tion chamber. To axially centre the collimator in the chamber, a set of thin teflon

semi-circular spacers were placed under both ends of the collimator body. At its final

position, the front of the collimator stage was located at a distance of 55 mm from

the skimmer hole.

The mirrors are 5 mm thick optical quality coated glass (Newport), with ∼98

% reflectivity. During preliminary operation of the discharge source in conjunction

with the collimator, contaminating constituents (e.g. pump oil) from the discharge

region rapidly deposited on the mirrors, leaving a carbonaceous brown film that seri-

ously reduced the reflectivity. The problem persisted despite removing the collimator

from the vacuum system a number of times, and cleaning the collimator mirrors with

optical grade methanol. The pump oil contamination also continued despite the pres-

ence of fore-line traps on all of the rotary pumps. The mirrors progressively lost
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reflectivity to a value ∼ 90 %. As shall be seen, this seriously reduced the available

power in the collimating beams after multiple reflections of the transverse laser beams.

The chamber housing the collimator stage was constructed from transperent acrylic

(perspex), and consisted of a 270 mm long tube, of 100 mm diameter. A set of four

orthogonal 2 3/4” flanges at the front were o-ring sealed with AR coated 2 3/4” CFF

view-ports to provide access for the collimating beams. An additional set at the back

of the collimator were used for the laser beams exiting the mirrors. Although perspex

is a poor vacuum material due to its outgassing properties, this disadvantage was out-

weighed by the ability to directly observe and align the reflecting collimator beams,

and view the fluorescence in the collimated atomic beam. The close proximity of the

55 l/s turbo pump ensured that the resulting pressure in the chamber was sufficiently

low to avoid significant collisional loss in the metastable atomic beam. Typically, the

pressure in the chamber was 3×10−6 Torr without source operation, rising to 9×10−6

Torr with the metastable atomic beam active.

5.4.2 Thin wire detectors

Diagnostics of the atomic beam profile is performed with thin wire detectors, shown

in Figure 5.9. The thin wire detectors consist of a stainless steel wire with diameter

dw of 1.3 mm, and length lw=38 mm, mounted on a vacuum sealed linear translator.

The principal of operation is identical to that detailed in §2.4.1 for the Faraday plate.

Upon collision with the stainless steel wire, the metastable atoms in the 3P2 state with

16.6 eV of internal energy undergo an Auger process, whereby the atom de-excites to

the ground state, and an electron is emitted from the steel wire. Measurement of the

resulting current in the wire gives a direct measure of the local metastable beam inten-

sity. To prevent electron recombination at the stainless steel wire, a metal ring with

a positive bias (+200V ) is located behind the wire. By scanning the wire through the

atomic beam, and measuring the electron current, a one-dimensional beam profile is

obtained. The linear drives (MDC:model 660006) are driven by a stepper motor and

controlled by computer interface using a National Instruments PCI-6229 DAQ card,
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and the LabView software package. The LabView control program sends a digital

pulse sequence to a push-pull driver IC (LM18293N), where it is converted to an ana-

log voltage that drives the stepper motor. The current on the wire is measured using

a picoammeter (Keithley, model 485), which also provides as output a proportional

voltage signal that is measured using the DAQ card, and displayed and stored using

the LabView control program. Two of the thin wire detectors mounted on the linear

drives are used to observe the beam profile. The first thin wire detector is located at

a distance of 120 mm from the end of the collimator mirrors, and mounted from a 6

way cross chamber that provides the mounting for the turbo pump. The second is

located 800 mm from the end of the collimator. Thus, the respective distance between

the two detectors is 680 mm. Also mounted from the thin wire detectors is a sec-

ondary 15 mm diameter Faraday plate. This plate was primarily used for alignment

of the source nozzle for optimum beam intensity, as well as characterization of the

collimated beam intensity.

The beam profile results from integrating the two-dimensional density distribution

of the atomic beam along the length of the wire [110].

I(x, y) = γde

∫ dw/2

−dw/2

∫ lw/2

−lw/2

Ωd(x, y)dxdy ≈ γaedw

∫ lw/2

−lw/2

Ωd(x, y)dx (5.59)

Here γd=0.3 is the efficiency of the Auger process for stainless steel, e the electron

charge, dw and lw the diameter and length of the wire, respectively, and Ωd the mea-

sured transverse spatial distribution function of the metastable atomic beam. The

value of γd=0.3 is that used in Chapter 2 for characterisation of the atomic beam

flux, determined by Schohl et al using the CW photoionization method [74].

For measurement of the atomic beam flux, it is convenient to use the normalised

electron current I− measured by the wire, given by I−/dw. Using a value of γd=0.3,

and dw=1.3 mm, this gives the relation 1 nA mm−1=1.6×1010 atoms s−1 mm−1. From

this relationship, the 1D intensity distribution can be determined [110]. The total
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Figure 5.9: Schematic of the thin wire detectors. The wire diameter is dw=1.3 mm,
and the wire length is lw=38 mm. A 15 mm diameter Faraday detector plate is also
mounted after the wire for collimated beam optimisation.

atom flux in the beam, Ṅ , is then found by integrating the beam profile given by 5.59

over the scan direction. Alternatively, the approximate value of Ṅ can be determined

from the central beam profile I(0) by the beam diameter φb, given by the full width

half maximum (FWHM) of the beam profile [110]. By this method, the value of Ṅ

can be expressed as

Ṅ(x, y) =

∫
I(x)dx ≈ I(0)φb (5.60)

5.4.3 Collimating laser setup

Figure 5.10 shows the setup of the laser system and relevant optics used for the colli-

mation beams. The light for the collimation is generated by a Coherent 899 ring dye

laser that utilises Kiton-red dye as the gain medium. Pumping of the laser is achieved

with a Verdi V5 CW solid state laser, operating at 528 nm, that provides up to 5.5W.

The linewidth of the dye laser was of the order of 1 MHz, with an output laser power

of ∼350 mW. The beam from the dye laser passes through a λ/2 waveplate to a

polarizing beam splitter (PBS). A fraction of the light continues through the PBS
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to the saturated absorption cell (see following section). The λ/2 waveplate rotates

the polarization of the laser output, so that the fraction transmitted and reflected

through the PBS can be varied.

The principal reflected beam passes through an acousto-optical modulator (AOM)

(IntraAction, model AOM-40). The AOM is used to apply the appropriate detuning

for the collimating beams. The detuning is adjusted by way of the 30-50 MHz variable

frequency RF driver (IntraAction, model VFE-404A), which allows the frequency to

be shifted within the 40±10 MHz range. When the AOM is active, 85-90 percent of

the power can be diverted into the first diffracted order, which is then reflected from

a mirror into the fibre coupler (Newport). At the coupler, the light is focused through

a 10× objective lens into a single mode fibre, where it is transported to the optical

table. At the optical table, the beam was expanded and collimated with an optical

telescope arrangement. An array of beamsplitters and mirrors then provided equal

amounts of laser light for the four collimating beams. The 1/e2 Gaussian diameter

of the resulting circular beams was 18 mm. At the input angle of 120 mrad, the

beam was clipped by the mirror edge along the axial (z-direction), giving a maximum

axial width of d·β=7.2 mm. Thus, upon entering the mirror assembly, the collimat-

ing beams had a rectangular profile (wz=7 mm, wx=18 mm). During operation, the

power per collimating beam was 45 mW, resulting in a saturation intensity s≈4 per

beam.

Saturated absorption spectroscopy

To reference the laser frequency to the 3P2-
3D3 in Ne*, a saturated absorption cell was

used. Figure 5.11 shows a schematic of the saturated absorption cell and associated

optical components. The cell itself consists of a glass cylinder, 150 mm in length and

30 mm in diameter, filled with neon gas at 2 Torr. The two discharge electrodes are

separated by a distance of 70 mm within the cell, and connected to a high voltage

supply via a glass to metal seal. Electrical breakdown of the gas within the cell is

initiated at 760 V, and excites a proportion of the atoms to the metastable 3P2 state.
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Figure 5.10: Schematic of the laser system and setup for the collimating laser beams

The laser light is transmitted through a λ/4 plate, to provide σ+ light, and passes

through the cell, where upon it is retro-reflected back through the cell by a mirror.

If the light is resonant with the 3P2-
3D3 transition, the atoms absorb a proportion of

the light. The attenuated beam then is transmitted back through the beamsplitter

where its intensity is measured by an amplified photodiode.

