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Abstract

A high flux metastable Neon atomic beam was designed and characterised. Atom

optical enhancement of the beam using a two-dimensional optical collimator, novel

two beam Zeeman slower and hexapole magnetic guide was performed to produce a

UV-free metastable flux of (4.35! 109 ± 4! 107) atoms s!1.

Investigations of several resists for neutral atom lithography were undertaken. A

quantitative investigation of the wetting properties of ethanethiol (ET) and dode-

canethiol (DDT) self-assembled monolayers (SAM’s) exposed to various metastable

dosages was carried out. A mechanism for the poor lithographic patterning using

ET was proposed and the negative contrast patterning observed for this SAM was

similar to those observed for bare gold substrates and were attributed to mechanical

pump oil (MPO) contamination resists.

Negative patterned resists were used to produce 7.5 µm iron dots on a silicon

substrate via neutral atom lithography. This scheme was found to be very robust

and free from the laser cooling issues of alternative direct depositional schemes. Nu-

merical simulations have shown that two dimensional arrays of magnetic nanodots

may be produced this way, paving the way for a magnetic storage option with a

density of " 0.1Gbit mm!2.
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Chapter 1

Introduction

1.1 Introduction

For the high volume production of integrated circuits, photolithography [3] is cur-

rently the workhorse. In this parallel scheme, a UV light beam patterns a device

layer (usually gold) on a silicon chip. The device layer is coated with a photo-resist

and exposed to the UV beam of wavelength & through a physical mask at a distance

d from the surface. The exposed photo-resist becomes more (positive contrast) or

less (negative contrast) susceptible to an etching process, and the mask features are

subsequently reproduced in the device layer. The di!raction limit to the size of

structures that can be produced this way is approximately
&
&d.

Due to the constant development of new technologies, optical lithography tools

have been able to avoid this limit to feature miniaturization. The current industry

standard utilises DUV (deep ultraviolet) light at 193 nm generated by ArF excimer

lasers in conjunction with immersion lithography to produce DRAM half-pitch fea-

tures of 45 nm [4]. To maintain the scaling requirements set out by the International

Technology Roadmap for Semiconductors (ITRS) roadmap [5], feature sizes must

be reduced to 22 nm by 2016 and IBM has predicted that the current production

methods will provide the means to achieve this. Beyond this limit, EUV (extreme

ultraviolet) light sources [6] are a promising development, although the step to

smaller wavelengths is considerably more challenging. The optical infrastructure is

more complicated, as the absorption of EUV light by refractive optics is consider-

able and the introduction of an all reflective optics system brings further technical

challenges. Serious concerns regarding the ultimate resolution of the current resists

for increased photon energy are also arising [7].

Alternative lithographic solutions are therefore considered. Electron beam [8]

lithography uses charged particles to pattern a surface, thus it can not be used

3
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for charge sensitive surfaces. Also space charge e!ects in the charged beam con-

siderably increase beam divergence and hence reduce feature resolution. Electron

beam lithography is a serial process, making it fundamentally slower than optical

lithography and it is limited severely by throughput issues.

1.2 Atom lithography

The invention of laser cooling [9, 10, 11], was a pivotal event in our understand-

ing of the dynamics of atomic systems. The principle of laser cooling lies in the

momentum transfer that occurs when an atom interacts with a resonant light field

through absorption and re-emission of a photon. Optical forces provided by this

process allow the centre-of-mass motion of neutral atoms to be precisely controlled.

This precise control has enabled the rapid development of the field of atom

optics [12, 13]. Atom optical elements such as lenses [14], mirrors [15], beamsplit-

ters [16] and di!raction gratings [17] have been successfully implemented to manip-

ulate the atomic motion in an analogy to conventional optics. These atom optical

elements [18] and laser cooling may be used to increase the phase space density of

atomic beams [19], by reducing their velocities and this opens opportunity to exploit

weaker forces such as the optical dipole force and the magnetic forces on paramag-

netic atoms.

Atom optics has also found a practical application in the field of nanofabrica-

tion. Atom lithography is concerned with the production of nanoscale objects by

modulating the flux of an atomic beam upon a substrate. The modulation method

may include a physical transmission mask [20], the optical dipole force of a resonant

laser standing wave [21, 22, 23, 24], or manipulation of the atomic wavefront by

laser holographic means [25, 26]. The de Broglie wavelength (&dB = h/p) of atoms

is orders of magnitude less than the wavelengths of light utilized in optical lithogra-

phy, and subsequently the di!raction limit for atoms lies within an entirely di!erent

regime (< 1Å). Modulation of the atomic beam by ‘optical masks’ negates the cost

and technical issues associated with producing high resolution proximity masks for

optical lithography.

Atom lithography techniques are divided into two distinct schemes: direct depo-

sition and neutral atom resist lithography.
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1.2.1 Direct deposition schemes

Direct deposition schemes transfer atoms from an atomic beam of interest onto a

surface. The spatial profile of the atoms on the surface is controlled precisely by a

modulation method and structures of the required species are accumulated.

This technique was first demonstrated by Timp et al [21, 27], whereby sodium

atoms were deposited from an atomic beam onto a silicon substrate. The atomic

beam flux was modulated by the dipole force arising from a standing wave produced

by retroflection of a Gaussian laser beam that is slightly detuned from a cooling

transition in the atom. The optical potential experienced by the atom as it traverses

this field is dependent on the gradient of the field [28]. In one dimension, the

magnitude of the spatially dependent dipole force is given by

F (x) = # !"2

8'Is
'I(x) (1.1)

where " is the atomic transition linewidth, ' is the detuning of the laser from the

atomic transition frequency, Is is the saturation intensity of the transition and I(x)

is the total intensity distribution of the standing-wave light field.

This optical mask acts like a series of cylindrical lenses for the atoms, channelling

the atoms to the nodes or antinodes of the standing-wave for laser frequencies above

and below the atomic transition frequency respectively. Using this technique, atoms

were deposited on the surface in lines with &/2 (294 nm) periodicity and features

with widths down to 20 nm were realised [27].

This work was extended to include chromium [22, 29], where 28 nm wide fea-

tures with periodicity of 213 nm were produced. Further developments lead to the

implementation of interference e!ects from multiple crossed laser beams to deposit

two-dimensional periodic structures [30, 31, 32] with 70 nm resolution. This tech-

nique holds promise for more complex features to be patterned and the first use of

holographic manipulation of the atomic wavefront was observed by Mützel et al. [25].

The application of optical masks for atom lithography requires minimal beam di-

vergence i.e. low atomic transverse velocity [29]. Transverse velocities in the atomic

beam result in an e!ect analogous to spherical aberrations in an optical mask and

the subsequent spread in the focus of the lens results in broadening of the structures

on the surface. Physical apertures have been implemented to reduce the beam diver-

gence, resulting in reduction of the metastable beam flux and extended lithographic

exposure times.
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In practice, to maximise the atom flux, laser cooling is required to collimate the

atomic beam [33], therefore the deposition of these elements relies on the availability

of a closed laser cooling transition. For this reason, direct deposition has only been

extended to beams of aluminium [34], ytterbium [35] and iron [36, 37].

Iron is of particular interest, as nanofabrication of magnetic structures is im-

portant for the development of magnetic memory technology and studies of low

dimensionality magnetism [38]. However fabrication of iron features by direct depo-

sition su!ers from laser cooling issues. The cooling transition in iron is ine$cient

and further work must be done to circumvent this problem. Another limit to the

resolution of direct deposition is the di!usion of atoms across the surface after de-

position [29].

1.2.2 Neutral atom resist lithography

Neutral atom resist lithography has been developed in parallel with experiments in

direct deposition lithography. This technique, depicted in Figure 1.1, is analogous to

conventional optical lithography. A resist is exposed to electronically excited atoms

(such as the metastable states of argon, neon or helium), or a chemically reactive

(cesium) atomic beam through a mask. The atomic beam alters the chemical prop-

erties of the resist layer and a subsequent etching step patterns a device layer on a

substrate. A resist can be chosen to produce positive or negative contrast patterns.

Neutral atom resist lithography has several advantages over direct deposition

schemes. Structures can be produced in a multitude of di!erent materials, and the

fabricator is not limited only to elements that may be laser cooled. Also, resolution

is not limited by the di!usion of deposited material, but primarily by the damage

footprint of the energetic beam and the nature of the resist.

Metastable Noble gas atoms (Ar*, Ne* and He*) are a promising exposure source

for resist exposure lithography. The long-lived (>1s) metastable excited state is far

above the ground state (10-20eV) and subsequently contains su$cient energy to

damage a resist layer. This results in an exposed area with altered wetting prop-

erties. Application of an appropriate wet etching process, results in positive or

negative patterns in the underlying substrate. The neutral charge and compara-

tively low energy of the beam ensures that this damage is highly localized and is

applicable for charge sensitive surfaces. The internal states of these atoms are read-

ily accessible using lasers and therefore o!er atomic centre-of-mass-manipulation via

laser cooling techniques.
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Figure 1.1: The process for producing gold structures on a silicon substrate using
resist atom lithography. A collimated atomic beam is modulated by a proximity
mask or a resonant laser standing wave. The internal energy of atoms in the beam
alters the chemical properties of a resist layer. Resists that become less resistant
to an etchant upon exposure to the beam will produce positive contrast patterning
in the underlying substrate. Resists that become more resistant upon exposure will
produce negative contrast.

The choice of resist layer is critical to the ultimate resolution available using

neutral atom lithographic techniques. Self-assembled monolayers (SAMs) [39] of
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long-chain alkanethiols (CH3(CH2)nSH) o!er the small footprint (" 3Å2) and thick-

ness (" 15Å) required for atom lithography. The sulphur head bonds readily to a

gold substrate and the strong van der Waals interaction between the alkyl chains

results in a uniform, close-packed layer.

Long-chain SAMs demonstrate a substantial change in hydrophobicity upon ex-

posure to metastable beams of Noble gas atoms [24]. Low metastable dosages result

in reduced hydrophobicity and several mechanisms for this are proposed [2]. Firstly,

radicals may be created in the hydrocarbon chain by breaking of C-H bonds. Re-

action with background gas species will result in a polar molecule, thus reducing

the hydrophobicity and resistance to the nano-etching solution. For shorter chains,

defects in the SAM surface may allow metastables to penetrate to the 1.6 eV Au-S

bond. Metastable atoms have enough energy to break this bond and remove the

molecule completely from the surface. A radical may also transfer along the chain

to the C-S bond and remove the alkyl chain.

The first experiments employing neutral atoms as a lithography exposure source

utilised metastable argon to pattern a self-assembled monolayer (SAM) resist on

a gold device layer deposited on a silicon substrate through a physical proximity

mask [24]. Structures of 5 µm pitch were produced with edge resolution of " 100

nm. This work was extended to metastable helium [20, 40, 41] and neon [42, 43]

to produce structures with dimensions less than 100 nm. Cesium has also been

employed as an exposure source with great success [44, 45] as have metastable and

ground state beams of barium [46]. Quite recently, this technique has been applied

to beams of gallium and indium [47].

The obvious extension of this work was to utilise the optical masks of direct

deposition lithography to modulate the atomic beam flux upon the surface. This

was first achieved by Lison et al. [48], whereby a nonanethiole SAM resist on a gold

device layer was exposed to a caesium atomic beam that had been modulated by the

standing-wave with & = 852 nm light. The resulting 120 nm wide line structures were

spaced by &/2. One-dimensional standing waves were used for metastable species

(Ar* [49], Ne* [43] and He* [50]) with sub 100 nm resolution. A two-dimensional

standing-wave has also been implemented to modulate a He* beam [43].
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1.3 Motivation

As with optical lithography methods, the continued advancement of atom lithog-

raphy as a viable nanofabrication technique hinges on further research into resist,

exposure source and mask technology. As stated earlier, a major downfall of atom

lithography lies in the availability of a high flux, UV free exposure source. A pri-

mary aim of this thesis was to provide this source and to utilise it for neutral atom

lithography experiments.

1.3.1 Atom optical atomic beam enhancement

The low ultimate atomic flux and large beam divergence available from thermal

atomic beams have posed significant challenges to the advancement of atom lithog-

raphy as an industrial tool for the mass production of semiconductor devices. The

metastable production e$ciency in a typical metastable atomic beam is" 0.01% [51].

This limits the flux to " 1013 # 1014 atoms sr!1 s!1, resulting in unacceptable expo-

sure times on the order of hours compared to current photolithography exposures

of only a few seconds [4].

The enhancement of atomic beams by increasing the atomic flux and narrowing

of atomic velocity and spatial distributions is of great importance to atom lithog-

raphy. Atom optical elements [18] may be used to manipulate the centre-of-mass

momentum of atoms in the beam. These elements can consist of static magnetic

fields, such as those from multipole magnetic lenses [52], or electromagnetic fields for

laser cooling. Of particular interest to reducing atomic transverse velocities is the

multiple reflection, two-dimensional (2D) optical collimator [53], which utilises two

orthogonal pairs of cooling laser beams to slow the beam in the transverse direction,

e!ectively collimating the atomic beam and increasing metastable atom flux.

The interaction time with the atom optical elements dictates their e!ectiveness,

therefore a slow, longitudinally monochromatic beam is desirable. The Zeeman

slower [54, 55] comprises a laser beam counter-propagating relative to the atom

beam, detuned slightly below the atomic transition frequency. As this beam slows

the atoms, they are Doppler shifted from resonance and so a spatially varying

solenoid is placed co-axial with the atomic beam. The atomic transition is then

Zeeman shifted to maintain resonance with the laser.

During this thesis, a supersonic DC discharge source of metastable neon atoms

was developed [56]. Providing a definitively optimised DC discharge mode for this
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source is important for maximum metastable flux and this was the incentive for

the first direct qualitative comparison of two discharge nozzle types using identical

detectors and source apparatus [57]. Using atom optical elements, the metastable

flux of this beam was enhanced.

Metastable neon (Ne*) was chosen as the exposure source for the work presented

here as it possesses a closed cooling transition at 640.225 nm (see §2.2) that is easily
accessed via a ring dye laser system already available in our laboratory.