Figure 5.12 shows the resulting saturated absorption peak for a laser frequency

scan of 2 GHz around the transition, as measured on an oscilliscope. To lock the

laser to the transition frequency, the laser is first set at a constant frequency close

to the transition [111]. A coil carrying an AC current is used to applying a mod-

ulated magnetic field to the atoms in the cell. This modulates the Zeeman shift in

energy of the atoms, and scans across the atomic transition, resulting in the saturated

absorption peak. The resulting photodiode signal is fed into differential electronics

that provides a proportional feedback voltage to the laser frequency control, which

maintains the laser frequency at the transition resonance. Another set of DC current

carrying coils at either end of the cell provide a DC magnetic field. This provides a
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Figure 5.11: Schematic of the saturated absorption cell, associated optics, and loca-
tion of the AC coil and two DC coils.

DC Zeeman shift to the the energy of the transition, and allows the laser to be locked

to a frequency offset from the transition. For the work in this thesis, the DC coils

were not used, and instead an AOM was used, as outlined in the preceding section,

to provide variable frequency control of the collimator beams.

5.5 Atomic beam diagnostics

The source was operated with a current of 15 mA, and a discharge voltage of ∼750

V. Liquid nitrogen cooling was used on the source to reduce the atomic velocities,

and increase the interaction time with the collimator beams. When operational, the

source chamber had a pressure of 1.1×10−4 Torr. The typical uncollimated beam

intensity of atoms in the 3P2 state was ∼5.3×1014 atoms sr−1 s−1, corrected for the

3P0 contribution and UV content in the beam. During operation of the collimator,

the typical laser power per beam was 45 mW, with a saturation intensity s≈4.

Figure 5.13 shows the current measured by the Faraday cup on the thin wire
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Figure 5.12: Photodiode signal showing absorption profile and saturated absorption
peak in the SAC, for 2 GHz laser sweep across the 3P2-

3D3 transition

detector, for a 3 GHz scan of the laser across the transition frequency. The optimum

increase in atomic flux occurred for a value of ∆L = +40 MHz (4.9Γ), as indicated.

For larger detuning, at +90 MHz (11Γ), the contribution from the Doppler shift ∆D,

is insufficient to match this value, and the effective detuning ∆ stays positive. Hence,

the beams are ”blue detuned”, and the atomic beam is heated, resulting in a loss of

atomic flux. Also present is a smaller peak at ∼+1.6 GHz detuning, corresponding

to the collimation of the 22Ne isotope atoms present in the atomic beam (with an

abundance of 9.25% [112]). The frequency separation of the 20Ne and 22Ne isotopes

was used to calibrate the detuning shown in Figure 5.13 [113]. The clear perspex col-

limation chamber allowed direct visualisation of the fluoresence of the atomic beam

in the collimator. This proved advantageous in optimisation of the mirror angles, and

determination of any drift of the laser frequency during measurements. Figure 5.14

shows an image taken with a digital camera of the metastable neon atoms fluorescing

in the collimator stage.

Initial characterisation of the collimator performance was undertaken with the

Faraday cup mounted on the thin wire detectors. When collimated, the resulting
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Figure 5.13: Metastable neon flux on the Faraday detector plate at the first thin wire
detector, for a 3 GHz scan of the laser frequency over the 3P2-

3D3 transition. The
optimum collimation occurred for ∆L=40 MHz. Note the secondary smaller peak at
∆L∼1.6 GHz, corresponding to collimation of 22Ne atoms in the beam.

Figure 5.14: Fluorescence of metastable neon atoms in the 3P2 undergoing collima-
tion.
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atomic beam intensity increased by a factor of ∼3×, as at the first Faraday cup de-

tector. The resulting beam intensity was ∼1.5×1015 atoms sr−1s−1. A more thorough

characterisation was performed using the thin wire detectors. The measured beam

profiles for the collimated and uncollimated atomic beams are shown in Figure 5.15,

showing the normalised electron current (I−/dw) in nA mm−1 at the first and second

thin wire detector. As can be seen, there is a significant increase in the central beam

intensity. The FWHM atomic beam diameter was w1e=6.5 mm at the first detector.

However, as can be seen from the profile at the second thin wire detector, there was

still significant divergence of the atomic beam. The measured FWHM diameter at the

second thin wire detector was w2e=22 mm. The resulting calculated beam divergence

is Θ=22.8 mrad. The resulting transverse velocity v⊥ determined from the divergence

is v⊥=12.7 m s−1. Using Equation 5.60, the atom flux in the collimated beam was

Ṅ=1.4×1012 atoms s−1, determined from the profile at the first thin wire detector.

The atom flux in the collimated beam determined at the second thin wire detector

was consistent with this value. The shape of the beam profiles in Figure 5.15 are

unusual, and do not display a flat topped profile expected from a collimated beam.

As shall be seen in §5.5.1, this unusual shape is a consequence of the poor collimation

at the end of the mirror assembly from the low reflective mirrors.

A set of atomic beam parameters used as figures of merit are the brightness,

brilliance, and phase space density [114]. The brightness R is defined as the flux

density per solid angle, and is given by

R =
Ṅ

πx⊥2Ω
(5.61)

Here x⊥ is the beam radius, and Ω is the geometrical solid angle occupied by the

atoms in a beam. The solid angle Ω is given by

Ω = π(
v⊥
v̄‖

)2 (5.62)

where v⊥ is the transverse velocity of the collimated beam, and v̄‖ is the mean longi-

tudinal velocity in the atomic beam. The atomic beam can be characterized in terms

of its longitudinal velocity spread σv‖ , to give the brilliance of the atomic beam. The
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Figure 5.15: (a) Measured beam profile at the 1st thin wire detector, for the col-
limated (red squares) and uncollimated (blue circles) atomic beam. The resulting
FWHM of the collimated beam is 6.5 mm. (b) Measured beam profile at the 2nd thin
wire detector, for the collimated (red squares) and uncollimated (blue circles) atomic
beam. The FWHM is 22 mm, yielding a divergence Θ=22.8 mrad.
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brilliance, or ”spectral brightness”, is analogous to the frequency spread, or coherence

length, of an optical beam. The brilliance B is thus defined as

B = R
v̄‖
σv‖

(5.63)

The brightness R and brilliance B both have the same units as flux density, given

as atoms s−1m−2sr−1. The brilliance is related to the Liouville phase-space density

Λ, defined as the number of particles N in a given unit of phase-space volume. The

relation between B and Λ can be expressed by separating the spatial and momentum

coordinates into their transverse and longitudinal components. For a circularly shaped

atomic beam [114],[110], the phase space density is

Λ =
1

π(x⊥p⊥)2

N

x‖p‖
(5.64)

Here x⊥, p⊥,x‖, p‖ are the transverse and longitudinal position and momentum re-

spectively. Substituting Ṅ=Nv̄‖/x‖, we obtain an expression for the phase space

density,

Λ = B π

m3v̄4
‖

(5.65)

where m is the atomic mass. A more practical form to express the phase space density

is with the dimensionless quantity Λ̃ = Λh3, where Λ̃=1 at the quantum limit. These

parameters were calculated from the experimental atomic beam profiles as measured

by the thin wire detectors, and are presented in Table 5.2. For comparison, the beam

parameters for the bright neon beam line at the Technical University of Eindhoven

(TUE) [110],[107] are also presented.

5.5.1 Analysis of performance

The measured divergence of the beam (Θ=22.8 mrad) is much larger than the mini-

mum obtainable divergence expected at the Doppler cooling limit (Θdoppler∼0.5 mrad).

One possible reason is the difficulty in obtaining overlap of the collimating beams at

the end of the collimator, due to the rapidly changing angle at this location. This
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Beam Parameter Symbol Value TUE(a) TUE(b)

Atom flux (×1010 s−1) Ṅ 140 110 4.8
Beam diameter - 1st thin wire (mm) w1e 6.5 - -
Beam diameter - 2nd thin wire (mm) w2e 22 - -

Total beam diameter (mm) dbeam - 9 0.72
Beam Divergence (mrad) Θ 22.8 23 8

Most probable velocity (ms−1) vmp 515 - -
Mean velocity (ms−1) v̄‖ 559 480 98

Longitudinal velocity spread (ms−1) σv‖ 122 100 8

Transverse velocity spread (ms−1) v⊥ 12.7 11 0.84
Brightness (×1020 s m−2 sr−1) R 0.26 0.42 21
Brilliance (×1020 s m−2 sr−1) B 1.2 4.0 500

Phase-space density (×10−14) Λ̃ 3.0 19 1.3×107

Table 5.2: Table of the collimated beam parameters, calculated from the experimental
atomic beam profiles, and comparison measurements from the Technical University
of Eindhoven (TUE) metastable neon bright beam [110],[107]. The measured values
for the beam line described above are given in the third column. TUE(a) is the
measurement after the first collimation stage for the TUE bright neon beam. TUE(b)
gives the neon beam parameters after all cooling stages (collimator, 1st Doppler
cooler, Zeeman slower and magnetic optical compressor) for the TUE bright neon
beam [110],[107].

effect has been observed and reported elsewhere [106]. However, the author in [106]

still managed to obtain a beam divergence of 4 mrad, with much less laser power per

collimating beam. Another source of divergence in the atomic beam is from diffrac-

tion of the collimator beams, induced by the clipping of the beams by the mirrors

[55]. However, the principal reason for the large divergence in our system was the

low reflectivity of the mirrors, caused by the deposition of vapour oil contaminants

streaming from the source. The primary cause of these vapour oil contaminants in

the beam is the source backing pump, which did not have a foreline trap fitted when

the mirror contamination occurred. This effect is compounded, to a lesser degree, by

scattering loss of the collimator beams by the relatively bright atomic beam. As men-

tioned previously, the quality of the collimator mirrors was seriously degraded shortly

after implementation of the collimator section into the system. Measurements of the
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collimator mirror reflectivity upon removal from the system showed that the reflectiv-

ity had decayed to a value ∼ 90%. Table 5.2 also provides the beam parameters for the

bright neon beam line at the Technical University of Eindhoven (TUE). A comparison

of the beam parameters after the first collimation stage (column TUE(a)) compares

favourably. The TUE beam had a divergence Θ=23 mrad after the first collimator,

very similar to the 22.8 mrad measured on our apparatus. However, a transverse

Doppler cooling stage placed immediately after the collimator reduced their beam di-

vergence to 10 mrad. The subsequent cooling stages in the TUE apparatus included

a Zeeman slower and magnetic optical compressor (MOC) (column TUE(b) in Table

5.2). These additional stages resulted in a highly compressed, mono-energetic and

bright neon beam (80 times brighter than our beam) with a significant increase in

the phase space density Λ̃.

For comparison with the experimentally determined atomic beam profiles of our

apparatus, a series of Monte-Carlo simulations were undertaken to ascertain the effect

of low reflectivity on the transverse velocity distribution in the neon atomic beam.

The laser beam parameters used in the simulation, such as laser power, laser detuning

∆L, input angle β, and mirror angle α, were identical to the values quoted above.

Figure 5.16(a)-(b) shows the resulting atomic beam profiles at the location of the first

and second thin wire detectors, for a mirror reflectivity of 90%. For a reflectivity of

90%, after 38 reflections, the laser power has dropped to <2% of the initial value. As

can be seen, the simulated FWHM of the beam distribution (w1s=6.9 mm) closely

mirrors that of the experimentally determined value (w1e=6.5 mm). The simulated

FWHM value in Figure 5.16(b) (w2s=16.4 mm) is somewhat less than the experi-

mentally determined value (w2e=22 mm). Figure 5.16(c)-(d) shows the ideal case for

100% reflectivity, indicating a beam diameter of ∼18 mm, consistent with the colli-

mator beam width, and with negligible divergence in the atomic beam. We note here

though that the simulation does not take into account the UV contribution to the

detector signal, the contribution of metastables in the 3P0 states, or laser power loss

from scattering by the atomic beam in the collimator. Nevertheless, the simulations
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Figure 5.16: Simulated collimated beam profile at the first thin wire (a) and second
thin wire (b), assuming 90% reflectivity in the mirrors. The profiles at the first
and second thin wire for the ideal case (98% reflectivity) are shown in (c) and (d)
respectively.

indicate that the primary mechanism for divergence in the atomic beam arises from

the loss of laser power along the collimator.

Thus, to improve the overall collimator performance, a number of factors must be

addressed. Foremost of these is replacement of the mirror assembly, and modification

of the source design to prevent contaminants from depositing onto the mirrors. Recent

developments on the apparatus, described elsewhere [115], include the development

of a new discharge source, employing a hollow cathode design [116]. Measurements

of the metastable beam intensity of the hollow cathode source show it produces only

half that of the source described in this work. However, this source has the advantage

of stable operation at a lower source pressure, and without the need for a backing
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pump on the source line. This drastically reduces the presence of pump oil vapour in

the system.

Further improvements could be made by redesigning the skimmer and source

ensemble, to minimise the distance between the collimator section and the skimmer

aperture. This should improve the capture range of the collimator, as atoms with

large transverse velocities will be closer to the beamline axis when entering the laser

field, and hence also minimise the required laser power in the collimating beams. The

excess laser power available could then be used for a transverse cooling stage subse-

quent to the collimator using near resonant beams, as was done in the TUE beam

line experiment [110], which would further reduce the divergence of the collimated

atomic beam. Implementation of a Zeeman slower (described in the next section)

and future development of a magnetic optical compression stage should provide a

bright well collimated atomic beam for atom lithography and beam line atom optics

experiments.

5.6 Atomic beam slower

5.6.1 Overview

The previous section demonstrated the transverse collimation of the atomic beam

using resonant light beams. The longitudinal velocity distribution, however, remains

unchanged, with a mean velocity of v̂‖=559 m s−1, and broad velocity spread σv‖=122

m s−1. For many applications, a mono-energetic beam of low velocity is desirable.

Magnetic optical traps, for instance, have a capture velocity limited to <30 m s−1, and

so very few atoms in the atomic beam will be captured without the use of an atomic

beam slowing technique. For atom lithography purposes, a mono-energetic longitu-

dinally slowed beam mitigates the effects of chromatic aberration in optical standing

wave masks [21], and allows the application of other atom optical elements, such as

magnetic hexapole and magnetic optical lenses (MOL) and compressors (MOC), for
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brightening of the atomic beam [11],[110].

The obvious solution is to use the scattering force from a resonant laser beam

counter-propagating to the atomic beam to slow the atoms in the beam. However,

due the the broad velocity distribution in the atomic beam, a single frequency laser

beam is insufficient to successfully reduce the atomic beam velocities. If the frequency

is chosen to be resonant with a particular atomic velocity, atoms with that velocity

will be slowed, but will quickly be Doppler shifted out of resonance with the laser.

As stated earlier, for metastable neon undergoing the 3P2-
3D3 transition, the neon

atom will be shifted out of resonance after its velocity has been slowed by only 5 m s−1.

A number of techniques have been developed to overcome this problem. The

first of these chirps the laser frequency to match the changing Doppler shift of the

atoms [117]. This has the disadvantage, however, of resulting in a pulsed slow atomic

beam, at a rate corresponding to the sweep time of the laser frequency. The second

such method is the Zeeman slowing technique, resulting in a continuously slowed

atomic beam [108]. The Zeeman slowing technique utilizes a spatially varying mag-

netic field along the atomic beam axis, shifting the transition energy by the first

order Zeeman effect. The magnetic field is tailored such that the shift in atomic tran-

sition frequency ensures that the atoms remain resonant with the light field along the

length of the slower. For the metastable neon used in this work, the laser light is

σ+ circularly polarized, ensuring that the atoms are optically pumped into the closed

3P2(mJ=2)-3D3(mJ=3) transition. The resulting beam is monoenergetic, as all the

atoms in the atomic beam below the capture velocity of the slower are decelerated to

the same smaller velocity. The final velocity is determined by the resonance condition

at the chosen laser frequency at the end of the slower. The originally wide thermal

velocity distribution is compressed and shifted to lower velocities. Correspondingly,

this results in an increase in the phase space density of the beam.

The net momentum transfer in this process requires a large number of photon

scattering events. As discussed in §5.2.5, every time an atom undergoes a photon
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scattering event, it receives a random momentum kick. As a result, many such

scattering events result in considerable transverse heating through this atomic dif-

fusion process. The Zeeman slower employed in this work consists of a single tapered

solenoid, and modelled as described in reference [118]. In the following sections, the

theory of the Zeeman slower operation is described, and the corresponding modelling

and design parameters are detailed.