The metastable 3P2 state in neon possesses an internal energy " 16 eV above

the ground state. This is three orders of magnitude higher than the kinetic energy

of atoms in a supersonically expanding beam and a variety of devices may be em-

ployed in their detection, such as multi channel position sensitive detectors (PSD’s)

and channeltron electron multipliers (CEM’s). The internal energy of this state is

su$cient to eject electrons from the surfaces of most metals upon impact and the

e$ciency of this ejection is well characterised for Ne* on stainless steel, so a simple

Faraday cup detector may be employed.

1.3.2 Neutral atom beam deflection

The conventional method for generating a metastable rare gas atomic beam, as de-

scribed in §2.4, results in unwanted constituents in the beam. These include ions,

electrons and UV photons produced when metastable atoms de-excite, all of which

result in undesirable e!ects in the lithographic process. UV photons possess enough

internal energy to damage a lithographic resist layer and could be a contributor to

loss of resolution in nano-lithographic features formed by this technique. The re-

moval of charged particle components is easily facilitated via transverse electrostatic

deflection, however the UV component of the beam is significantly more di$cult to

account for and a scheme must be developed to deviate the metastable atom beam

from the UV photons.

Several schemes for neutral atomic beam deflection have been implemented to

date, including deflection via transverse laser cooling [58], focussing of a metastable

helium beam around a physical beam block [59] and deflection of metastable neon

using a two-dimensional magneto-optical molasses (2D MOM)[60].

The use of static magnetic elements to alter the centre-of-mass momentum of

atoms was first demonstrated by Stern and Gerlach [61]. In their seminal experi-

ment, a beam of silver atoms traversing an inhomogeneous magnetic field experi-

enced space quantisation on a detector plate. This separation is a direct demon-
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stration of the intrinsic angular momentum of electrons. The possible orientations

of the atomic magnetic dipole moment results in splitting of the beam into discrete

components.

Rare-earth magnets (REM) made from materials like NeFeB, o!er a large mag-

netic remanence and a susceptibility close to unity. Additionally, they are inex-

pensive and easily sourced. They can be used in the design of multipole magnetic

lenses [62] with very strong magnetic field gradients (" 100 Tm!1), which can exert

considerable force on a neutral atom.

When Friedburg and Paul demonstrated the manipulation of paramagnetic atoms

in a thermal beam using a hexapole magnetic lens [52], an analogy between tradi-

tional ray optics and atom optics was drawn. Quadrupole and octupole magnetic

elements have subsequently been applied to alkali metal atom beams to focus and

guide atoms through an appreciable angle[63, 64], therefore they provide a means

to separate neutral atoms from the undesirable beam constituents. They have the

advantage that they may be applied to a wide variety of atoms and molecules, as

long as a non-zero magnetic moment is present.

A major obstacle to the implementation of multipole lenses for atomic beam

manipulation was the low refractive power of the magnetic elements. Atoms from

a thermal source posses longitudinal velocities of "1000 ms!1 and result in quite

long focal lengths of "1 m. The strong dependence on the spread in longitudinal

velocities in the beam to the focal length (f ( v2) results in an e!ect analogous to

chromatic aberration in conventional optics. Subsequently, a reduction in ‘optical’

quality of the atomic beam is observed. Hence the phase space density of the beam

must be enhanced for magnetic refractive elements to be e!ective [65]. Atom optical

elements provide the means to prepare the atomic beam for the hexapole lens.

An optimised hexapole magnetic guide for metastable neon was a primary goal

of this thesis and this was designed and built based on the work of Hulet et al. [64],

where a series of octupole lenses was used to deflect a thermal lithium beam around

a 90" bend into a magneto-optical trap (MOT). Our apparatus was used to deflect

the Ne* beam from the UV photons in the beam, providing a UV-free exposure

source [66]. The advantage of our apparatus is that the reduced field gradient in

the hexapole results in a tighter focus for atoms than a quadrupole field, resulting

in increased emergent atomic flux density. This technique has not previously been

applied to a Ne* beam.
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1.3.3 Negative resists for atom lithography

An interesting and useful feature of SAMs is that negative patterns have been ob-

served for higher metastable dosages (" 1!1016 atoms cm!2) [67, 68, 69]. An ex-

ample of positive and negative contrast lithographic patterns produced by exposing

a SAM layer through a grid mask is depicted in Figure 1.2 [70]. Negative patterns

are defined as those which produce a negative representation of the mask in the

substrate and positive patterns reproduce the mask features directly.

 

Figure 1.2: AFM images of positive (a) and negative (b) patterns formed by exposing
a SAM layer through a grid mask. The line scans in the inserts of this figure (across
the line represented by the black line in the image) show that for negative patterns,
areas exposed to the atomic beam are more resistant to the etching process. For
positive patterning, the mask features are reproduced directly.

Proposed mechanisms for negative pattern production involve breaking of C-C

bonds in the SAM chain and subsequent cross-linking of the fragmented molecules.

Background mechanical pump oil (MPO) deposited on the sample in the presence of

the atomic beam may also produce a durable carbon-based contamination resist [45]

by cross-linking with fragmented SAM molecules, or in the case of samples with no

SAMs present, with one another to form long, durable hydrocarbon chains on the

surface. In all these cases, the hydrophobicity of the exposed surface is increased,

thus negative contrast patterns are produced upon etching. Figure 1.2 shows an

example of negative and positive pattern contrast in gold patterns produced in pre-

vious work [70].
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Investigations into alternative resists and the mechanisms for damage of self-

assembled monolayer by metastable atoms are vital for the development of the

technique and this provided the impetus for a comparison of the performance of

ethanethiol (ET) and dodecanethiol (DDT) resists on gold layers and these resists

were compared with contamination resists formed on gold in the presence of mechan-

ical pump oil (MPO). Investigations into the critical metastable dosage required for

rapid negative resist formation were performed. Initial investigations into the for-

mation of lithographic patterns using ET as a resist were non-qualitative [71] and

it was an aim of this work to provide a quantitative measure of the wetting proper-

ties of exposed SAMs and thus provide a definitive mechanism for negative pattern

formation using ET and to explain the poor apparent pattern contrast.

The results of the contamination atom lithography work and the di$culties as-

sociated with direct deposition for iron nanofabrication provided stimulus for the

first production of iron structures via neutral atom resist lithography [72].

1.4 Thesis structure

The structure of this thesis is as follows. The theory of supersonic DC discharge

sources is provided in Chapter 2 and a novel supersonic metastable neon DC dis-

charge source with three dimensional control over the discharge geometry is pre-

sented. The first results of a quantitative comparison of two di!erent source designs

is also presented in this chapter.

Chapter 3 details the damage mechanisms for self-assembled monolayers exposed

to metastable atoms and presents the findings of a performance comparison be-

tween short (ethanethiol) and long (dodecanethiol) chain alkanethiol monolayers.

The formation of carbonaceous contamination resists for the production of negative

contrast lithographic patterning is discussed and the importance of the background

mechanical pump oil partial pressure on the metastable dosages required is pre-

sented. Positive and negative patterns on Au/Si substrates produced by neutral

atom lithography using self-assembled monolayers of ethanethiol and dodecanethiol

and MPO contamination resists on bare Au are presented.

Negative contamination resists are used to pattern iron dots for the first time

using metastable neon resist lithography and the results of this proof-of-principle

experiment are provided in Chapter 4. These results hold promise for further minia-

turisation, although further enhancement of the phase space density of the thermal
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beam is required.

Chapter 5 reviews the theory of atom optical centre-of mass manipulation of

neutral atoms. These theories are used for simulations of atom optical elements

that we have incorporated into our metastable neon beam to enhance the flux and

increase the phase space density. Atom optical beam enhancement experiments are

presented in this chapter and a novel approach to the problem of producing a pure,

UV free monochromatic beam of pure metastable neon atoms for atom lithography,

employing a hexapole magnetic guide, is presented.

The final chapter provides a summary of the findings of this work and future

experiments that are intended for this apparatus.



Chapter 2

Metastable atomic beam source

2.1 Introduction

Supersonic metastable atomic and molecular beams sources, with their relatively

narrow spread in longitudinal velocity, have become integral components for the

study of atomic and molecular dynamics [73], surface science [74, 75] and were piv-

otal in the development of laser cooling [76, 77] and atomic spectroscopy [78, 79, 77].

They are of particular interest as exposure sources for atom lithography [21, 22].

The predominant method for producing metastable atoms is via excitation by

electrons generated in the plasma of a DC discharge and most designs are based on

the work of Searcy [80]. As the ground state atoms expand supersonically through

the source aperture, a discharge is struck co-axially with the ground state beam be-

tween a cathode pin and an anode as depicted in Figure 2.1. Atomic collisions with

the discharge electrons result in transition to an excited state. Since the excitation is

to an energy level that is not accessible by direct absorption of a photon, relaxation

from this state to the ground state via a single photon process is forbidden by the

electric dipole selection rules.

DC discharge sources have many advantages over other forms of excitation such

as electron beam bombardment, charge transfer and optical pumping [51]. The

source is easy to construct and has a relatively high flux of 1013#1015 atoms sr!1s!1

although the e$ciency of this type of excitation is lower at around 0.01%.

The main channel for de-excitation from this state are collisions with other gas

atoms and surfaces. These collisions result in Penning ionisation and this produces

secondary electrons. UV photons up to 16 eV in energy are also produced by colli-

sional de-excitation of the metastable atoms. Both of these products are undesirable

for atom lithography. Therefore, a high vacuum environment is necessary for trans-

port of the metastables from the source to the interaction region.

15
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To reduce exposure times for atom lithography, a high flux beam is required.

For this reason, a DC discharge source was the apparatus of choice for this work.

Two fundamental designs exist for production of metastable atoms via DC discharge

based on the work of Fahey et al. [81] (type 1 source) and the design of Kawanaka

et al. [82] (type 2 source) and these are depicted in Figure 2.1. The performance of

these two sources are compared directly for the first time in §2.7. In both source

designs, atoms expand supersonically through a nozzle aperture (typically around

350 µm in diameter) from a liquid nitrogen cooled source reservoir at " 1#100 Torr

into a lower pressure region at " 10!5 # 10!4 Torr and the beam is collimated via

a skimmer placed at an optimum distance from the nozzle aperture. A discharge

is struck between a cathode and an anode to excite the atoms into the metastable

state.

The di!erence between the two designs lies in the excitation region. The type

1 source has an electrically insulating nozzle, made from boron nitride, and the

discharge is struck between the cathode and a metallic skimmer maintained at a

positive potential. The main region of excitation is outside the nozzle aperture in

the region marked (a) in Figure 2.1. The type 2 source utilises a metallic nozzle

and the discharge is struck between the cathode and the inside of the nozzle. The

discharge region is therefore behind the nozzle, marked (b) in Figure 2.1.

This chapter provides an introduction to metastable neon, the nature of the

supersonic expansion and the dynamics of the DC discharge. The design and opera-

tion of a high flux metastable Ne* and Ar* atomic beam source with 3 dimensional

translation is detailed and results of the first direct comparison of two discharge

nozzle types is presented.

2.2 Metastable neon

Neon is a Noble gas with a closed ground state electron shell configuration of

1s22s22p6. The LS coupling scheme [83] accurately describes the coupling of the

total electron orbital momentum (L =
!

li) and total spin angular momentum

(s =
!

si) such that the total angular momentum J = L + S. The ground state

energy configuration, in LS coupling notation (n(2S+1)LJ), where n is the principal

quantum number), is 1S0.

Excitation of a valence electron to the next shell results in an electron config-

uration of 1s22s22p53s1. The spatial separation of the 2p5 core and the 3s orbital
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Figure 2.1: Schematic of the DC discharge source. The region marked a) is the
discharge region for the type 1 nozzle and b) is the discharge region for the type 2
nozzle.

is large relative to the core electron separation and subsequently the electrostatic

interactions between the core and valence electron are reduced. The spin and orbital

angular momenta of the valence electron and the core electrons do not couple di-

rectly, and the LS coupling scheme no longer accurately evaluates the energy levels.

The core is well LS coupled, however, and therefore the total angular momentum,

Jcore, can be evaluated. The orbital angular momentum of the valence electron, lv,

can be coupled to Jcore to form K = Jcore + lv. Finally the spin angular momen-

tum, sv, of the 3s electron is coupled to K to give the total angular momentum

Jtot = K + sv. This more accurate representation of the first excited state of neon

is known as J # l coupling and is described by the nomenclature

(2S+1LJ)corenvlv[K]Jtot (2.1)

where nv is the principal quantum number of the valence electron. More conve-

niently, the state can be represented by the LS coupling notation (2S!+1)LJtot , where

S & = S + sv. The coupling of the 2p hole with the 3s electron in neon produces

singlet (1P1) and triplet states (3P2,3P1 and 3P0), shown in Figure 2.2 [84]. It is

noted in this figure that the energies of the triplet states are inverted from those in
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electron-electron coupling. The internal energy of the 3P2 state is 16.6 eV.
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Figure 2.2: Energy level diagram for neon. The closed laser cooling transition at
640.225 nm is between the 3P2 and 3D3 energy levels.

Spin orbit coupling mixes the 3P1 and 1P1 states [85], resulting in a decay chan-

nel to the 1S0 (J=0) state via an electric-dipole transition. The 3P0 state (J=0) is

forbidden to decay to ground state via this process by the selection rules [83] and

the only channels for decay are to the 3P1 state via a magnetic-dipole transition or

to the 3P2 via a electric-quadrupole transition. Electric-dipole transitions from the
3P2 state to the ground state are also forbidden and the only decay channel is via a

magnetic-multipole transition. The probability of these transitions are low, so the
3P0 and 3P2 states have relatively long lifetimes and for neon, the lifetime is 14.73

s [86]. These states are termed ‘metastable’ and are described by the shorthand Ne*

for the remainder of this thesis.
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Excitation of a valence electron into the second excited state gives rise to an elec-

tron configuration of 1s22s22p53p1. The coupling of the 2p hole with the 3p electron

results in a similar inverted echelon of triplet (3D3, 3D2 and 3D1) and singlet (1D1)

states, as shown in Figure 2.2. An electric-dipole transition is allowed between the

metastable 3P2 state (J=2) and the 3D3 (J=3) state. The only allowed electric-

dipole decay transition is to the 3P2 state and therefore the 3P2 $3D3 transition

is closed. Multiple photon scattering events may then occur between these states

without loss of metastable atoms via decay to the ground state. This is important

if the atomic beam is to be manipulated via laser cooling techniques. The majority

of the work contained in this thesis employs metastable atoms in the 3P2 excited

state and laser cooling experiments in our beam enhancement apparatus use the
3P2 $3D3 closed transition. Table 2.1 outlines the parameters of these states.