5.6.2 Theory

We consider an atom moving with velocity v along the z axis. As discussed earlier,

the atom will experience a Doppler shift in the energy of a photon that is given by

∆ED = h̄kv (5.66)

where k is the wave-vector of the photon. The shift to the transition energy of an

optical transition by the Zeeman effect is given by

∆EB = µmB (5.67)

A magnetic field profile B(z) can be chosen so that the perturbation to the optical

transition energy ∆Etrans matches that of the Doppler energy shift ∆ED to provide a

constant deceleration of the atoms as they encounter the counter-propagating laser.

The resulting equation of motion of an atom cannot be easily solved in general because

of the velocity dependent nature of the slowing transition, but transformation to a

decelerating frame of reference allows this to be addressed [118]. Under this adiabatic

following condition [119], the atoms follow a trajectory that can be described by the

simple equation of motions, with the velocity at any point described by

v = v0

√
1− 2az/v0 (5.68)

where v0 is the initial velocity of the atom, and a is the deceleration. The Doppler

energy shift can then be described in terms of the position z along the field, as
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∆ED = h̄kv0

√
1− 2az/v0 (5.69)

The magnetic field profile that satisfies the adiabatic following condition is given by

B(z) =
h̄kv0

µM

√
1− 2az/v0 (5.70)

where

µM = (gJ ′mJ ′ − gJmJ)µB (5.71)

is the effective magnetic moment of the transition, defined previously in Equation 5.67.

In the decelerating frame of reference, the spatially varying field will have a capture

velocity given by v0, and all atoms with a velocity v<v0 will be slowed. Atoms with

initial velocity v come into resonance at a position z where the Doppler frequency

shift matches the Zeeman shift from the local magnetic field. At this point, the atoms

will follow the adiabatic following condition, and undergo constant deceleration. In

this way, the initial velocity of the atom is unimportant, as all atoms follow along

this same reference frame, and eventually attain the same final velocity. The atoms

are not only slowed but obtain a very narrow final velocity distribution, resulting in

a compressed beam with an increased phase space density. In combination with the

laser detuning, the maximum magnetic field (at the start of the Zeeman slower) sets

the upper limit of the capture range, and the minimum field (at the end of the slower)

determines the final atomic velocities.

In terms of our metastable beam prepared in the 3P2(gJ = 3/2,mJ = 2) state,

and undergoing σ+ polarized optical transitions to the 3D3(gJ = 4/3,mJ = 3) state,

the magnetic field profile in Equation 5.70 can be expressed as

B(z) =
h̄kv0

µB

√
1− 2az/v0 (5.72)

As would be expected, the maximum deceleration occurs when the transition is satu-

rated from the slowing laser. From the expression in Equation 5.27 for the scattering

force at saturation, the maximum acceleration amax will be given by
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amax =
h̄kΓ

2m
(5.73)

where m is the mass of the atom, and Γ is the transition decay rate. It is convenient

to design the magnetic field profile of the Zeeman slower so that the deceleration

a = ηamax, where η is a form factor < 1 that defines the length of the Zeeman slower.

This ensures that the magnetic field gradient is not too steep along the z-axis, and

that constant deceleration is achieved for the atoms even if the saturation of the

transition is not achieved across the width of the slowing laser beam. For this work,

we have chosen a conservative value of η = 1/3, and the construction of the Zeeman

slower to provide the necessary field profile is detailed in the following section.

5.6.3 Zeeman slower design

The Zeeman slower consists of inner and outer co-axial tubes of 40 mm and 64 mm

diameter, and 1030 mm length. The coils are wound around the larger diameter

tube, from enamel coated copper wire (3.15mm×5.35 mm), and consist of 26 layers

of various lengths. The space between the two tubes acts as the cooling water jacket,

while the 40 mm inner tube is the vacuum region. Each end is fitted with standard 6”

conflat (CFF), and SwagelokTMfittings in the top of these flanges provide the water

connection to the cooling jacket. A set of baffles welded down the length of the cool-

ing jacket ensured that the water flow is evenly distributed along the whole length of

the Zeeman slower.

The layers of coils were chosen to generate a field profile that would provide

uniform deceleration at a = ηamax = amax/3. The appropriate field profile to slow

atoms with a capture velocity of v0 is given by

B(z) = B0

√
1− z/zL (5.74)

where B0 is the field required to slow the capture velocity v0
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B0 =
h̄kv0

µm

=
h̄kv0

µB

(5.75)

for metastable neon, and zL is the length of the Zeeman slower,

zL =
mv0

2

ηh̄kΓ
(5.76)

For a capture velocity of v0 = 720ms−1, and with a = amax/3 this gives a magnet

length of 93 cm, and B0 = 0.078T. The appropriate number of coils and layer lengths

were then chosen to match these parameters. The coils consisted of two sets; the

inner coil layers that provide the bias field, and the outer coil layers tapered to

provide the necessary field profile. The bias field and the gradient field could each

be individually adjusted from two separate 0-30A current supplies. For a capture

velocity of v0 = 720ms−1, this required current is I = 15A. The field profile within

the Zeeman slower was measured with a Hall probe that was translated along the

central axis. As a comparison to the measured field profile, the magnetic field was

modeled as the sum of the magnetic dipoles produced by the individual coils along

the length of the slower. By the Biot-Savart law, the field at an axial location z for

a current carrying loop can be described by

B(z) =
µ0

4π

2πRI

(z2 + R2)3/2
(5.77)

where µ0 is the permeability of free space, R is the radius of a coil, I the current. The

sum of coils of increasing radius over the length of the slower generates the total field

B(z). Figure 5.17 shows the field measured by the Hall probe at 15A current, and the

simulated field at 15A. Also present on the plot is the field profile from Equation 5.74

above. As can be seen, there is very close agreement between the field measured by

the Hall probe, and the field generated by the simulation of current carrying loops.

There is some discrepancy in the measured magnetic field and theoretical field along

the axial direction at the start and end of the coils. At these locations, the magnetic

field decays as expected by the Biot-Savart law. Given the close agreement between

the simulated field from the Biot-Savart law, and the measured field profile, we have
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used the simulated field for the simulations presented in the next section.

The magnetic field produced by the Zeeman slower is designed to compensate

for the Doppler shift of the moving atom, for typical longitudinal velocities of the

liquid nitrogen cooled discharge source detailed in Chapter 2. The final velocities of

the atoms exiting the Zeeman slower is determined by the initial detuning of the laser

beam. Although the currents employed in the coils (∼15A) are quite high compared

to some designs [110], the cooling from the water jacket ensures that heat generated in

the current carrying wires is adequately removed. The laser beam, prepared in a σ+

polarized state for the 3P2(mJ = 2) - 3P2(mJ = 3), is described in §5.6.6. The beam

is transported to the optical table via single mode optical fibre. The resulting beam

passes through a lens, where it slightly focused, and travels through a linear polarizer

and λ/4 wave-plate oriented to provide the σ+ polarization. The slight focusing of

the beam ensures that the the wave-vector of the light beam partially compensates

for the divergence of the emerging atomic beam, so that the light field is co-axial and

antiparallel to the emerging atomic beam.

5.6.4 Zeeman slower simulations

To determine the effectiveness of the Zeeman slower, a numerical computer simulation

was employed to study the light-atom interaction in the presence of the spatially

varying magnetic field generated by the slower. A Monte-Carlo simulation of the

metastable neon atomic trajectories was performed, evaluating the force on the atom

for its path through the Zeeman slower. Using the semi-classical description from

Equation 5.28, the force is given by

F =
h̄kΓ

2

s

1 + s + 4(∆/Γ)2
(5.78)

with the total position dependent detuning given by ∆ = ∆L +k ·v(z)− µB

h̄
B(z). The

classical equations of motion of the atoms were solved in the presence of this force

using a Runge-Kutta algorithm written in the MATLAB programming language. By
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Figure 5.17: Magnetic field profile of the Zeeman slower, showing the measured field,
simulated field (from computer simulation), and theoretical field

this method, the axial and radial position and momentum of the atom could be

determined at any point along the slower. The radial and axial frame of reference

was chosen for convenience, given the cylindrical geometry within the slower. In

addition to the slowing of the atomic beam along the axial direction, there is another

source of motion that arises from the random direction of the momentum kick h̄k

associated with the spontaneously emitted photons. As discussed earlier, the rms

value of these emissions is non-zero, resulting in a diffusive motion of the atomic

beam in the transverse directions. The diffusive motion is described for time t by the

velocity v(t)

v(t) = h̄k

√
ξt

m
(5.79)

where ξ is the photon scattering rate, from Equation 5.29 given by

ξ =
Γ

2

s

1 + s + 4(∆/Γ)2
(5.80)
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The diffusive motion was transformed to the axial and radial frame, and evaluated

for random emission angles relative to the axial and radial planes. The contribution

from this motion was then included in the evaluation of the atomic trajectories. The

calculations were performed using the simulated magnetic field profile generated from

the Biot-Savart law, outlined above. The intensity profile of the weakly focusing laser

beam was also taken into account, along both the axial and radial direction, for s = 2,

and the laser detuning was ∆L=0. Figure 5.18 shows the atomic trajectories in the

axial and radial directions for a number of different initial velocities. Figure 5.18(a)

shows the slowing of the axial velocities of atoms with various initial velocities trav-

elling through the Zeeman slower. The first trajectory, with initial velocity v0=720

ms−1 is larger than the capture range, so no slowing occurs. Atoms with initial ve-

locities <700 ms−1 travel through the Zeeman slower until the position where the

local magnetic field matches the Doppler shift, and the atom is resonant with the

counter-propagating light field. The atoms stay resonant from this point, and are

continually slowed to zero velocity, upon which point their velocity will be reversed.

The simulations were designed to stop at the point where this occurred.

For the simulations outlined above with ∆L = 0, the slowing of the beam to

zero velocity is an undesirable outcome. In practise, an initial detuning ∆L 6= 0 is

placed onto the beam. The final velocity of the atoms extracted from the slower will

then be determined by the atomic resonance condition at this chosen laser detuning

in the presence of the magnetic field at the end of the Zeeman slower. All atoms below

the capture velocity are swept into a narrow velocity group around this final velocity,

resulting in an increase in the phase space density. In addition to detuning the initial

beam, another possible way to avoid the velocity reversal is the use of an extraction

coil to produce a secondary magnetic bias field at the end of the Zeeman slower.

The extraction coil provides an interruption to the slowing process to ensure that the

atoms are not completely slowed over the region of interest. Such extraction coils

are commonly employed in MOT experiments, where some low but non-zero terminal

velocity is desired for loading atoms into the trapping region formed by the MOT coils.
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Figure 5.18(b) shows the axial position in the slower as a function of time for

three initial velocities (v0 =720 ms−1, 650 ms−1 & 500 ms−1). The first of these at

720 ms−1 continues on without alteration of its trajectory. The other two velocities

asymptote to a constant axial position, indicating zero velocity, as discussed above.

The radial position and velocities are shown in Figure 5.18(c) and (d) respectively.

These two plots show the clear effect of diffusion of the atomic beam from the con-

tinuous scattering of photons, for atoms with smaller initial axial velocities. The

effect is clearly felt at the end of the Zeeman slower (0.9 m in the plots), where the

slowed axial velocity is comparable in magnitude to that imparted by the random mo-

mentum kicks from the photon scattering. Figure 5.18(c) shows the random walk in

momentum space, and hence position space of the atoms, with the diffusion distance

from the axis some several mm, particularly pronounced for the case of the atoms

with initial velocity v0 =500 ms−1. Figure 5.18(d) shows the erratic behaviour on the

radial velocity from these momentum kicks, with the final radial velocities at the end

of the slower on the order of a few ms−1. A secondary transverse laser cooling stage

at the end of the Zeeman slower, in combination with a magnetic optical compressor

(MOC) [110], could then be used to re-collimate and compress the beam.

5.6.5 Experimental setup and results

A schematic of the beamline incorporating the Zeeman slower is shown in Figure

5.19. Connected to the end of the Zeeman slower is an intermediate chamber (the

TOF chamber) that houses the mirror and chopper wheel assembly for coupling of

the slowing beam and time of flight analysis. This setup is discussed in more detail

below. The chamber is pumped by a 60 l/s vapour diffusion pump (Edwards; EO-

50/60), backed by a rotary pump (Javac; JL-18). At the end of this chamber is the

6-way cross chamber housing the multi-channel plates (MCP) for beam diagnostics.

Experimental analysis of the behaviour of the Zeeman slower was provided by

a time-of-flight technique, similar to that detailed in §2.4.2. Figure 5.20 shows a
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Figure 5.18: Simulated trajectories for atoms travelling through the Zeeman slower,
for a number of initial axial velocities v0 (a) the deceleration of the axial velocity as a
function of position in the Zeeman slower (b) The axial position of an atom through
the Zeeman slower as a function of time (c) The evolution of the radial position of
atoms in the Zeeman slower resulting from thermal diffusion of the atomic beam (d)
The diffusive evolution of the radial velocity of the atomic beam along the Zeeman
slower.
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Figure 5.20: Schematic of the time-of-flight assembly for measuring the slowed Ne*
beam.

schematic for the TOF arrangement. A 30 mm diameter mirror with a small 1 mm

hole bored through its centre at 45◦ was mounted into the time-of-flight chamber.

The σ+ slowing beam was coupled into the chamber and onto the mirror via the side

viewport. The mirror, positioned at 45◦ to the beam axis, reflected the light beam

coaxial and antiparallel to the atomic beam traveling through the Zeeman slower. Lo-

cated directly behind this mirror was the chopper wheel. A proportion of the slowed

atoms emerging from the Zeeman slower travel through the hole in the mirror to

the chopper wheel, which mechanically chopped the slowed beam to produce pulses

of atoms that are detected downstream at the MCP. The resulting TOF signal was

accumulated and analysed.

The slowing laser beam had a power of 48 mW, with a Gaussian 1/e2 beam di-

ameter of 20 mm, corresponding to a saturation parameter of s∼3.6. The metastable

discharge source was operated at liquid nitrogen temperature (as detailed in Chapter
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Figure 5.21: Schematic of the slowing laser setup and associated optics

2), with 15 mA of current. The Zeeman slower was operated with a current of 15A,

to produce the field profile given in Figure 5.17. The chopper wheel was swept at 92

Hz.

5.6.6 Slowing laser setup

Figure 5.21 shows a schematic of the the slowing laser setup used for the Zeeman

slower beam. The setup consists of a ring dye laser (Spectra Physics 380D), pumped

by a CW Ar+ laser (Coherent Innova 400). The dye laser operates with DCM special

dye, and is typically pumped with 6-7 W of CW multimode light from the Ar+ pump

laser. Internal locking of the laser to the required wavelength is achieved via an

external reference station. The resulting beam from the reference cavity is slightly

divergent, so a f∼1 m focal length lens is used immediately after the reference cavity

to re-collimate the beam. The beam then passes through a λ/2 plate and a polarizing

beam splitter (PBS), where it is split into two separate beams. The transmitted
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light from the PBS is then reflected off 2 subsequent mirrors into an optical fibre

coupler. The reflected beam from the PBS is passed through a λ/4 plate and through

a saturated absorption cell (SAC). Locking of the laser to the transition was achieved

in a fashion similar to that detailed earlier in §5.4.3. The AC coils were modulated

by an amplified signal from the analog output of the National Instruments PCI-

6229 card. The resulting modulated Zeeman shift scans across the atomic transition,

resulting in a saturated absorption peak measured by the photodiode. The resulting

photodiode signal is fed back to the PCI-6229 card and Labview interface, and a

proportional DC offset voltage is sent back to the laser control box to correct for

any long term drift in the frequency. Given the large detunings used for the Zeeman

slower experiment, locking to the saturated absorption peak was not feasible without

the use of an AOM. In addition, the Zeeman slower is relatively insensitive to small

changes in the laser frequency. Therefore, only the internal locking of the laser was

used, and the detunings were shifted manually on the laser control box relative to the

saturated absorption peak. Typically, the laser had a drift stability better than a few

linewidths of the transition (∼ 30 MHz) over an hour.

5.6.7 Zeeman Results

The results for the TOF experiments for the Zeeman slower are shown in Figure 5.22.

A number of different detunings of the laser were used, and the results show the TOF

velocity spectra for (a) 400 MHz, (b) 350 MHz, and (c) 300 MHz. The spectra for

both unslowed beam (dotted line), and for the slowed beam (solid line) are shown.