Quantity Symbol Value

Atomic mass m 3.32! 10!26 kg
3P2 internal energy E 16.62 eV
3P2 lifetime E 14.73 s
3P2$3D3 wavelength & 640.40 nm

Transition linewidth # 8.20(2#)MHz

Transition lifetime ( = 1/# 19.42 ns

Saturation intensity Is 4.08 mW cm!2

Capture limit Tc 70.80 mK

Doppler limit TD 203.29µK

Recoil limit Tr 2.335µK

Table 2.1: Parameters for the 3P2 metastable state and the 3P2$3D3 closed cooling
transition in 20Ne.

2.3 Atomic beam expansion

Generally, an atomic beam source consists of a thermal reservoir of atoms at temper-

ature T0 and pressure P0, expanding through a small aperture into a region of lower

pressure P . The expansion results in reduced beam temperature T . The geometry

of the aperture, the pressure gradient across the aperture and the initial temperature
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of the reservoir are the primary factors that decide the thermodynamic properties

of the expansion. Atomic and molecular beams are divided into two regimes that

depend on the nature of the expansion: the low velocity e!usive source with a broad

longitudinal velocity profile or the supersonic source were conservation of energy

and enthalpy considerations result in a narrowing of the velocity distribution.

2.3.1 E!usive sources

Consider a reservoir of atoms in a volume of gas at temperature T0. From ki-

netic theory, the probability distribution of the velocity of the atoms will obey the

Maxwell-Boltzmann law

P (v) =
4&
#

1

%3
v2exp

"
#v2/%2

#
(2.2)

where

% =
$

2kBT0/m (2.3)

and m is the mass of the particle, v is the velocity of the particle and kB is Boltz-

mann’s constant.

The local speed of sound in this reservoir for a monatomic gas is given by

c0 =

%
5kBT0

3m
(2.4)

If we consider only relative numbers of atoms in a given distribution, equation 2.2

becomes

P (v) = N0v
2exp

&
# v2

6
5c0

2

'
(2.5)

It is observed from this equation that the local speed of sound is dependent on the

reservoir temperature hence the spread of the velocity distribution is also a function

of this temperature.

Consider atoms expanding from this reservoir through a small aperture of area

Aap and diameter D into an area of low pressure. The mean free path of the atoms
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&0 is given by

&0 =
1&
2n)

(2.6)

where n is the number density of the atoms behind the aperture, and ) is the e!ective

collision cross-section of the atoms. If the mean free path of the atoms satisfies the

condition

&0 ) D (2.7)

the number of collisions within the aperture approaches zero. If we assume that the

spatial and velocity distribution of the atoms in the reservoir are not changed during

the expansion and the trajectory of atoms are not altered upon collision with the

aperture, then the number of atoms dQ in a solid angle d* traversing the aperture

at an angle ! relative to the aperture is given by [87]

dQ = (d*/4#)nv̄ cos !Aap (2.8)

where v̄ is the average velocity of atoms in the reservoir. Since &0 increases with lower

pressures, this distribution is characteristic of e!usive expansion from a low pressure

reservoir across a comparatively low pressure gradient to the expansion region. If

we consider atoms leaving the reservoir and forming an atomic beam, it is observed

from equation 2.8 that the probability distribution is proportional to the velocity

of the atoms as they traverse the aperture. This weights the longitudinal Maxwell-

Boltzmann distribution of equation 2.5 in favour of atoms with larger velocity and

the velocity distribution for atoms in the beam becomes

Pb(v) = Nbv
3exp

&
# v2

6
5c0

2

'
(2.9)

where Nb is the re-normalised atom number.

2.3.2 Supersonic sources

Consider a reservoir at a relatively higher pressure compared to the low pressure

after the aperture. The mean free path &0 is decreased such that

&0 * D (2.10)
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In this case, there will be many collisions between the gas atoms as they escape

through the aperture and the approximations made in equation 2.8 are no longer

valid. The behaviour of the expansion is no longer e!usive and the velocity distri-

bution of the beam is supersonic in nature. The dynamics of this expansion are not

simply described by conservation of internal energy U of the gas, as work W = PV

(P and V are the pressure and volume of the gas respectively) is produced in the

expansion of the gas across the pressure gradient, so we must consider the enthalpy

of the system. In the adiabatic limit, the gas flow across the aperture is described

by considering the conservation of the sum of the enthalpy H and kinetic energy of

the atoms traversing the aperture. The rest enthalpy H of the expanding beam is

given by

H = U + PV (2.11)

The atoms in the reservoir reach a stagnation enthalpyH0 and as a result of collisions

in the expansion, some of the enthalpy is converted into the kinetic energy of the

atoms in the beam, therefore

H0 = H +
1

2
mu2 (2.12)

where u is the longitudinal velocity of the atoms. The rest enthalpy continues to

be converted to longitudinal kinetic energy of the atomic beam until the expansion

of the gas cools the atoms su$ciently that the number of collisions are reduced to

a critical level. When this occurs, the mean longitudinal velocity of the supersonic

beam reaches a maximum and enthalpy is no longer converted and the gas flow

enters the molecular flow regime.

The enthalpy can be expressed in terms of the specific heat capacity and temperature

of the ideal monatomic gas as H = CpT , where Cp is the specific heat capacity at

constant pressure. The conservation relationship in equation 2.12 then becomes

CpT0 = CpT +
1

2
mu2 (2.13)

A convenient factor for quantifying the supersonic expansion is the Mach number
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M . It is defined as the ratio of the mean velocity of the atoms in the beam to the

local speed of sound.

M =
u

c
(2.14)

where

c =
$

"kBT/m (2.15)

and " = Cp/Cv = 5/3 for an ideal, monatomic gas, where Cv is the specific heat

capacity at constant volume. We can relate the Mach number to the temperature

of the reservoir T0 and beam temperature T from equations 2.13 and 2.15

T = T0

(
1 +

1

2
(" # 1)M2

)!1

(2.16)

If we substitute this into equation 2.13 we get a relationship that relates the Mach

number and the reservoir temperature to the kinetic energy of atoms in the beam

1

2
mu2 = CpT0

(
1# 1

1 + 1
2 (" # 1)M2

)
(2.17)

The second term in this equation is the enthalpy of the beam and includes the

random thermal energy 3/2kBT , and the energy stored in the gas kBT at temper-

ature T . Therefore as the Mach number increases, these factors decrease and the

kinetic energy of the beam increases. The temperature of the beam is then lower

than the reservoir temperature T0.

The velocity distribution in equation 2.9 is modified for the supersonic beam as

follows

Ps(v) = Nsv
3exp

&
#(v # u)2

6
5c0

2

'
(2.18)

substituting equation 2.14

Ps(v) = Nsv
3exp

&
#(v #Mc)2

6
5c0

2

'
(2.19)
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Figure 2.3: Velocity distributions for neon atoms expanding from a 300 K source
reservoir. E!usive (Mach number 0 and 0.5) and supersonic (M=1, 5 and 10) sources
are shown with the corresponding Maxwell Boltzmann distribution. Significant nar-
rowing of the velocity distribution is observed for large Mach numbers.

The local speed of sound is also decreased with increasing Mach number. The

velocity distribution is therefore narrowed as demonstrated by inspection of equation

2.19. Figure 2.3 shows this relationship for e!usive (M < 1) and supersonic (M > 1)

beams and shows the significant narrowing of the velocity distribution with increased

Mach number and mean atomic longitudinal velocity. The velocity distribution is a

function only of the reservoir temperature and the Mach number.

To describe the supersonic flow completely, we must consider the balance of two

mechanisms in the expansion. The Mach number is a function of the distance L

from the source nozzle given by [88]

M = 3.2(L/D)2/3 (2.20)

The Mach number will continue to increase with distance from the nozzle, re-

sulting in lower density and temperature. This reduces the collision rate to a critical
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Figure 2.4: Supersonic expansion from an atomic beam source at stagnation pressure
P0 and reservoir temperature T0 into a region with lower background pressure P .
The atoms can be exacted from the zone of silence’ region using a skimmer placed
just inside the Mach disk.

value and no further cooling of the beam via the relationship in equation 2.13 can

occur. The Mach number reaches a terminal value at this point given by the ex-

pression [88]

MT = 2.05(+D/&0)
0.4 (2.21)

where + is the atomic collision e!ectiveness coe$cient.

Figure 2.4 depicts the supersonic flow regime. As the atoms expand isentropi-

cally from the source reservoir through the nozzle aperture, they are travelling faster

than the local speed of sound in the expansion chamber. This is faster than the in-

teractions between atoms can propagate, therefore they are immune to the e!ect of

the background pressure in this region. For this reason, the Mach number continues

to increase and the gas flow is ‘underexpanded’ i.e. at a greater pressure than the

background pressure P . To meet the boundary conditions imposed by the back-

ground pressure, the expansion continues and a region termed the ‘zone of silence’

is formed.
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The zone of silence extends until the density and temperature gradients between

the background and the expansion are so great that the beam is ‘overexpanded’.

Barrel shockwaves will form at the edges of the beam and shockwaves will also

begin at a longitudinal distance [88]

x = 0.67D(P0/P )1/2 (2.22)

in a region termed the Mach disc. These shockwaves re-compress the beam and

reduce the beam velocity to subsonic values.

Supersonic beam skimmer

The region after the Mach disc is highly non-isentropic, with large temperature,

density and pressure gradients. It is possible to extract the beam from the supersonic

zone of silence to avoid this turbulent region. A conical ‘skimmer’ can be placed

within the zone of silence just upstream from the Mach disk at a distance greater

than Mt, as depicted in Figure 2.4. This skimmer extracts the centre of the flow

into a region of lower pressure, avoiding the large pressure gradient and shockwaves

at the front of the expansion. It also acts as an aperture to collimate the expanding

beam. It has an aperture that should be large enough to allow a significant fraction

of the beam to transmit, but small enough to leave the low pressure region after the

skimmer unperturbed.

The major advantage of a skimmer is that the shockwaves are formed in well-

defined regions on the skimmer and the design may be tailored to reduce any shock

zone near the aperture. Significant volumes of work are dedicated to optimised

skimmer design [89, 90] and these experiments have shown that the optimised inner

and outer angles of the skimmer are 45 and 55" respectively (see Figure 2.10).

The skimmer position is an important experimental consideration [91, 92]. In

addition to the requirement that it needs to be placed in the zone of silence, it is

advantageous to place the skimmer at a maximum distance from the nozzle aperture.

This maximises the cooling e!ect of the expansion. In this work, the skimmer is also

to be used as an anode in a DC discharge source (see §2.5) and the distance from

the skimmer to the discharge cathode is critical to the discharge characteristics and

ultimately the performance of the source.

For low expansion chamber pressures (P < 1! 10!4Torr), as is the case in this



2.4. DC DISCHARGE REGIMES 27

experiment, the position of the skimmer is not as critical as for the case with large

expansion chamber pressure. The pressure di!erential across the nozzle is quite

large and the beam is expanding into a comparatively low pressure region. The

beam therefore equalises with the background gas quite easily and the shockwaves

are minimised [51]. A skimmer is still employed in this experiment, to collimate the

beam and to act as an anode for the DC discharge and the position of the skimmer is

predominantly optimised for these factors. The design parameters for the skimmer

are detailed in §2.5.2.

2.4 DC discharge regimes

The voltage required for initiation of the discharge by gas breakdown is found to be

a function of the gas pressure P and the distance between the cathode and anode

by Paschen’s Law [51]

Vb =
BPd

ln (APd)# ln (ln (1/"T ))
(2.23)

where A and B are empirical constants and "T is Townsend’s second ionisation

coe$cient, describing the number of secondary electrons emitted per ionic impact

with the cathode. The optimised breakdown condition is when a minimum in this

function (the Paschen curves) is encountered. This is because a lower breakdown

voltage results in less heating of the cathode, producing in a cooler discharge. Figure

2.5 depicts the Paschen curves for Ar, Ne and air.

The voltage/current characteristics of the discharge fall into three main regimes.

These are shown in Figure 2.6. The dark discharge region is invisible, as the electric

field between the electrodes is not of su$cient magnitude to accelerate the discharge

electrons to energies where they will excite the gas atoms into an excited state and

emit a photon. The energy of the electrons is too low to maintain ionisation of the

gas and the discharge current is produced by breakdown of the gas via background

ionising radiation. The discharge in this region is discontinuous.

As the voltage supply is increased, the discharge electrons gain su$cient energy

to ionise the gas atoms and the current increases exponentially into the Townsend

regime. Above a threshold value of breakdown voltage, secondary electrons are

emitted from the cathode via impacts with the ionised gas atoms and the discharge

enters a region of continuous breakdown and Paschen’s Law described in equation
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Figure 2.5: Paschen curves describe the breakdown voltage for Ne, Ar and air as a
function of cathode-anode distance [1].

2.23 governs the discharge characteristics. A high voltage is required to supply a

small current, resulting in low metastable production e$ciency.

Increasing the discharge voltage accelerates electrons to energies where they may

excite optical transitions in atoms and may also excite gas atoms into metastable

states via inelastic collisions. This region is termed the ‘glow regime’, so called

for the formation of a glowing plasma under these discharge conditions. The glow

regime extends at constant breakdown voltage for a large range of discharge cur-

rents (" 10!4 to 1 A) and metastable production is optimised for a given discharge

current. The metastable yield will be a function of increasing discharge current.

The resistance across the discharge is also minimised and subsequent heating of the

atoms is reduced. This is the ideal operating regime for production of a metastable

atomic beam and sources operating in this regime are termed ‘cold cathode’ sources.

The voltage and current characteristics of the source designed and built for these

experiments are optimised to operate in this regime.

If the discharge current is increased beyond the glow regime, large scale ionisa-

tion of the source gas atoms occurs and a high voltage is required to maintain the
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Figure 2.6: Voltage and current characteristics for a DC discharge [1].

discharge. This regime is termed an ‘arc’ discharge. An avalanche of charged parti-

cles are produced in the discharge and electrons are emitted thermionically from the

discharge electrodes. The current then increases as the voltage is reduced. Sources

operating under these conditions are termed ‘hot cathode’ sources. This regime will

produce a large flux of UV and charged particles which are unwanted constituents

for an exposure source for atom lithography.