As can be seen, beside the main peak of the supersonic distribution are smaller peaks

corresponding to a proportion of the atoms that have been slowed by the laser beam

in the Zeeman slower. Each plot indicates the most probable velocity of the unslowed

beam, as well as the most probably velocity of the slowed atoms. The velocity of the

atoms decreased with decreasing detuning, as expected, since the Zeeman slower is

designed to work close to the resonance condition. For a red detuning of 300 MHz,

the slowed atom peak was centred at 315 m s−1. This value agrees quite closely with
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Figure 5.22: Time-of-flight velocity distributions for three different initial laser red
detunings (a) 400 MHz (b) 350 Mhz (c) 300 MHz

the 295 ms−1 value predicted by the simulations for a detuning of 300 MHz. Of fur-

ther note, the size of the slowed atom peaks also decreases with detuning. Below 300

MHz, no significant peaks were observed.

The small nature of the peaks, however, can be attributed to the fact that atoms

that are significantly slowed have undergone many photon scattering events and their

diffusive motion is correspondingly large. As a result, they are unlikely to make it

through the hole in the mirror to be detected, and their contribution to the measured

signal is undiscernible from background detection events and noise. In addition, the

reflected laser light from the mirror also had a hole in the centre of the light beam

from the mirror hole, meaning that the effective saturation parameter on-axis was
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low, with s<1. As a result, those atoms traveling on axis and most likely to pass

through the hole undergo very few scattering events with the slowing light, as can be

seen in the TOF spectra. Scattering loss from the laser beam by atoms would also

reduce the effective saturation parameter at the start of the Zeeman slower. High

laser power, and future implementation of a differential TOF detection scheme em-

ploying two orthogonal channeltron detectors should provide better resolution in the

TOF spectra [55].

5.7 Concluding Remarks

This chapter has presented the theoretical and experimental implementation of a

transversely cooled beam of Ne*. The resulting collimated beam had a flux of

1.4×1014 s−1, with a divergence of 22.8 mrad corresponding to transverse veloci-

ties ∼13 m s−1. The resulting divergence is much larger than would be anticipated

from ideal simulations, but is attributed to the low reflectivity of the mirror assembly,

and corresponding loss of laser power at the end of the collimator. Future improve-

ments to the apparatus, such as additional transverse laser cooling stages, should see

this divergence reduced to close to the Doppler limited divergence (0.5 mrad). This

tranvserse cooled atomic beam will be applied in future experiments using 1D and

2D optical standing wave masks for atom lithography. A Zeeman slower has also

been constructed and characterised to provide a longitudinally slowed atomic beam.

This will enable the future use of atom optical elements such as a magnetic optical

compressor (MOC), to further brighten the atomic beam for atom lithography, and

to investigate processes such as metastable de-excitation spectroscopy with the Ne*

beam [120].



Chapter 6

Simulations of 3P2 Ne* in a

standing wave light field

6.1 Introduction

In Chapter 5 the conservative dipole force on an atom in a detuned standing wave

light field was described [109],[21]. This force arises from the interaction of the in-

duced electric dipole moment of an atom with the spatially inhomogeneous light field.

Standing wave light fields, with a periodically varying intensity are the most obvious

example, but the dipole force also arises for atoms in any light field detuned from

an atomic transition that is spatially inhomogeneous, such as that produced in a fo-

cused gaussian travelling wave. For laser frequencies tuned below an atomic resonance

(∆L<0), the atoms are attracted to the maxima in the light field. For a standing

wave, this corresponds to the atoms being pushed to the antinodes of the light field.

Correspondingly, for ∆L>0, the atoms are pushed towards the minima of the light

field (the nodes). The dipole force has been applied in a number of systems. The

most obvious example is the 3D optical trap for atomic clouds. In the context of this

work, standing waves of light detuned from an atomic transition can be used to create

an array of cylindrical lenses to focus atoms with nanometer precision. These have

been employed as a nanofabrication tool by a number of groups with great success,

and with a variety of atomic species. Standing wave fields in 1D have been used to

179
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Figure 6.1: One-dimensional standing wave light mask for metastable neon atom
lithography.

produce parallel lines of focused atoms on substrates. The experimental configuration

in such experiments is very simple, with the standing wave formed from an incident

and back-reflected Gaussian travelling wave of light detuned from the atomic reso-

nance. Such experiments have been extended to 2D, to produce periodic patterns

of nanofabricated dots onto the substrate. In addition, more complicated light fields

have been used through the use of holograms, to produce complex nanofabricated

structures (A review of such experiments to date is found in Chapter 1, or alterna-

tively in [11]).

The nanofabrication techniques utilising light fields can be divided into two pro-

cesses; direction deposition and neutral atom lithography. Direct deposition exper-

iments use the light field pattern to focus the atomic species onto the substrate,

thereby replicating the light field pattern as the thickness variation in the deposited

material. Neutral atom lithography, on the other hand, utilises a beam of active
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atoms to expose a resist covered substrate. They are then focused by the patterned

light field, where they then chemically modify the resist. Subsequent etching steps

will then transfer the light field pattern into the underlying substrate. Although re-

quiring a two step exposure/etch process, neutral atom lithography does not suffer

from the presence of a background or baseline pedestal in the fabricated structures,

unlike direct deposition techniques. As discussed in Chapter 4, the metastable states

of noble gas atoms have found particularly utility for neutral atom lithography, par-

ticularly in combination with self assembled monolayer resists.

This chapter presents the results of numerical simulations of the motion of metastable

neon atoms in the 3P2 state in a standing wave light field far blue detuned from the

3P2-
3D3 transition. The simulations are developed in the context of a semi-classical

numerical model that assumes a conservative dipole force [121], [21]. Two atom fo-

cusing regimes are investigated. The first of these is the low power focusing regime,

where the atoms are focused in the standing wave towards the plane defined by the

centre of the Gaussian beam. In the higher power channelling regime, the atoms

undergo a damped oscillation around the potential minima (maxima for ∆L<0) in

the field.

The resulting atom distributions from these calculations are of importance for

proposed future experiments utilizing the 1D and 2D standing wave focusing of the

metastable neon beam, shown in Figure 6.1. Such an experimental arrangement

should allow the production of nanometre scale features on a variety of surfaces, in-

cluding the DDT-Au/Si and contamination resist interfaces detailed in Chapter 3,

and the Fe/Si structures detailed in Chapter 4.
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6.2 Dipole force in a standing wave - the potential

model

From §5.2.5, the dipole force acting on a two-level atom near rest can be written as

~Fdip =
−h̄∆L∇Ω2

4∆L
2 + Γ2 + 2Ω2

(6.1)

where ∆L = ω − ω0 is the laser detuning from the resonance frequency ω0, and Ω

is the Rabi frequency. If the laser intensity is relatively low (∆L � Ω), and if the

detuning from resonance is relatively large (∆L � Γ), then Equation 6.1 simplifies to

~Fdip =
−h̄∇Ω2

4∆L

(6.2)

The dipole force can be expressed in terms of the potential U(x, y, z) as [21]

~Fdip = −U(x, y, z) (6.3)

where

U(x, y, z) =
h̄Ω2

4∆L

(6.4)

Substitution for the Rabi frequency Ω = Γ
√

I(x,y,z)
Is

gives

U(x, y, z) =
h̄Γ2

8∆L

I(x, y, z)

Is

(6.5)

The potential given in Equation 6.5 can be expanded to cover a more generalised

set of conditions, including the effects of higher laser intensities and smaller detunings,

with the provision of some limiting conditions on the atomic system. The first of

these conditions is that the atom moves slowly enough through the laser beam for its

internal state to be in equilibrium with the radiation field (i.e. adiabatically), which

is satisfied when [21]

vz

I

dI

dz
� Γ (6.6)
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The second condition is that the atom does not spend long enough in the field

for spontaneous emission events to impart kinetic energy to the atom and alter its

trajectory. This is condition is satisfied by

Lz

vz

� Γ−1 (6.7)

where vz is the characteristic velocity of the atom in the ẑ direction, and Lz the

interaction length. Under these conditions, the potential expressed in Equation 6.5

can be expressed as

U(x, y, z) =
h̄∆L

2
ln [1 + s(x, y, z)] (6.8)

where the saturation parameter s(x, y, z) is defined as [21]

s(x, y, z) =
2Ω2

Γ2 + 4∆L
2 =

I(x, y, z)

Is

Γ2

Γ2 + 4∆L
2 (6.9)

It is convenient to express the saturation parameter s(x, y, z) in terms of a dimen-

sionless function G(x, y, z), representing the spatial profile of the beam, and s0, the

laser parameters defined at the point in space where G(x, y, z) = 1, with I = I0.

s(x, y, z) = s0G(x, y, z) (6.10)

where the quantity s0 is given by

s0 =
I0

Is

Γ2

Γ2 + 4∆L
2 (6.11)

and I0 is the intensity of the light field at the anti-nodes of the standing wave.