2.5 Metastable neon DC discharge source

A supersonic metastable neon DC discharge source was designed and built consid-

ering the parameters outlined in the previous sections. The flux of this source was

found to be considerably higher than previous designs and has the added novelty

of 3D in vacuo translation. This enables precise control over the discharge geom-

etry for optimisation of the metastable flux. This section details the experimental

apparatus, source design and characterisation apparatus.
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2.5.1 Metastable atomic beam system overview

The supersonic metastable atomic beam apparatus is shown schematically in Figure

2.7. The DC discharge source is mounted on a 6” flat-faced flange. The source

chamber has a flexible bellows with an oversized flange attached to the rear end

of it. A vacuum seal is made via a Viton o-ring between the source 6” flange and

the oversized flange of the bellows. Four micrometers attached to the oversized

flange provide 2D translation of the source in the plane perpendicular to the atomic

beam propagation direction by actioning against the source 6” flange. Longitudinal

adjustment of the source is provided by a further four micrometers attached to

the 6” flange on the other end of the bellows. These push on the oversized flange

and compress or extend the bellows to adjust the longitudinal position of the source

within the source chamber, as depicted in Figure 2.8(a). Details of the source design

are provided in §2.5.2.

The stainless steel source chamber, depicted in Figure 2.8(b), provides the low

pressure expansion environment for the source. It is pumped by an Edwards 700

ls!1 oil di!usion pump using Santovac 5 di!usion pump oil. The di!usion pump

is backed by a Leybold Heraeus D253/WS 12 m3hr!1 mechanical rotary pump. A

foreline trap (Edwards FL20K) is located between the di!usion pump and the back-

ing pump to limit back-streaming of mechanical pump oil vapour into the chamber.

The di!usion pump can be isolated from the source chamber by a pneumatic swing

valve. The pressure in the source chamber is monitored by a full range Bayard-

Alpert (BA) pressure gauge (Pfei!er PBR260) attached to a feedthrough located

near the source nozzle. A liquid nitrogen dewar is attached to the top of the source

chamber to provide cooling for the source (see §2.5.2).
The outlet 6” flange of the source chamber provides an attachment for the skim-

mer aperture assembly (see Figure 2.8(b)). The skimmer provides a di!erential

pumping aperture, collimates the atomic beam and provides an anode for the source

discharge. The anode voltage is provided through an electrical feedthrough. Atoms

expand supersonically into the experiment chambers through the skimmer aperture.

A small 6-way cross chamber is attached to the source chamber. This chamber

contains electrostatic deflectors to remove the charged particles component of the

beam. A pneumatic gate valve separates this chamber from the sample chamber.

This enables the source chamber to be isolated so that the sample chamber can be

brought to atmospheric pressure and lithography samples can be placed into the

chamber while maintaining high vacuum in the source chamber.
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The sample chamber houses the rotating lithography sample mount with a built-

in Faraday cup (see §3.4.3) and the chopper wheel for the time-of-flight experiments

(see §2.6.1). It is pumped by a 500 ls!1 turbo pump (Pfeier-Balzers TPH520),

backed by an Edwards E23M-12 12 m3hr!1 mechanical rotary pump. The sample

chamber pressure is monitored by a BA pressure gauge (Pfei!er PBR260). A flight-

tube leads to the detection chamber that houses the position sensitive detectors for

the time-of-flight experiments.

2.5.2 Source design and operation

The geometry of the discharge region is critical to the metastable flux available from

a DC discharge atomic beam source [90] and the metastable flux is a function of

the nozzle to skimmer distance for the boron nitride nozzle type 1 source [81, 56].

The design for this source is based on the previous work of Fahey et al. [81] and

Kawanaka et al. [82] and it also in-cooperates 3D translation of the source nozzle

relative to the skimmer. The source is cooled by a liquid nitrogen reservoir to ensure

the longitudinal velocity of the atomic beam is minimised. A schematic of the source

assembly is shown in Figure 2.9 and a detailed view of the nozzle region is shown in

Figure 2.10.

The liquid nitrogen reservoir of the source is constructed from two concentric

stainless steel tubes. The space between the inner and outer tubes is gravity-fed

with liquid nitrogen from a source dewar located on top of the source chamber. The

level of the liquid nitrogen in the source dewar is controlled by an automated filling

system [93]. LED temperature sensors are located inside the dewar at the full and

empty levels (see Figure 2.9). At liquid nitrogen temperature the forward bias of

the LED’s increases from 2.5 to 8 V. When both sensors are at 2.5 V (the dewar is

empty), a logic circuit directs a solenoid valve to allow compressed air into a 50 litre

supply dewar connected to the source dewar. This drives liquid nitrogen into the

source dewar until both sensors read 8 V (both sensors are covered and the dewar

is full).

The inner tube provides the inlet reservoir for the source gas. Gas enters this

region via an inlet KF25 flange at the rear of the tube and is cooled by contact

with the walls of the liquid nitrogen reservoir. A Pyrex tube is located coaxially

inside the reservoir. The outlet end of the tube tapers down to a 1.5 mm hole.

The back end of the tube is attached with TorrSealTM to a stainless steel T-piece

with a KF25 flange on the side. This flange is connected to an Pfei!er-Balzers 12
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Figure 2.9: Schematic of the 3D translating Ne* source assembly with the liquid
nitrogen source dewar.

m3hr!1 rotary backing pump which evacuates excess gas from the discharge region

through the Pyrex tube and maintains the required stagnation pressure in the gas

reservoir behind the source nozzle. A KF16 flange is attached at the rear of the

T-piece to provide a feedthrough for the high voltage cathode.

The source cathode is mounted concentrically inside the Pyrex tube. The cath-

ode consists of a stainless steel rod attached to a high voltage BNC vacuum feedthrough

(KF16). This feedthrough is sealed to the T-piece with a Viton o-ring. A sharpened

cathode tip is attached to the end of the cathode rod. The taper of the tip is tailored

to fit the inside of the Pyrex tube with enough space to allow e$cient backing of

the source, while minimising the distance from the cathode tip to the 1.5 mm exit

hole in the Pyrex tube. The cathode rod is electrically insulated with heatshrink to

within 6 mm of the cathode tip to ensure that the preferred direction of discharge

is forward to the skimmer.
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Figure 2.10: Schematic of the source assembly. Optimised inner and outer angles
were used for the skimmer.



36 CHAPTER 2. NE* BEAM SOURCE

The nozzle assembly and skimmer is depicted schematically in Figure 2.10. The

nozzle is made from either boron nitride (type 1) or stainless steel (type 2) depend-

ing on the required excitation scheme (see §2.7). It has a 350 µm diameter and

250 µm deep aperture at the front end and is attached to the front of the liquid

nitrogen reservoir via a Viton o-ring and aluminium ring to provide good thermal

contact with the reservoir. This cools the nozzle to "130 K. The thermal energy of

gas atoms that collide with the cooled nozzle and liquid nitrogen reservoir will be

reduced.

To further ensure that the source gas is in maximum contact with the liquid

nitrogen reservoir, a Teflon spacer with a spiral groove milled into its outer wall is

placed around the end of the Pyrex tube. The spacer fits firmly inside the nozzle

and the source gas is forced through the cavity formed between the liquid nitrogen

reservoir and the spiral groove to the reservoir behind the nozzle. The spacer also

proves electrical insulation from discharge between the cathode and the liquid ni-

trogen reservoir.

The brass conical skimmer is located 5-10 mm from the nozzle. It has a 1.5 mm

aperture to collimate the atomic beam and this aperture acts as a boundary to en-

able di!erential pumping between the source chamber and the sample chamber. A

copper gasket provides a means to mount the skimmer assembly onto the 6” flange

at the exit of the source chamber and provides the vacuum seal between the source

chamber and the following vacuum chamber. The inner and outer angle of the skim-

mer cone are optimised at 45 and 55" respectively [89, 90]. A vacuum feedthrough

provides an electrical connection to the skimmer which enables the skimmer to be

maintained at a positive potential, assisting in the initiation of the DC discharge in

the case of the type 1 boron nitride nozzle.

The DC discharge is initiated as follows. Neon or Argon gas from a cylinder is

leaked into the inlet KF25 flange via teflon tubing gas lines through a Granville-

Phillips 203019 variable leak valve. The pressure at the inlet is monitored with a

MKS 122A Baratron pressure gauge and is typically " 760Torr while the source is

operating. The stagnation pressure behind the nozzle is then typically " 1#10Torr

during operation. The gas travels through the source and expands into the source

chamber via the nozzle. The background pressure of the source chamber is typically

"2!10!7Torr, rising to "1!10!4Torr while the source is operating.

Once the gas pressure is equalised, the discharge is struck via a 0-2 kV constant

current supply (5-25 mA) attached to the high voltage feedthrough at the end of the
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cathode. The voltage required to maintain the discharge is typically -450 V. The

optimum operating current was found to be 15 mA. From time-of-flight measure-

ments (see §2.6.1), it was discovered that operating the source at higher current,

whilst it provided greater metastable flux, increased the most probable velocity of

the atomic beam due to excess heating of the atoms in the discharge. While using

the type 1 insulating nozzle, a 1200 V positive bias is applied to the skimmer to

initiate and maintain the discharge.

2.6 Beam detection and characterization appara-

tus

The metastable 3P2 state in neon possesses an internal energy " 16 eV above the

ground state. This is three orders of magnitude higher than the kinetic energy of

atoms in a supersonically expanding beam and a variety of devices may be employed

in their detection, such as multi channel position sensitive detectors (PSD’s) and

channeltron electron multipliers (CEM’s). The internal energy of this state is su$-

cient to eject electrons from the surfaces of most metals upon impact.

For characterisation of the Ne* atomic beam, we have employed two primary

detection systems. A Faraday cup detector system is implemented to measure the

ejected electron current, which is proportional to the Ne* flux. The spatial distribu-

tion of atoms in the beam can be measured by scanning a thin-wire using the same

principle. From the absolute flux and the spatial distribution, the beam divergence

and brightness can be quantified.

The longitudinal velocity distribution of the beam is an important experimental

parameter. To quantify this experimentally, a time-of-flight apparatus has been con-

structed using a mechanical chopper and position sensitive detector configuration.

The design and operation of these detection systems are detailed in the following

section.

2.6.1 Time-of-flight apparatus

The technique employed in this work for determining the longitudinal velocity dis-

tribution of Ne* atoms from the source involves time-of-flight (TOF) analysis. This

was performed using a mechanical chopper in conjunction with a PSD and multi-

channel scaler (MCS) as depicted in Figure 2.11.
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Figure 2.11: Schematic of the time-of-flight apparatus. A mechanical chopper pro-
duces a pulsed atomic beam, spread longitudinally due to the velocity distribution
spread. This pulse is detected by a multi-channel plate detector and processed with
a multi-channel scaler that is triggered for acquisition by and opto-electronic switch.
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Atoms from the source propagate to a mechanical chopper wheel in the sample

chamber. This consists of a 100 mm diameter aluminium disc with a 5!0.5mm slit

cut radially into the outer diameter. This wheel is driven at 90 Hz by a small DC

motor. An alignment plate with a similar slit is positioned after the wheel. When

the two slits align, a pulse of atoms is transmitted. An opto-electronic switch (opto)

is positioned on the plate such that it is triggered by the slit in the wheel a short

time before the slits align to transmit the atom pulse. The output signal from the

opto, after pulse shaping, is used as a gating signal for the detection electronics.

The opto signal is also used as a feedback signal to monitor and control the speed of

the chopper wheel, as variations in the speed of rotation leads to noise in the TOF

spectrum.

After the atom pulse traverses the slit, it spreads temporally due to the Maxwell-

Boltzmann velocity distribution of the beam. Atom pulses are measured in a de-

tector chamber by a 25 mm diameter PSD detector (Quantar Technology 3300). A

CEM would su$ce for the detection, however the PSD’s were conveniently available

and easy to integrate into the experiment. The detector is located 520 mm down-

stream from the chopper slit at the end of a flight tube. The time of detection of

the atoms is dependent on their velocity. The PSD detector consists of three 25 mm

multi-channel plates (MCP’s) in series, followed by a resistive detector anode. A 3

kV potential is applied across the plates. Secondary electrons are emitted when a

photon or energetic metastable atom impacts on the first plate via the photoelectric

e!ect and Penning ionisation respectively. A potential di!erence is then created

between the front and back plates. This plate emits a charge packet that is dis-

tributed on the resistive anode which di!uses to four anodes located at the corners

of the detector. The magnitude of the charge reaching each of the four anodes is

proportional to the proximity of the original impact on the plates. Position analyser

electronics transform the four relative charge densities to a position on the PSD’s

in a 400 ! 400 array. Each impact on the PSD’s is registered and a count rate is

assigned.

The signal from the detector is sent to a multi-channel scaler (MCS) (Norland

5700) which is triggered for acquisition by the opto switch. The MCS accumulates

counts into 1024 10 µs channels of arrival time and therefore a TOF spectrum of the

atoms is built up over many rotations of the chopper wheel. It is convenient that

the chopper wheel transmits the UV component of the beam and that the detec-

tor is sensitive to these photons, as their detection defines t=0 in the time-of-flight
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spectrum. A typical time-of-flight spectrum for Ne* atoms at liquid nitrogen tem-

perature under typical source operating parameters is depicted in Figure 2.12(top).

The velocity distribution of the atoms can be determined by an appropriate linear

transformation and this is shown in Figure 2.12(bottom).

2.6.2 Faraday plate and thin wire detectors

With the high flux of the full (un-chopped) atomic beam utilised in these experi-

ments, the PSD’s were saturated and a reliable measurement of the spatial profile

and absolute flux of the beam could not be determined using this apparatus.

The internal energy of the metastable state is liberated via secondary electron

emission upon impact with a metallic surface. Measurement of the associated elec-

tron current is a convenient method for the detection of metastable atoms. This is

facilitated by employing a metal Faraday cup detector for flux measurements, and

the principle can be extended to a thin metal wire detector to measure atomic beam

profiles. The mechanism for electron ejection depends on the metastable internal

energy and the surface material. There are three main processes depicted in Figure

2.13.

For a metal surface with su$ciently high work function %, a secondary electron

is emitted upon approach of the metastable atom by a process of Resonance Ionisa-

tion (RI) followed by Auger Neutralisation (AN) shown in Figure 2.13 (a) and (b).

The excited electron in the metastable atom tunnels into a vacant energy level in

the surface above the Fermi energy, forming a metastable ion. If the recombination

energy E+ energy of the metastable ion is at least twice the work function % of the

surface, the ion is neutralised (AN) when an electron from the surface tunnels into

the hole left vacant in the metastable by the RI process and an electron is excited

and ejected from the conduction band of the surface into the continuum.

If no vacant levels exist in the surface, and E+ < 2%, then the RI process is

suppressed and Auger De-excitation (AD) is a favourable relaxation process (Figure

2.13 (c)). In this mechanism a surface electron tunnels into the ground state of

the approaching metastable atom, resulting in ejection of the excited electron and

de-excitation of the metastable atom. In the case of an adsorbed contamination

layer on the surface, the AD process will involve tunnelling of electrons from the

contaminant atoms into the metastable ground state. This is analogous to Penning

ionisation in the gas phase. The energy of the incident metastable must still be

greater than the work function of the surface.



2.6. BEAM DETECTION AND CHARACTERIZATION APPARATUS 41

 

 

 

 

Figure 2.12: Top: Time-of flight spectrum for the Ne* atomic beam operating
at liquid nitrogen temperature and optimum source conditions. The UV photon
peak defines t=0. Bottom: The velocity distribution derived from the time-of-flight
spectrum.
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Figure 2.13: Secondary electron ejection processes for surfaces exposed to metastable
atoms.

The e$ciency of secondary electron ejection is a function of the metastable

species, the surface and the degree of contamination on the surface. The e$ciency

is quantified by the secondary electron co-e$cient ". An absolute value for this co-

e$cient has been the aim of many experiments [94, 95, 96] and values for stainless

steel surfaces ranging from 0.3-0.9 for Ne* and 0.04-0.9 for Ar* have been reported.

The most reliable and widely accepted of the techniques used for the determination

of " is photoionisation via a CW laser [97, 96]. For chemically cleaned stainless

steel, the secondary electron co-e$cient were reported as 0.3 for Ne* and 0.04 - 0.22

for Ar* and these are the values used for work presented in this thesis. The value of

" for Ar* has a large degree of associated error. Ar* has a lower internal energy at

" 12 eV and as such, AD is the dominant process in the emission of electrons. This

process is more susceptible to variations in the levels of contaminants on the metal

surface. For this work we have chosen the average of the two extremes at " = 0.13.

If the secondary electron emission co-e$cient is known, the measured electron

current Ie can be related to the flux of metastables incident upon the metal surface.

The metastable atom flux F will simply be [94]

F =
Ie

e""&
(2.24)
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Figure 2.14: The thin wire and Faraday cup assembly. A +200V voltage supplied
to a metallic ring ensures that electrons ejected from the thin wire and Faraday cup
backplate by metastable impact are not recombined. The ejected electron current
is measured by a picoameter.

where e is the charge of an electron and "& is the solid angle of detection.

The Faraday cup/thin wire detector uses the principles above to measure the

metastable flux. A schematic of the detector is depicted in Figure 2.14. The detector

assembly may be translated in and out of the atomic beam via a linear translator

driven by a LabView controlled stepper motor. This allows the thin wire detector

to be scanned across the atomic beam and the ejected electron current (hence the

metastable flux) to be measured as a function of spatial position.

The Faraday cup component of the detector consists of a 15 mm diameter 304

stainless steel plate. This plate is electrically isolated from the aluminium mount
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and connected via an electrical feedthrough to a Keithley 485 picoameter, where the

electron emission current can be measured. The signal from the picoameter is ac-

quired by a National Instruments PCI-6229 DAQ card where the signal is correlated

to the stepper motor position using LabView software. There is a high probability

that ejected electrons may recombine with the surface, giving rise to an erroneous

ejected electron current measured on the picoameter. To prevent this, a HV supply

of 200 V is connected to a stainless steel ring positioned 5 mm from the plate. This

attracts the ejected electrons and suppresses recombination.

The spatial distribution and total overall flux of the metastable atomic beam

can be measured using a thin wire detector. This consists of a wire with diameter

dw = 0.13mm and length lw = 40mm electrically isolated from a square aluminium

ring mount and connected to the picoameter in the manner of the Faraday cup.

The HV supply of 200 V is applied to the aluminium square ring mount to prevent

recombination of ejected electrons. This detector is scanned across the atomic beam

and the resulting measured density profile is a result of detection events along the

entire length of the detector.

The measured one dimensional beam profile I (x, y) is a line integral over the

two dimensional density profile P (x, y) along the length of the wire [98] and since

variations in I over the diameter of the beam are small,

I (x, y) + "edw

* lw/2

!lw/2

P (x, y) dx (2.25)

The total flux of the beam can then found by integrating equation 2.25 along the

direction of scanning

Ṅ (x, y) =

*
I(x)dx (2.26)

The beam flux can be approximated as Ṅ + I(0)db where I(0) is the central beam

profile and db is the FWHM of the profile.

2.7 Operating mode comparison

Two designs exist for production of metastable atoms via DC discharge based on

the work of Fahey et al. [81] (type 1 source) and the design of Kawanaka et al. [82]

(type 2 source).
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Gas supersonically expands through a nozzle aperture in both sources and both

use a DC discharge from a cathode pin to an anode as the means to excite the

atoms into the metastable state. In the type 1 source, the discharge is excited in the

region between the cathode and the skimmer anode, predominantly after the nozzle

aperture. The nozzle in this case is electrically insulating. By comparison, the type

2 source discharges directly to a metallic nozzle, and the excitation region is behind

the nozzle. These two modes of operation are shown in Figure 2.1.

The operating characteristics of both source types are well documented, however

a direct comparison of the source types has not been investigated to date. The cali-

bration in the absolute detection of atom numbers relies on the accurate knowledge

of the secondary electron ejection co-e$cient for a given detection system and is

thus subject to many systematic errors [97]. This problem may be circumvented if

identical detection and source apparatus are employed, exchanging only the nozzle

type and discharge mode [57]. Relative atom numbers are therefore only required

to determine an optimum source type for a rare gas metastable atomic beam. This

section presents the results of the first direct comparison of the two source types.

2.7.1 Source characterisation

The source apparatus for this comparison is described in §2.5.2. The apparatus used
for the two sources is identical except for the source nozzles. The discharge current

was 15 mA in both cases. This current was discovered to give the highest metastable

flux without heating the atoms and increasing the most probable velocity of the

atomic beam [56]. A 1200 V positive bias was placed on the skimmer to initiate

the discharge to the skimmer while using the type 1 nozzle. The type 1 source

nozzle was constructed of boron nitride, an electrical insulator with a high thermal

conductivity. The type 2 source nozzle was constructed of 304 grade stainless steel

with identical dimensions to the type 1 source nozzle. Both source nozzles had a

nozzle aperture of 350 µm in diameter and the distance from the cathode to the

nozzle aperture was "6 mm. The distance from the nozzle to the skimmer was held

at the constant optimum distance of 8 mm [56]. This optimised distance agrees

with previous work by Verheijen et al. [92]. The distance of the cathode to the

skimmer defines the discharge length for the type 1 source, while the distance from

the cathode to the aperture defines the discharge length for the type 2 source. The

two nozzle designs were incorporated into the source apparatus and were operated

at room temperature or cooled via the addition of liquid nitrogen into the reservoir
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described in §2.5.2. The temperature of the nozzles was measured during operation

via a K-type thermocouple in thermal contact with the nozzles directly adjacent to

the aperture.

The metastable flux produced and the most probable velocity (MPV) of the

atomic beam were characterised for argon and neon gas at liquid nitrogen and room

temperature. The flux was measured using the 20 mm diameter stainless steel Fara-

day cup detailed in §2.6.2, placed 300 mm downstream from the skimmer, in a

di!erentially pumped, stainless steel 6-way cross chamber. The MPV was measured

using the time-of-fight apparatus detailed in §2.6.1.
The determination of the flux assumes constant secondary electron emission co-

e$cients " of 0.3 and 0.13 for Ne* and Ar* respectively. The e$ciencies are di!erent

for the two gas species, and since the Faraday cup has not been calibrated, a direct

comparison of the flux for the two gases cannot be concluded. The flux values in

Table 2.3 are not absolute, however comparison can be made between the two nozzle

types for a given species.

The reservoir stagnation (driving) pressure P0 could be monitored directly via a

Pirani gauge in the input gas line or indirectly via a BA gauge in the source cham-

ber. The latter was used to measure changes in the source chamber pressure since

this pressure gauge had a greater sensitivity to changes in the operating pressure.

Typically, the driving pressure that produced the optimum flux and lowest MPV

was 3-5 Torr.

The results of the characterisation are presented in Tables 2.2 and 2.3. The er-

rors presented are statistical errors of one standard deviation. Table 2.2 details the

lowest most probable velocities and source operating pressure for the two nozzles

using argon and neon at two di!erent operating temperatures.

There is a strong dependence in the MPV data on the nozzle temperature for

both nozzle types. The nozzle is the last surface that the atoms come into contact

with as they adiabatically expand into the low pressure detection chamber, so it is

a good assumption that a cooler nozzle results in a cooler atomic beam. From the

considerations in §2.3.2, both the velocity spread and most probable velocity of the

atoms are reduced for lower atomic beam temperatures, and this is observed in the

data.

least squares fit of equation 2.19 to the velocity distribution obtained from the time-

of-flight measurements reveals a supersonic expansion with a Mach number of 3.5.

This value is consistent with the theory outlined in equations 2.20, 2.21 and 2.22
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Source (Temperature) Source chamber pressure Most probable

[Gas species] (Torr) velocity (ms!1)

Type 1 (373K) [Ar] 2.4!10!4 665± 8

Type 2 (379K) [Ar] 1.0!10!4 693± 10

Type 1 (373K) [Ne] 1.0!10!4 950± 11

Type 2 (379K) [Ne] 3.0!10!5 1015± 9

Type 1 (129K) [Ar] 7.7!10!5 379± 14

Type 2 (135K) [Ar] 1.7!10!4 449± 12

Type 1 (129K) [Ne] 1.6!10!4 515± 7

Type 2 (135K) [Ne] 8.0!10!5 595± 11

Table 2.2: Lowest most probable velocities for Type 1 and 2 sources using Ar and
Ne gas at room temperature and with liquid nitrogen cooling. The associated source
chamber pressures are included.

for a liquid nitrogen cooled supersonic neon beam (D=350 µm, P0 = 5Torr and

P = 1!10!4Torr). The terminal Mach number from these calculations is MT = 3.3

and this value occurs at a distance of 0.4 mm from the source nozzle. The position

of the Mach disk is 40 mm from the source nozzle. The temperature of the atomic

beam T is therefore " 26K. From equation 2.16, the reservoir temperature T0 is 133

K and this is in close agreement with the 135 K measured with the thermocouple.

In all cases, the type 1 source nozzle was cooler as measured by the thermocou-

ple and corresponding TOF spectra confirmed that the MPV was also lowest for

this source. The nozzles undergo significant heating due to the DC discharge and

boron nitride, with 150% greater thermal conductivity than 304 stainless steel, is

more e$cient at dissipating this heat. The greatest variation in the MPV occurred

for the cooled sources, where a greater than 15% di!erence in the most probable

velocity of the two sources was observed. From equation 2.15, the velocity of atoms

is proportional to
&
T , therefore the di!erence in temperature of " 5% measured in

the case of the LN cooled sources for neon, should result in a reduction in MPV of

2.25%. Other mechanisms must contribute to the lower than expected MPV for the

type 1 nozzle.

The temperature of the nozzle is measured by the thermocouple as close as pos-

sible to the outside of the nozzle aperture. It is assumed that the temperature of the
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nozzle is uniform and that the atoms leaving the source are at thermal equilibrium

with the nozzle. For the type 1 nozzle, the largest cross-section for excitation in the

boron-nitride nozzle is outside the nozzle, the average temperature of the excitation

ensemble is most likely at thermal equilibrium with the temperature at the nozzle

aperture. For the type 2 nozzle , however, the excitation region is behind the nozzle

in a significantly larger volume. The average temperature of the atoms in the reser-

voir could be significantly higher than the temperature measured at the aperture as

the heating from the discharge is occurring away from the region of measurement.

The MPV of the atoms will be higher than that predicted from the thermocouple

measurement of the nozzle temperature.

Source (Temperature) Source chamber pressure Flux

[Gas species] (Torr) (sr!1s!1)

Type 1 (373K) [Ar] 1.0!10!4 3.0!1014± 6!1012

Type 2 (379K) [Ar] 1.5!10!4 8.0!1013± 2!1012

Type 1 (373K) [Ne] 1.1!10!4 2.5!1014± 6!1012

Type 2 (379K) [Ne] 3.8!10!5 1.3!1014± 3!1012

Type 1 (129K) [Ar] 1.3!10!4 9.5!1013± 2!1012

Type 2 (135K) [Ar] 1.1!10!4 5.7!1013± 2!1012

Type 1 (129K) [Ne] 1.7!10!4 3.4!1014± 8!1012

Type 2 (135K) [Ne] 8.0!10!5 2.6!1014± 6!1012

Table 2.3: Maximum metastable flux for Type 1 and 2 sources using Ar and Ne
gas at room temperature and with liquid nitrogen cooling. The associated source
chamber pressures are included.

Table 2.3 details the measurements of the maximum flux and the associated

source chamber pressure for Ne* and Ar* at two di!erent operating temperatures.

These values have been corrected for the UV photon contribution to the measured

beam flux. This contribution was quantified by leaking Argon bu!er gas into the

chamber, quenching the metastables. Only UV photons will then be detected on

the Faraday cup. It was discovered that the UV component was 6% and 11% for

Ne* and Ar* respectively. These values are consistent with the values found by

integrating the UV and atom peaks in the time-of-flight spectra. Charged particles

created in the discharge were removed from the beam using a set of electrostatic
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deflectors with a 60 kVm!1 transverse field, placed before the Faraday cup.

It is evident from the results in Table 2.3 that the Ne* flux increases as the

source is cooled for both nozzle designs. This is to be expected since as the beam

is cooled, the mean free path of the atoms in the reservoir decreases and the proba-

bility of collisions with the excitation electrons is increased. The Ar* flux, however

was observed to reduce as the source was cooled. This is most likely a result of the

instability of the discharge for Ar* under LN conditions.