6.3 Dynamics of the atom in a standing wave

We consider now the dynamics of an atom travelling through a standing wave light

field, in terms of the potential model developed in the previous section. The spatial

profile of the beam can be expressed in terms of an envelope function g(z) along the

ẑ direction (e.g. a Gaussian), modulated along x̂:
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G(x, y, z) = g(z) sin2 kx (6.12)

where k = 2π/λ the wave vector of the light field. With the assumption that light

forces in the y direction will be negligible compared with those resulting from the

standing wave, the y dependent terms in the laser intensity can be ignored. Thus, we

have translational symmetry along ŷ, and the dynamics can be described in terms of

the reduced potential U(x, z),

ẍ +
1

m

∂U(x, z)

∂x
= 0 (6.13)

z̈ +
1

m

∂U(x, z)

∂z
= 0 (6.14)

where the potential U(x, z) can be expressed in full as

U(x, z) =
h̄∆L

2
ln

[
1 +

(
I0

Is

Γ2

Γ2 + 4∆L
2 g(z)sin2kx

)]
(6.15)

6.4 The Gaussian standing wave

It is convenient to describe the optical standing wave in terms of a Gaussian light

beam, the typical laser beam profile. The function g(z) from Equation 6.12 is then

given by

g(z) = exp

(
−2z2

σz
2

)
(6.16)

where σz is the waist (1/e2 radius) of the Gaussian light beam. For a standing wave

Gaussian beam, the intensity I0 of the beam at the anti-nodes is given by

I0 =
8P0

πσz
2

(6.17)

where P0 is the power of the incident traveling beam. Expressing the focal properties

of the lens in terms of the incident laser power, the dependence on the Gaussian

beam width given by σz
2 cancels. Thus, the focal properties of the standing wave
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lens are independent of the Gaussian beam radius σz. The behavior of the atoms in

the standing wave is essentially determined by the power P0 and the detuning ∆L

of the beam from the transition, with the beam radius σz acting as a scaling factor.

Two different regimes can be distinguished defined by the power of the beam P0:

the focusing regime (low power P0) and the channeling regime (high power P0. The

motion of the atoms is considerably different in each regime, and this is explored in

the following sections.

Focusing Regime

At low power, the atoms can be focused to the centre of the Gaussian profile (i.e.

the plane defined by z=0). For large detunings (∆L � Γ), the power required for

focusing to the centre of the laser beam, from [121],[21] is given by

Pfocus = a
πE0∆LIs

h̄Γ2k2
(6.18)

The constant a has been determined to be a = 5.37 [21]. The required focusing power

can be expressed as

Pfocus = 5.37
πmv2∆LIs

2h̄Γ2k2
(6.19)

where the substitution E0=1/2mv2 has been made for the kinetic energy.

Channeling Regime

For high power intensities P0 � Pfocus, the intensity of the beam is sufficient to cause

the atoms to be pre-focused at some distance z1 before the centre of the Gaussian

beam defined at z=0. The atoms will then experience restoring force back to the

potential minima, and be focused again at further location z2. As a result, the atoms

undergo an oscillatory motion in the light field, with the transverse velocity switching

sign over multiple focusing events at each location zn, with n the number of oscillations

the atom undergoes in the light field.
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6.5 Numerical simulations

Since the dipole force is conservative, there is conservation of energy, so that it is

possible to combine the dynamical equations 6.13 and 6.14, to give a single expression

[21]

d

dz

[
(1− U(x, z)

E0

)1/2(1 + x′2)−1/2x′
]

+
1

2E0

(1− U(x, z)

E0

)−1/2(1 + x′2)1/2 ∂U(x, z)

∂x
= 0

(6.20)

where E0 is the kinetic energy of the atom in a field free region (1/2mv2, and

x′ = dx/dz.

The expression in Equation 6.20 is a second order differential equation. The

dynamics of the system are determined by solving for x in terms of z, using the po-

tential given in Equation 6.15. It is convenient to convert Equation 6.20 into a set of

coupled first order differential equations using the variables x and α=dx/dz. Thus,

upon substitution we have

dx

dz
= x′ = α (6.21)

d2x

dz2
= x′′ = α′ =

1 + α2

2(E0 − U)

(
α

∂U

∂z
− ∂U

∂x

)
(6.22)

Equations 6.21 and 6.22 were solved using the MATLAB software package, using

a Runge-Kutta algorithm. The calculations were performed on a beam of neon atoms

in the 3P2 metastable state traversing a 1D standing wave detuned ∆L=+200 MHz

from the 3P2-
3D3 transition at λ=640.225 nm. With a blue detuning, the atoms are

attracted to the nodes of the standing wave light field. The beam waist of the laser

beam σz was chosen to be 300µm. The necessary power to focus the atoms to the

plane defined by z=0, the centre of the Gaussian laser beam, was Pfocus=0.14 mW.

For the channeling regime, a power of Pc=40 mW was used. A summary of the

parameters used for the calculations are given in Table 6.1.



6.5. NUMERICAL SIMULATIONS 187

Mass (Ne) 20 amu
vz 520 ms−1

Transition 3P2 - 3D3

Wavelength 640.225 nm
Γ 51.5 rad s−1

Is 42 W m−2

∆L (2π)200MHz
Beam Waist (σz) 300 µm

Pfocus 0.14 mW
Pc 40 mW

Table 6.1: Parameters used for the standing wave simulations.

The atoms were assigned a number of initial conditions, to determine the effect of

the longitudinal and transverse velocity distributions on the resulting trajectories and

atomic flux distributions in the standing wave. Figure 6.2 shows a projection into the

xz plane, showing the atomic trajectories for the (a) focusing regime and (b) chan-

neling regimes. In the graph, the centre of the Gaussian light beam is located at z=0,

with the node of the standing wave located along x=0. The x-axis covers λ/2=320

nm, or ±160 nm from the node of the standing wave. Each atom was assigned a

different starting x-position, a random longitudinal velocity from the experimentally

determined distribution, and for convenience, a transverse velocity corresponding to

an artificially reduced beam divergence of 0.12 mrad. As can be seen, the behaviour

of the atomic trajectories in the two regimes is markedly different.

In the focusing regime, the strength of the light field is sufficient to focus the

atoms towards the node of the standing wave at x=0. In the channeling regime,

the light field is strong enough that the atoms are pre-focused multiple times in the

standing wave, resulting in an oscillatory motion towards the node of the field at

x=0. We note here that the conservative potential (which assumes transverse veloci-

ties close to zero) is no longer strictly valid in the channeling regime. The transverse

velocities associated with the oscillatory motion can be quite large, inducing a veloc-

ity dependent term into the Rabi frequency. The result is a dissipative dipole force
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interaction, where the atomic energy is no longer conserved. The additional damping

force in the non-conservative potential results in additional confinement of the atoms

in the standing wave, and improved focusing. Nevertheless, it is instructive to use

the conservative potential to place a minimum limit on the focusing ability of the

standing wave in the channeling regime.

A more quantitative comparison can be made by plotting the resulting atom

distributions at the sample for the two cases, shown in Figure 6.3. Each simulation

shows the atom distribution for the focusing of 40000 atoms. Only those atoms that

fall within ±λ/2 are selected for the histogram plots. Figure 6.3(a) shows the case for

the focusing regime, with each atom given a velocity vz randomly selected from the

longitudinal velocity distribution, and with an artificially narrowed transverse veloc-

ity vx=0. The resulting atom distribution has a FWHM of 4 nm. Figure 6.3(b) gives

the flux distribution for the channeling regime, with a FWHM of 22 nm. The larger

spread in the atom distribution for the channeling regime arises from the pre-focusing

of the atoms in the standing wave.