The type 1 source is observed to produce the highest flux, regardless of gas

species or temperature. This result is in contradiction to previous reports [82] that

the type 2 source is superior in this regard. The MPV and metastable flux of the

source was very stable for both nozzles and it was possible to operate these sources

for many hours for a particular pressure and temperature with an observed variation

of less than 5% in both output parameters. As a result, it can be concluded that the

di!erence in the output characteristics of the two nozzles is significant and cannot

be attributed to experimental error.

The apparent di!erence in the flux performance of the two nozzles is a result

of the collisional de-excitation characteristics of the di!erent excitation regions. In

the type 1 source, excitation takes place outside of the nozzle between the nozzle

and skimmer, in a region where the atoms are entering the molecular flow regime

and atomic collisions are reduced. However for the type 2 source, excitation takes

place in the high pressure region behind the nozzle aperture. The probability of

collisional de-excitation is significantly greater in this region. Also the increased

reservoir temperature of the type 2 nozzle results in a greater probability that a

metastable atom will undergo an inelastic collision as it traverses the restriction at

the aperture [57].

The final observation from this investigation is that the type 2 stainless steel

nozzle produces a maximum flux at a lower source pressure than the type 1 noz-

zle. Typical source pressures of 10!4 and 10!5Torr were observed for maximum

flux of the type 1 and 2 sources respectively. This property may be beneficial if the

source is required for a ultra high vacuum environment, where the partial pressure of

background gas species must be minimised. The minimum pressure required for the

discharge to strike was also lower for the stainless steel nozzle. This is most probably

a combined result of the reduced discharge path length and particular gas dynamics

behind the nozzle compared to the molecular flow dynamics after the nozzle.
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2.8 Conclusion

A novel metastable supersonic DC discharge source with three dimensional control

over the discharge geometry was characterised. A comparison of two DC discharge

nozzle designs was performed unambiguously utilising identical detection and source

apparatus for the first time [57]. By virtue of its inherently low most probable

velocity (515±7)ms!1 and high metastable flux (3.4!1014±8!1012) atoms sr!1s!1,

the type 1 boron nitride nozzle was found to be the optimum design for atom

lithography. The Ne* beam was found to produce a more stable DC discharge

than Ar* and also produced less UV photons.



Chapter 3

Investigation of ethanethiol as a resist for

neutral atom lithography

3.1 Introduction

Neutral atom lithography using physical proximity masks is a direct analogy to op-

tical lithography and this scheme is outlined in Figure 3.1. A metastable atomic

beam is modulated by a proximity mask and the resulting beam patterns a specific

resist on a gold layer. Exposed regions of the resist undergo a change in chemical

properties and become either more or less resistant to an etching process. Subse-

quent etching of the surface reproduces the features of the mask with either positive

or negative contrast, depending on the resistance of the altered layer to etching.

Neutral atom lithography with beams of metastable Noble gases has many ad-

vantages over conventional lithographic techniques such as optical and electron beam

lithography. The de Broglie wavelength of Ne* atoms from a liquid nitrogen cooled

supersonic source is < 1Åand the di!raction limit of these atoms through a prox-

imity mask is orders of magnitude less than that observed in optical lithography.

Space charge e!ects in electron beams limit the focal spot size and ultimate reso-

lution available. Electrons cannot be used for charge sensitive surface and the use

of electron beams for lithography is a serial process. The charge neutrality and low

energy (" 16 eV for Ne*) of metastable beam ensures that damage to a resist layer

is highly localized compared to high energy UV photons and electrons. The internal

states of metastable atoms are readily accessible using lasers therefore o!er atomic

centre-of-mass-manipulation via laser cooling techniques.

Negative patterns have been observed using neutral atom lithography on SAMs

for a critically large metastable dosage [67, 68, 69]. This has been attributed to

the formation of a durable carbon-based contamination resist [45]. Proposed mech-

anisms for this involve breaking of C-C bonds in the SAM chain and subsequent

51
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cross-linking of the fragmented molecules.

Background mechanical pump oil (MPO) vapour is present to a variable degree

in most vacuum systems. The chemical composition of this oil generally consists of

long methylene chains. When these long hydrocarbon chains are deposited on the

sample in the presence of the atomic beam, they may also produce a carbon-rich

durable resist. MPO molecules may be cross-linked with fragmented SAMmolecules,

or in the case of samples with no SAMs present, with one another to form long chain

resists on the surface. The carbon atoms may also form carbides with the surface

metal. In all these cases, the hydrophobicity of the exposed surface is increased and

negative contrast patterns are produced upon etching.

3.2 Motivation

For neutral atom lithography to become a useful nanofabrication tool, the exposure

time must be reduced and this may be facilitated by the choice of a suitable resist

layer. The focus of this work was to investigate the possibility of reducing the

exposure time required for negative resist formation by decreasing the hydrocarbon

chain length.

Our preliminary work with ethanethiol (ET) as a lithographic resist produced

negative patterning quite rapidly in comparison to the longer chain dodecanethiol

(DDT). Xin et al. compared the formation of negative patterning for ethanethiol,

decanethiol and hexadecanethiol [71]. This work concluded that ET was a poor

resist for atom lithography but did not provide a strong argument for the mechanism

involved for resist formation with this SAM and the investigative treatment of the

work was non-qualitative.

We extend the work of this group to compare negative pattern formation via

Ne* atom lithography using ethanethiol and dodecanethiol resists with a bare Au

control substrate in the presence of varying partial pressures of background MPO.

Using previous benchmark results for DDT and bare Au [70], it was the aim of

this experiment to produce rapid patterning using ET and to show that negative

resist formation depends critically on the background MPO partial pressure. We

present, quantitatively, the mechanism for the apparent loss of resolution in the

ET patterning by examining the surface wetting properties as a function of Ne*

exposure time using contact angle goniometry [99].

This chapter presents neutral atom lithography experiments using the supersonic
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metastable neon beam described in Chapter 2 to pattern self-assembled monolayers

(SAMs) of ethanethiol (CH3(CH2)SH)) and dodecanethiol (CH3(CH2)11SH) assem-

bled on gold covered silicon wafers and bare Au substrates. An overview of neutral

atom lithography using self-assembled monolayer resists and resists formed by back-

ground mechanical pump oil (MPO) contamination is provided. The kinetics of

SAM formation and damage mechanisms for alkanethiols exposed to metastable

atoms is detailed and mechanism for the production of durable negative resists in

the presence of MPO contamination is presented.
 

 

Contamination 

resist 

Figure 3.1: The neutral atom lithography process. A metastable beam is incident
on an Au/Si sample through a mask. The internal energy of the atoms (a) modifies
a self assembled monolayer (SAM) resist layer (b) catalyses cross-linking of broken
SAM chains with mechanical pump oil background species or (c) forms an MPO
contamination resist on a bare Au sample. A subsequent wet etching process trans-
fers the mask features in positive (a) or negative ((b) and (c)) contrast depending
on the wetting properties of the modified surface.
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3.2.1 Self-assembled monolayers of alkanethiols

Neutral atom lithography must employ a resist that will provide the required etch

selectivity, have a small damage footprint and will form a dense, defect free, uni-

formly thin layer. Gold is the metal of choice for nanofabrication of circuits based

on its electrical conductivity, chemical inertness and resistance to oxidation and so

the resist of choice must bond readily to thin gold surfaces.

n-Alkanethiols (CH3(CH2)nSH)) are prime candidates for atom lithography re-

sists [100, 39, 101]. An excellent review on the properties of these molecules and

their application to nanotechnology is provided by Love et al. [102].

n-Alkanethiols spontaneously form a self-assembled molecular monolayer (SAM)

on an gold sample when it is immersed in a solution of the particular thiol in ethanol.

Ellipsometric measurements show that the thickness of these monolayers are 5-30

Å and they provide the required layer thickness for atom lithography. The chemi-

cal composition of dodecanethiol (CH3(CH2)11SH)) and ethanethiol (CH3(CH2)SH))

are shown in Figure 3.2.
 

SH SH 

Dodecanethiol Ethanethiol 

Figure 3.2: Chemical composition of dodecanethiol (CH3(CH2)11SH)) and
ethanethiol (CH3(CH2)SH)) alkanethiol molecules. Each molecule is comprised of
an alkyl chain (CH2)n) terminated in a methyl head (CH3) and a surface active
sulphur group.

.

They are composed of an alkyl chain (CH2)n) terminated in a methyl head (CH3)

and possesses a surface active sulphur group. When a gold covered sample is im-

mersed in an alkanethiol solution, the sulphur head forms a 1.6 eV Au-S covalent

bond with the Au surface by chemisorption. This bond allows mobility of the
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molecules on the surface and the molecules di!use on the surface until all vacancies

on the surface are filled, rapidly forming a dense monolayer.

The proximity of neighbouring molecules causes the weaker (< 0.4 eV) repulsive

van der Waals interaction between the alkyl chains to become substantial and over a

period of several hours, the molecules re-orientate themselves into a uniform mono-

layer, with all of the chains orientated at an angle of " 30" [100] to the normal of the

surface as depicted in Figure 3.3. The average intermolecular spacing for alkanethiol

SAMs is " 5Å [100], corresponding to densities of " 5 ! 1014molecules cm!2 and

providing an excellent footprint for nanolithography. The terminal methyl group

forms the low energy and hence highly hydrophobic monolayer surface.

  

~5Å 

 

~15Å 
 

30° 

Figure 3.3: Alkanethiol molecules self assemble to form a dense, ordered mono-
layer on a gold substrate with a footprint of approximately 5Å. The van der Waals
interaction between the molecules results in a 30" tilt angle.

3.2.2 Damage mechanisms in SAM-Ne* interactions

The 16.67 eV internal energy of Ne* is far greater than the bonding energies in

the SAM layer. A metastable atom incident on the layer will de-excite and pro-

duce low energy secondary electrons via a Penning ionisation process [103]. The

mean free path of electrons in alkanethiols is < 1 nm. This means that damage
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Figure 3.4: Proposed mechanisms for positive and negative resist formation via
metastable impact on alkanethiol self-assembled monolayers [2]. (a) C-H bond break-
ing results in a radical in the alkyl chain. Background species can bond at this site,
or the radical can transfer to the weaker C-S bond and remove the SAM molecule
completely from the surface. (b) C-C bond breaking results in radical formation
and subsequent cross-linking of SAMs with either background species or other SAM
molecules.

to SAM molecules is localised to only a few sites around the initial impact. These

electrons, however, have su$cient energy to penetrate the surface and a number of

bond breaking mechanisms can subsequently occur [2]. These are outlined in Figure

3.4.

The metastable energy may create a radical in the hydrocarbon chain by breaking

of C-H bonds. Reaction with background gas species will result in a polar molecule,

thus reducing the hydrophobicity and resistance to the nano-etching solution. Ex-

posure may also break the alkyl chain exposing the high energy thus hydrophilic,

CH2 group. For shorter chains, defects in the SAM surface may allow metastables

to penetrate to the 1.6 eV Au-S bond. Metastable atoms have enough energy to

break this bond and remove the molecule completely from the surface. A radical
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may also transfer along the chain to the C-S bond and remove the alkyl chain. In

all of these cases, the exposed region will exhibit a much more hydrophilic surface

and a wet chemical etch will preferentially etch these areas. Positive contrast in the

device layer will result from these mechanisms.

Negative patterns may be produced by lowering the surface energy of the exposed

regions, creating a more hydrophobic layer than the unexposed SAMs. This has been

observed for higher metastable dosages [67, 68, 69] where a critical metastable dosage

will produce a transition from positive to negative contrast in lithographic patterns.

Proposed mechanisms (Figure 3.4) for this cross-over involve the breaking of C-C

bonds in the SAM chain and subsequent cross-linking of neighbouring fragmented

molecules to form a C=C bond with low surface energy. Background mechanical

pump oil (MPO) deposited on the sample in the presence of the atomic beam may

also produce a durable carbon-rich contamination resist [45, 68]. MPO may be

cross-linked with fragmented SAM molecules, or in the case of samples with no

SAMs present (bare Au substrates), with one another to form long chain resists and

carbides on the surface. In all these cases, the hydrophobicity of the exposed surface

is increased, thus negative contrast patterns are produced upon etching.

Close et al [2] investigated the bond breaking mechanism of SAMs suspended in

helium nanodroplets using low energy electrons, and found no evidence for C-C bond

breaking, although clear signals from C-H and C-S bond breaking were observed.

This suggests that the likely mechanism for contamination resists is the breaking of

the alkyl chains and cross-linking of the remaining fragments with MPO chains to

form a durable resist with greater hydrophobicity than the unexposed SAMs.

3.3 Surface characterisation

3.3.1 Ellipsometry

Ellipsometry is a non-destructive polarimetric technique for determining refractive

index and thickness of a thin film specimen. Light with a known initial polarisation

state will experience a change in polarisation state upon reflection from a thin film

sample. Quantifying this change reveals physical information about the specimen.

For instance, if a thin film is present on a reflective substrate, the polarisation

change is dependent upon parameters such as the reflective and refractive properties

of the substrate and the refractive index and thickness of the film. Of particular

interest to nanofabrication is the extreme sensitivity of the technique to thickness
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measurements of very thin resist layers of the order of a few angstroms.

Ellipsometry is a well established technique and has experienced much refine-

ment since its conception in 1889 [104]. Recent developments are reviewed in an

instructive article by Hauge [105] and a comprehensive description of the theory of

ellipsometry can be found in Azzam [106]. Several experimental configurations exist

including null [107], spectroscopic [108], rotating analyser [109] and imaging [110]

schemes. The rotating analyser technique has been refined by Hauge et al [111] to

expedite the data collection process for industrial applications.

The ETA (Ellispsometric Thickness Analyser) instrument [111] has a proven

record in determining the thickness of films less than 2 nm and for this reason

the ellipsometer used in this work is based upon its construction. Monolayer for-

mation characteristics such as thickness and formation time were determined for

self assembled alkanethiol monolayers on Au substrates using the rotating analyser

configuration. The results of this characterisation are presented in §3.4.

The rotating analyser experimental configuration is described schematically in

Figure 3.5. All optical elements of the system are carefully aligned along two arms

of the ellipsometer. These arms are maintained at the Brewster angle of 70" in

measurement mode and can be arranged in the ‘straight through’ alignment mode.