The effect of spherical aberration of the is clearly seen in (c) and (d), where

the atoms are again chosen with vz from the thermal longitudinal velocity distribu-

tion, but with transverse velocities vx corresponding to the Doppler limited divergence

of 0.5 mrad. For the focusing regime (c), the effect is very pronounced, resulting in a

spread of the atom distribution to a FWHM of 95 nm. In (d) we see the advantages

of the high power channeling regime over the focusing regime, with a FWHM only

broadened modestly to a FWHM of 38 nm. As can be seen, the transverse velocity

spread (spherical aberration) plays a larger role in the spreading of the atom dis-

tribution than the longitudinal velocity spread (chromatic aberration). From these

2D simulations, we see that the channeling regime is more robust, since the atom

guiding can be applied over a larger length in the z direction, and is less susceptible

to the transverse atomic beam divergence. Correspondingly, the alignment of the

standing wave across the sample is less critical for the channeling regime case, but
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Figure 6.2: Trajectories of 3P2 metastable neon in a standing wave light field. The
atoms have a longitudinal distribution with vmp=520 m, and divergence of 0.12 mrad.
The z=0 plane corresponds to the centre of the gaussian laser beam. (a) The focusing
regime, with Pf=0.14 mW. (b) The channeling regime, Pc=40 mW.
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Figure 6.3: Histograms of atom distributions at z=0 a) Focusing regime, vz chosen
from distribution, vx=0, FWHM of 4 nm (b) Channeling regime, vz chosen from
distribution, vx=0, FWHM of 22 nm (c) Focusing regime, vz chosen from distribution,
∆vx=0.5 mrad, FWHM of 95 nm, (d) Channeling regime, vz chosen from distribution,
∆vx=0.5 mrad, FWHM of 38 nm.
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the channeling regime also requires higher laser power. We note here however that

the performance of the channeling regime is underestimated in these simulations, as

the influence of velocity dependent damping force arising in the channeling regime is

neglected. Nevertheless, it indicates the significant potential of standing wave optical

masks for metastable neon lithography.

6.6 Conclusions

In this chapter we have simulated the trajectories of metastable neon atoms in the 3P2

state in 1D standing wave light field detuned from an optical transition. The simula-

tions indicate for a Doppler limited transverse spread of 0.5 mrad, structures of 95 nm

(FWHM) should be obtainable in the focusing regime, and 38 nm (FWHM) for the

channeling regime. With future improvements to the collimation of the metastable

neon beam, the simulated results will provide a handy comparison for 1D and 2D

standing-wave light masks planned for future developments of the project, and in

particular for the fabrication of 1D nanowires and 2D nanodots of a number of tech-

nologically interesting materials, such as iron as described in Chapter 4.



Chapter 7

Conclusions and Future Directions

7.1 Summary

This thesis has described the development of a new metastable rare gas atomic beam

apparatus, and its application to atom lithography. The source described here gener-

ated a high brightness beam of excited state metastable neon and argon, with flux of

5×1014 atoms sr−1 and 3×1014 atoms sr−1 respectively under typical operation. With

liquid nitrogen cooling, a time-of-flight analysis of the beam showed a narrowed lon-

gitudinal velocity distrubtion with Mach number of 3.5, and most probable velocity

of 515 m s−1.

The beam source was applied to atom lithography, and used to investigate the

pattern formation of samples exposed to metastable beams of Ar* and Ne* through

microfabricated contact masks. Positive and negative tone contrast patterning in self

assembled monolayers (SAMs) on gold coated silicon samples was observed at dosages

considerably lower than those typically used by other groups for positive pattern for-

mation. Negative patterning was also observed with bare gold on silicon samples. In

both cases, strong evidence from surface analysis techniques showed that the nega-

tive resist formation is a result of a contamination layer from pump oil contaminants,

catalysed by the metastable atom impact. For the contamination resists, reliable

patterns were obtained with much smaller metastable dosages (1.7×1015 atoms cm−2

192
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for Ar*, and 5.2×1014 atoms cm−2 for Ne*) and much shorter exposure times (∼1

hour) than previous work [18] that utilised deliberate contamination of the sample

surface. The primary cause of this contamination is thought to be the backing pump

of the source line, which was not fitted with a foreline trap. The development of an

ellipsometer and contact angle measurement system also allowed the dynamics of the

SAM formation to be further characterized.

The formation of negative tone contamination resists from the metastable neon

beam was applied to the generation of micrometer sized iron dot structures using

contact masks. A three step etch process was developed and refined, resulting in

7.5µm iron microdot structures on a silicon substrate. The technique developed here

provides an alternative methodology to direct deposition nanofabrication for the for-

mation of iron nanostructures, whilst avoiding many of the associated problems with

direct deposition, such as thermal diffusion of the iron, background pedestals, and

problematic laser cooling transitions. Further refinement should extend this tech-

nique to the nanometer scale, and also see it applied to other materials of interest.

Another principal aim of this project was to develop a transversely cooled and

collimated atomic beam source, to increase beam brightness, reduce exposure time,

and allow the development of future optical masking techniques for nanofabrication.

A transverse atomic beam collimation stage was developed and implemented, pro-

ducing a collimated beam flux of of 1.4×1014 s−1, with a divergence of 22.8 mrad

corresponding to transverse velocities ∼13 m s−1. The resulting divergence is much

larger than would be anticipated from ideal simulations, but is attributed to the low

reflectivity of the mirror assembly, and corresponding loss of laser power at the end

of the collimator. Future improvements to the apparatus should see this divergence

reduced to close to the Doppler limited divergence (0.5 mrad). Axial slowing of the

atomic beam was demonstrated with the development and implementation of a Zee-

man slower, and will be used for future applications of the project.
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Finally, a series of simulations were performed to model the motion of metastable

neon atoms in a one-dimensional standing wave light field mask. The simulations

showed the dynamics and resulting focused atom distributions for the focusing regime

(low power) and channeling regime (high power). Results showed that with a Doppler

limited divergence in the atomic beam of 0.5 mrad, structures of 95 nm (FWHM)

could be expected for the focusing regime, and 28 nm (FWHM) for the channeling

regime case.

7.2 Future Work

The principal short term goal of this project is to improve the transverse collima-

tion of the metastable neon beam. As discussed in the text, there was a significant

amount of contaminating oil residue emanating from the discharge region that coated

the mirror assembly and significantly reduced the reflectivity. The corresponding loss

in laser power after multiple reflections resulted in poor transverse collimation at

the end of the collimator mirrors. Replacement of the mirror assembly, replacement

of the source backing pump with a higher throughput model fitted with a foreline

trap, or integration of the newly developed hollow cathode source [115] should help

remedy this situation, and improve the beam divergence to the point where standing

wave light masks become viable for nanofabrication. The optics and sample mount

for 1D standing wave focusing have already been implemented, but as of the time of

writing, no successful demonstration of the standing wave masks in the focusing and

channeling regimes has been experimentally demonstrated.

Another short term goal would be a more thorough understanding of the con-

tamination resist formation, and an ability to control the required metastable expo-

sure times by deliberate and quantifiable introduction of contaminant vapours into

the system. Preliminary results utilising the apparatus with ethanethiol (C2H5SH)

SAM layers indicate the formation of a negative tone resist with substantially less
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metastable dosage than reported here for dodecanethiol. Correspondingly, replace-

ment of the backing pump of the source line with a cleaner pumping system, should

help ensure the removal of contamination to a very low level, allowing high dosage

lithography with positive tone SAM resists to be fully investigated. Other goals in-

clude the development of a magnetic optical lens and deflection stage for the atomic

beam, resulting in a UV-free atomic beam. This should further enhance the atom

lithography process. Further refinement of the iron etching process should result in

higher quality and more consistent results.

Longer term goals include the implementation of a magnetic hexapole lens de-

veloped during the period of candidature, but not described here. In conjunction

with the collimated and axially slowed beam from the Zeeman slower, the hexapole

lens should have negligible spherical and chromatic aberrations, and allow fine reso-

lution focusing of metastable neon atoms. The principal application of this would be

to develop metastable neon de-excitation spectroscopy as a surface analysis technique

[120].
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[12] M. Mützel, S. Tandler, D. Haubrich, D. Meschede, K. Peithmann, M.
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Electron-induced crosslinking of aromatic self-assembled monolayers: Negative

resists for nanolithography, Appl. Phys. Lett. 75(16), 2401–2403 (1999).



BIBLIOGRAPHY 207

[104] J.J. Martin, J. Nogués, K. Liu, J.L. Vicent, I.K. Schuller, Ordered magnetic

nanostructures: fabrication and properties, J. Magn. Magn. Mat. 256, 449–501

(2003).
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