Light from a Spectra Physics 117A intensity stablised He-Ne laser (632.8nm) passes

through the polarisation state generator (PSG). The PSG consists of a linear po-

lariser set at 12" to the plane of incidence followed by a &/4 plate compensator with

its fast axis at 90" to the plane of incidence. This ‘thin film’ mode enables greater

accuracy for films less than 1 nm as it provides circularly polarised light after re-

flection from the sample and the rotating analyser system has greater accuracy and

sensitivity to this polarisation state. The sample holder is comprised of a modified

mirror mount for adjusting and holding the sample perpendicular to the plane of

incidence. The sample is held on via a vacuum attachment through the back of the

mount.

Light reflects from the sample and enters the polarisation state analyser (PSA)

that consists of a rotating analyser followed by a fast photodiode. The rotating

analyser is a linear polariser driven by a stepper motor to rotate at a fixed speed.

An aluminium plate is attached to the polariser and the edge of this plate triggers an

optoelectronic switch to initiate labviewTM sampling of the transmitted light signal

on the photodiode. All digital and analog input//output support to the instrument

is provided by labviewTM DAQ systems. A matlabTM program was written to
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Figure 3.5: Rotating analyser ellipsometer. The optics are maintained at 70" on a
specially designed optics rail, with the incident polarisation set to thin film mode.

handle signal analysis and film thickness calculations.

For a known initial polarisation state, all information regarding the film thickness

and refractive index can be found from the ratio of the reflected polarisation [111]

,r = tan(-r)exp(i"r) (3.1)

and the initial polarisation

,i = cot(12") tan(-c)exp(i"c) (3.2)

where the polarisation state parameters - and " are the ratio and phase of the p

and s-wave contributions of the electric field respectively. The subscript c in eq.3.2

denotes parameters associated with the compensator. The complex ratio of these

polarisation states is then

, =
,r
,i

(3.3)
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The analyser signal is reduced via fast fourier analysis (FFT) to determine the

parameters -r and "r. Consider the intensity of light transmitted by the analyser

I = I0(1 + a cos(2!) + b sin(2!)) (3.4)

where ! is the azimuth of the analyser, measured counter-clockwise from the plane of

incidence, looking in the direction counter-propagating to the light, I0 is the average

intensity and the complex co-e$cients a and b are determined by FFT and contain

all information regarding film thickness and refractive index. The ellipsometric

parameters can be determined from the normalised Fourier coe$cients[111] and

expressed as

"r = arccos

&
b&

1# a2

'
(3.5)

and

-r =
arccos (#a)

2
(3.6)

Figure 3.6: Fresnel reflection from a thin film/substrate interface

Ellipsometry is concerned with determining the thickness d or refractive index

n2 of a thin film deposited on a reflective substrate with complex refractive index n3.

This sample is immersed in a medium of refractive index n1 as depicted in Figure
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3.6. Light incident on the immersion medium/thin film interface at an angle .1 is

refracted by an angle

.2 = arccos

+
1#

&
n1

n2
sin.1

'2
,1/2

(3.7)

A similar equation can be derived for the refracted angle .3 at the thin film/substrate

interface. The parallel and normal reflection coe$cients of the light are described

by

rp12 =
n2 cos.1 # n1 cos.2

n2 cos.1 + n1 cos.2
(3.8)

and

rs12 =
n1 cos.1 # n2 cos.2

n1 cos.1 + n2 cos.2
(3.9)

respectively and similar expressions can be derived for rp23 and rs23 at the thin

film/substrate interface. If the contribution from reflection at lower boundaries

are included [104], the total reflection co-e$cients are given by

Rp =
rp12 + rp23expD

1 + rp12r
p
23expD

(3.10)

and

Rs =
rs12 + rs23expD

1 + rs12r
s
23expD

(3.11)

where

D = #4i#n2 cos.2d2/& (3.12)

and & is the wavelength of the light. The complex ratio of polarization as given in

eq.3.3 can also be described by

, =
Rs

Rp
(3.13)
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Equating equation 3.3 and 3.13, an expression describing D can be determined.

Given a known refractive index, the film thickness d can be determined from this.

The expression will have two complex solutions, although as the thickness is a real

quantity, the solution with no imaginary component yields the correct film thickness.

Invariably, experimental error results in both solutions containing imaginary parts,

so the solution with the smallest imaginary component is taken as the film thickness.

The magnitude of the imaginary component is taken as the error [112].

3.3.2 Contact angle goniometry

Surface interactions and properties are of great importance to nanofabrication, and

are of particular significance to the formation of monolayers on a substrate in the

presence of background species such as pump oil contamination. For instance, the

wettability of a surface is a useful parameter for determining properties of monolayers

such as surface tension and packing density and generally defines the quality of the

monolayer coverage.

Consider a liquid droplet on a solid substrate in a background gas as described in

Figure 3.7. Wettability is quantified by the contact angle ! and calculated from the

surface energy of three interfacial boundaries; the liquid/vapour "LV , solid/vapour

"SV and the solid/liquid "SL surface tension. For a static liquid droplet at thermody-

namic equilibrium, the relationship between the contact angle and surface energies

is described by the Young equation [113]

"SV = "SL + "LV cos ! (3.14)

The wetting properties of a liquid on a solid surface can be quantified by considering

the balance of cohesive and adhesive forces. Cohesive forces within the liquid hold

the molecules together and away from the surface. Adhesive forces between the

surface and liquid molecules cause the liquid to spread out over the surface. At

equilibrium, the resultant force is what defines the contact angle. For ‘high energy’

surfaces where chemical bonds are very strong (ie metallic bonds in gold), a high

input of energy is required to break the bonds and so adhesive forces dominate

cohesive forces. The wetting liquid will achieve almost total wetting of these surfaces

and the contact angle ! will be less than 90".

Alkanethiol monolayers are held together by weaker forces such as Van der Waals,

hydrogen and carbon bonds and as such, a lower energy is required to break the
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Figure 3.7: Contact angle ! defined by the energies of liquid/vapour/solid interfaces.
"SV is the solid-vapour surface tension, "SL is the solid-liquid surface tension and
"LV is the liquid-vapour surface tension.

adhesive bonds. Thus cohesive forces dominate the adhesive forces and the liquid

droplet will repel, forming a more spherical structure and minimal wetting will

occur. The contact angle will be greater than 90". In general, a higher quality

(more densely packed) monolayer will exhibit a greater contact angle. If the wetting

liquid is water, then a surface yielding contact angles less and greater than 90" are

termed hydrophilic and hydrophobic respectively. Superhydrophobic surfaces can

have contact angles greater than 150".

To quantify the surface energy and thus the wettability of DDT, ET and bare

Au samples exposed to various metastable dosages, a contact angle goniometer [99]

was constructed. A schematic of this apparatus is shown in Figure 3.8.

The contact angle measurement apparatus consists of a Hamilton 701N 10 µL

syringe, a Panasonic WV-BP334 CCD camera, a translating sample mount, and a

variable light source. A 2 µL droplet 18 M& grade H2O is suspended from the syringe

tip and the sample is carefully raised up until it contacts the droplet. The sample

is then retracted from the syringe and the droplet is transferred to the sample.

The droplet is immediately imaged with the CCD camera. The ambient lighting is

adjusted with the variable light source to achieve appropriate contrast such that the
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surface and droplet outline are well defined. Surface tension vectors "SL, "SV and

"LV are determined from the image and thus the contact angle is calculated. The

results of the contact angle measurements are provided in §3.4.5

Figure 3.8: Goniometer apparatus used for measuring the wetting properties of thin
films, including CCD camera, µL syringe, variable light source and xyz translating
sample stage.

3.4 Atom lithography with Ne* using dodecanethiol,

ethanethiol and bare Au resists

This section details atom lithography experiments carried out during this work. Neg-

ative and positive contrast lithographic patterns formed using a Ne* atomic beam

are presented. Negative lithographic patterns are produced using a background

mechanical pump oil contamination resist and the critical dosages for the nega-

tive/positive cross-over are detailed. We compare the performance of dodecanethiol

(DDT) and ethanethiol (ET) resist layers and investigate the possibility of reduc-

ing the metastable dosage, thus the exposure time, required for negative pattern
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production. The experimental procedure is detailed, including sample preparation,

metastable exposure and etching processes.

3.4.1 Substrate preparation

Essential for reproducibility and overall quality of lithographic patterns, is the de-

position of an appropriately flat lithographic device layer and growth of a defect free

resist layer. To this end, the initial preparation of the substrate must follow a strict

procedure of cleaning. Failure to follow this procedure results in contamination on

the silicon substrate, inhibiting construct layer adhesion and subsequent SAM for-

mation.

The sample preparation is undertaken as follows. A 100 mm diameter ,100-
oriented test grade silicon wafer (Addison Engineering) was cleaved into 25 mm

! 25 mm samples. These samples were then prepared by irrigation with analytical

reagent (AR) grade acetone then isopropanol and dried with nitrogen gas.

The samples were then transferred to an Emitech K575D dual head argon ion

sputter coater for application of the gold construct layer. This apparatus operates

on the following principle. A cathode of the material required for sputter coating

is prepared in a thin (200 µm) 50 mm diameter disc. This is placed on magnetic

target head inside a glass bell jar maintained at a vacuum of " 10!3 Torr.

The target head is located above the sample stage, which acts as the anode. Ar-

gon gas is leaked into the bell jar and a glow discharge is struck between the target

cathode and the anode sample stage, resulting in ionisation of the argon gas. These

ions collide with the target, ejecting atoms from the surface.

The ejected atoms expand isotropically into the bell chamber and condense on

the sample. The magnetic field from the target head is tailored to increase the ion-

isation and hence the sputtering rate, by trapping electrons near the target surface.

The thickness of the coating layer is a function of the target material, the discharge

current and exposure time.

The Emitech sputterer is a dual head unit and an oxidizing and Noble target can

be sputtered in a single coating run, by simultaneously rotating the sample anode

to a position under the required target head and shielding the other target. Once

the required metal is sputtered, the sample rotates to a position under the other

target and this can then be sputtered.

The adhesion of Au to the Si substrate is quite poor, so an adhesion layer of

chromium must be deposited. The Cr layer oxidises much more readily than Au
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and hence it adheres strongly to the Si2O layer present on the substrate. The Au

then adheres strongly to the Cr layer. Using the argon ion sputterer, a 10 nm (dis-

charge current of 70 nm for 60 s) layer of Cr was deposited. This was followed by

a 40 nm (60s @ 70 mA) layer of gold. The thickness of these layers was confirmed

using a stylus profiler. The rms surface roughness of the Au surface was measured

by an atomic force microscope (AFM) at 2.5 nm with individual average grain sizes

of 20 nm. This is quite small compared to the average grain size of 100 nm achieved

using an evaporation source.

After sputtering, samples were immediately transferred to a 2 mMol solution of

dodecanethiol (DDT) or ethanethiol in AR ethanol for 16 hours. This was found to

be the optimal immersion time to ensure total SAM coverage while avoiding dou-

ble layer and non-uniform coverage that occurs with excess immersion [102]. It is

essential that the SAM solutions are not contaminated with organic material, so

all glassware used was rigorously cleaned with detergent, followed by a AR acetone

and isopropanol rinses. The beakers were covered with para$n film during sample

immersion to avoid dust contamination. The samples were dried with nitrogen then

transferred to a desiccator to await exposure to the Ne* beam.

3.4.2 Self-assembled monolayer formation characteristics

Ellipsometry was performed on samples immersed in DDT and ET solutions to

ascertain the thickness of the monolayer of SAM formed as a function of time. The

samples were removed from the solution at regular intervals, dried with nitrogen

and the thickness of the monolayer was measured using the ellipsometer detailed in

§3.3.1. The results of this analysis are depicted in Figure 3.9.

It is observed that the SAM growth curves for DDT reach a plateau at around

150 s. This is in agreement with previous studies [100]. The maximum thickness

measured at 1.8 nm for DDT is consistent with measurements of bond lengths for

this molecule [100]. The errors on this graph are statistical errors of one standard

deviation. No formation curve is available for ET as the ellipsometer did not yield

reliable data for this thin, disordered SAM layer, however the thickness of this film

has been reported elsewhere at 0.5 nm [114].

To determine the quality of SAM monolayer present on the surface, contact angle

goniometry was performed. The presence of a uniform, defect-free surface will result

in a hydrophobic surface with subsequently large contact angle. The goniometer

detailed in §3.3.2 was used to perform this measurement. Prepared Au/Si samples
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Figure 3.9: Dodecanethiol (DDT) SAM formation characteristics measured via el-
lipsometry. Film thickness was measured as a function of the time an Au/Si sample
was exposed to the SAM solution.

were immersed in a 2 mMol solutions of DDT and ET for 16 h, after which they

were rinsed in AR ethanol and dried with nitrogen. They were then placed on the

sample stage of the goniometer. The contact angle of a 2 µL droplet of research

grade de-ionised water was measured with the goniometer at five positions on several

samples. The droplet was imaged as soon as possible to ensure minimal evaporation

of the droplet. An error consideration for contact angle measurements is whether the

droplet is receding or advancing at the moment the measurement is taken. However,

consistent contact angles for DDT and ET on Au/Si of (108± 0.5)" and (85± 0.6)"

respectively were returned over multiple samples. This is indicative of a uniform

defect-free surface for DDT. As mentioned in §3.3.2, a contact angle >90" indicates

a hydrophobic surface, and Bain et al. [100] measured a similar contact angle for

DDT using a similar method. The low contact angle for ET indicates a higher

surface energy associated with disordered and defect-prone surface.
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Figure 3.10: Experimental arrangement for atom lithography with the Ne* atomic.
The sample carousel is rotatable via a rotary feedthrough and the flux can be mon-
itored via a Faraday cup.

3.4.3 Ne* sample exposure

After substrate preparation, the samples are exposed to the metastable neon atom

beam.

The metastable atomic beam source described in §2.5 and depicted schematically

in Figure 3.10 was utilised for the exposures and was operated operated under the

optimised conditions outlined in that section. Electrostatic deflectors located after

the skimmer are used to deflect the charged particles in the beam. The prepared

samples were removed from the desiccator and immediately transferred to the sam-

ple carousel holder depicted in Figure 3.11. The sample holder, positioned 395 mm

downstream from the skimmer, comprises a four-sided carousel with three sides con-

taining recesses for the samples and the fourth housing a 15 mm diameter stainless

steel Faraday cup to measure the atomic beam flux.

An ET, DDT and bare AU sample is placed in each of the recesses and a lithogra-

phy transmission mask is secured over each sample. The lithographic transmission

masks consist of copper transmission electron microscope (TEM) line masks at-

tached over an array of 2 mm holes in a thin stainless steel sheet. The dimensions

of the TEM masks are 80 µm pitch, 40 µm bar and 40 µm hole and they are held
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Figure 3.11: The lithography sample mount. Three samples may be placed in facets
of the mount and aluminium sheets with copper TEM masks attached are secured
100 µm from the sample surfaces. The sample mount can be rotated to sequentially
expose the samples. A 15 mm Faraday cup is mounted into one of the faces of the
mount to monitor metastable flux between exposures.

on the sheet at a distance of 100 µm from the sample. The sample chamber was

then evacuated and the samples exposed to the metastable dosages required to pro-

duce negative and positive patterns. Several metastable dosages were investigated

to ascertain the critical positive to negative cross-over dosage. The samples can be

rotated to sequentially expose the samples to the atomic beam.

Metastable flux was measured with the Faraday cup attached to the sample

mount before and after exposure to ensure that the Ne* flux remained constant.

The flux of Ne* atoms at the sample was typically( 2.5!1011 ± 1!1010) atoms s!1.

Mechanical pump oil (MPO) partial pressure was measured with a residual gas

analyser (Stanford Research Systems; RGA-100) at " 8!10!9 Torr. The exposed

samples were removed from the vacuum and placed in an etching solution.

Contact angle goniometry was also performed on alkanethiol coated and bare

Au samples that had been exposed to various dosages of the metastable beam. The
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wetting properties of the surfaces could then be quantified as a function of dosage.

An ET, DDT and bare Au sample was placed in each of the three recesses of the

lithography sample mount and were held in place by a washer and screw assembly.

The lithography transmission masks were not used, therefore the majority of the

sample is exposed to the metastable beam.

Each sample was exposed for identical times and the atomic beam flux was

monitored between exposures. The samples were removed from the vacuum and

placed immediately onto the contact angle goniometer and five droplet images from

various positions on the surface were recorded. This process was repeated for a

number of metastable dosages and the results of this experiment are provided in

§3.4.5.

3.4.4 Sample etching process

The etching solution chosen for its high resolution and short etch time for gold is

an aqueous ferro/ferricyanide chemical etching solution, consisting of KOH (1M),

K2S203 (0.1M), K3Fe(CN)6 (0.01M) and K4Fe(CN)6 (0.001M). The solution was

made using 250 mL of distilled water. The etching of gold via this solution is an

electrochemical process where the rate of oxidation of gold determines the rate of

etching. The presence of ferrocyanide is instrumental in the reducing defects in

the gold patterns and details of the chemistry of this etching process are reported

elsewhere [115].

The samples were removed periodically from the solution and inspected using an

optical microscope for pattern contrast during the process. A typical etch time for

positive DDT patterns was 8 min while a longer etch time of 15 min was required for

negative patterning of DDT. A shorter etch time of 5 min was typical for negative

patterning on ET and bare Au.

When appropriate etching contrast was observed, the samples were rinsed in de-

ionized water and dried with nitrogen. They were then placed in a desiccator to

await analysis.

3.4.5 Results

Positive to negative cross-over dosage measurements

Previously presented results demonstrated positive and negative patterning on DDT

coated Au/Si substrates at minimum Ne* dosages of 1.3!1014 atoms cm!2 and
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9.4!1014 atoms cm!2 respectively and furthermore, negative pattering for bare gold

substrates at 5.2!1014 atoms cm!2 [70]. The positive to negative cross-over dosage

corresponds with a metastable damage ratio of "2.2 Ne* atoms for every SAM

molecule. Rehse et al. [42] and Engels et al [43] presented a damage ratio of 4.5 and

5-10 Ne* atoms per SAM molecule respectively, so some variability in this ratio is

evident for di!ering apparatus.

The initial experiments with ET showed rapid negative pattern formation after

exposures of only 1.3!1014 atoms cm!2 and this was the stimulus for further inves-

tigations with this shorter chain SAM for the rapid production of dot structures.

The MPO partial pressure during these exposures was " 4!10!7 Torr. It was the

aim of this comparison to replicate the patterns in DDT, ET and bare Au produced

with the earlier dosages and to determine the positive/negative cross-over dosage

for ET.

However, while the dosage required to obtain positive patterns for DDT was sim-

ilar at 1.7!1014 atoms cm!2, the production of negative patterning proved di$cult

to replicate at the previous dosages. In fact, a dosage of 8.4!1015 atoms cm!2 (18.5

atoms per SAM), an order of magnitude higher, was required for reliable negative

patterning of DDT, ET and bare Au. Positive patterning was not evident for the

ET covered or bare Au substrate.

The vacuum system has been significantly altered since the initial results were

produced, including a replacement of the turbo pump on the sample chamber and

the inclusion of fore-line traps on all mechanical rotary pumps. As a result, the par-

tial pressure of MPO in the system was reduced by more than an order of magnitude

to " 8!10!9 Torr. Table 3.1 compares the dosages required for positive and negative

contrast patterning, before and after the vacuum system overhaul. The particular

MPO used in the rotary pumps of this experiment was Varian general purpose me-

chanical pump fluid with the chemical composition (CH)n where 20 < n < 40.

A dependence on the amount of available MPO contaminant in the reliable for-

mation of negative patterns is clearly evident and this work reinforces the findings of

Johnson et al. [67], whereby deliberate contamination a sample with MPO decreased

the metastable dosage required for negative patterns from 1.4!1016 atoms cm!2 to

6.4!1014 atoms cm!2.

It is clear that individual vacuum infrastructure is critical to the availability

of MPO contamination and also to the metastable dosages required for negative

pattern production and this suggests that the deposition of background MPO and
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MPO partial Resist Positive contrast Negative contrast

pressure (Torr) dosage (atoms cm!2) dosage (atoms cm!2)

4!10!7 DDT 1.3!1014 - 9.4!1014 > 9.4!1014

ET n.a. > 1.3!1014

Bare Au n.a. > 5.2!1014

8!10!9 DDT 1.7!1014 - 8.4!1015 > 8.4!1015

ET n.a. > 8.4!1015

Bare Au n.a. > 8.4!1015

Table 3.1: Table of dosages required to produce negative and positive contrast
patterns using DDT and ET SAM resists and bare gold substrates. The addition
of fore-line traps and an alternative turbo molecular pump on the sample chamber
reduced the MPO background partial pressure by more than an order of magnitude
from 4!10!7 to 8!10!9Torr, resulting in an order of magnitude increase in the
dosage required for negative contrast for all resists.

cross-linking of MPO with SAMs is a more likely mechanism in the production of a

durable negative resist in than cross-linking of SAMs only. This reinforces the find-

ings of Close et al. [2]. The dependence is also observed in bare Au substrates and it

is clear in this case that negative resists are purely the result of MPO contamination

resist.

In earlier work [70], X-ray photoelectron spectroscopy (XPS) was performed on

DDT-Au/Si and bare Au samples that had been exposed to the Ne* beam, for

dosages below and above the critical cross-over dosage for the transition from posi-

tive to negative patterning.

The carbon (1s) peak and oxygen (1s) peaks in the XPS spectrum are char-

acteristic of the formation of a carbonaceous resist layer formed from mechanical

pump oil on the surface. For exposures below the critical dosage, no evidence of

these markers were observed in the XPS spectra for both DDT-Au/Si and bare Au

samples. However, dosages above the critical level showed a dramatic increase in

the carbon (1s) peak and the oxygen (1s) peaks and the DDT-Au/Si and bare Au

samples. This is further evidence that the concentration of MPO/SAM resist is

increasing with metastable dosage and that negative patterning is a function of the
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availability of MPO contamination.

AFM analysis of lithographic patterns

Figures 3.12 and 3.13 show AFM scans of the positive and negative lithography

patterns obtained. The AFM tip footprint is <15 nm. The step profile for positive

(Figure 3.12(a)) and negative (Figure 3.12(b)) DDT and bare Au (Figure 3.13(a))

patterns reveal a FWHM step width and step height of "100 nm and "50 nm

respectively. However, ET (Figure 3.13(b)) exhibits a much larger step width of 600

nm and the step height is reduced significantly, indicative of weaker resist formation.

This is consistent with results observed by Xin et al. and is a poor result if ET is

to be considered as a nano-resist. The significant surface roughness features on

the unetched regions in Figure 3.12(b) are most likely due to the presence of water

contamination present before the MPO were adsorbed, resulting in a non-uniform

oil coverage.

Contact angle measurements on exposed ET and DDT

To illuminate the reason for the poor resolution patterning in ET, the surface energy

and thus the wettability of surfaces exposed for varying times was quantified using

contact angle goniometry. The contact angle of a 2µL droplet on the exposed surface

was recorded with a CCD camera. Figure 3.14 shows contact angle as a function of

metastable dosage for DDT, ET and bare Au samples.

A highly hydrophobic surface with a contact angle of 108" was observed for

unexposed DDT. This is consistent with a highly ordered monolayer. Increased

metastable exposure results in an initial reduction in hydrophobicity, with best hy-

drophobic contrast occurring at a dosage of 7!1014 atoms cm!2. This is the point

when best positive contrast is observed in the lithographic patterns. Contact angle

then began to increase. This is consistent with the cross-linking of SAMs with either

MPO or adjacent SAMs to reduce the surface energy. This marks the beginning of a

transition to negative patterning. It should be noted that patterns formed by these

dosages possessed a mixture of negative and positive features.

Unexposed bare Au and ET, however show hydrophilic properties and it can be

seen from Figure 3.14 that there is no significant reduction in contact angle with

metastable exposure. For ET, after a slight initial reduction in hydrophobicity, con-

tact angle only increases and no reproducible positive patterns were observed for
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Figure 3.12: AFM images and step profiles of gold patterns produced by atom lithog-
raphy for (a) DDT positive patterns with metastable dosage of 1.7!1014 atoms cm!2

and (b) DDT negative patterns with metastable dosage of 8.4!1015 atoms cm!2.
The white line on the images indicates the AFM scan direction. Significant sur-
face roughness in the DDT negative sample is most likely indicative of pre-exposure
contamination.
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Figure 3.13: AFM images and step profiles of gold patterns produced by atom
lithography for (a) bare Au patterns and (b) substrates with an ET resist. The
white line on the images indicates the AFM scan direction. Dust contamination is
evident as the white dots on the gold surface. Metastable dosage was 8.4!1015 atoms
cm!2.

these samples. The bare Au curve shows a steady increase in the hydrophobicity,

consistent with the growth of a MPO resist layer that is cross-linked to form a con-
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Figure 3.14: Contact angle measurements for DDT, ET and bare Au for a range of
metastable dosages.

tamination resist on the surface. No positive patterns were produced using bare

substrates and this is consistent with the earlier work at higher MPO pressure.

An interesting feature of Figure 3.15 is that the hydrophobicity of ET and Au fol-

low a similar upward trend after a dosage of 7!1014 atoms cm!2. Before this dosage,

ET shows a slight reduction in hydrophobicity. Observation of this trend indicates

that ET, the most volatile of the alkanethiols, is most likely desorbed rapidly from

the surface upon exposure. The thermal desorption of alkanethiols in vacuum has

been shown to increase with decreasing chain length [101].

The short alkyl chain in ET exhibits weak inter-chain van der Waals interac-

tions, resulting in a chaotic and defect-prone monolayer. This allows metastable

penetration to the Au-S bond and subsequent desorption of the entire ET molecule.

The short chain provides little resistance to radical transfer along the chain and
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Figure 3.15: Expanded view from Figure 3.14 detailing contact angle measurements
for ET and bare Au for a range of metastable dosages. A hydrophilic surface is
present for both cases at no exposure, followed by a slow increase in hydrophobicity
upon subsequent exposure.

subsequent sulphide head desorption. It should be noted that while the ET is being

desorbed, MPO is being deposited and this alters the ET desorption rate and the

MPO deposition rate. Only minimal cross-linking of the few remaining ET molecules

with the MPO molecules occurs and a highly disordered, defect-prone negative resist

is rapidly formed. The footprint of this resist will be quite large as the density of

the monolayer of ET is much less, due to the reduced van der Waals interaction and

the subsequent desorption of much of the monolayer upon exposure.

The surface is devoid of SAMs apart from the poorly formed carbonaceous resist

and the essentially bare Au surface makes way for the further deposition of back-

ground MPO. This deposition should result in an increase in the contact angle and
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this is observed in the graph after a critical dosage. Therefore negative patterns

on ET are most likely formed by desorption of the SAM and formation of a poor

carbonaceous resist, followed by further deposition of MPO then MPO cross-linking

and carbide formation to produce a contamination resist as per bare Au.

MPO adsorption/desorption rates are a function of variables such as MPO par-

tial pressure, ultimate sample chamber pressure and surface sticking factors [116].

The e!ect of convoluting these variables with SAM desorption rates is an area that

requires further investigation (see conclusion chapter). An understanding of this

process could explain the apparent discrepancy between the patterns observed for

ET and bare Au. The presence of the rapidly formed poor negative carbonaceous

resist with ET may alter the deposition kinetics of MPO in such a way that pattern

resolution is lost compared to bare AU substrates.

For DDT, the long alkyl chains exhibit strong inter-chain Van der Waals interac-

tions, therefore an ordered and close packed monolayer with less defects is present,

providing adequate resistance to penetration to the Au-S bond. C-H bond break-

ing and polar molecule formation is a more likely mechanism for positive pattern

formation. The unexposed layer is highly hydrophobic and a large reduction in hy-

drophobicity upon exposure results in e!ective wetting and rapid positive patterning

with strong contrast. This result suggests that negative patterns on DDT are most

likely formed by MPO/SAM cross-linking.

3.5 Conclusion

A comparison of patterns formed by metastable neon atom lithography using DDT

and ET SAM resists and bare Au substrates has shown that ET is a poor lithographic

resist. Contact angle goniometry has shown that minimal hydrophobic contrast in

ET produces only negative resists and that these are most likely the result of ET

molecules initially forming a di!use contamination resist, essentially leaving a bare

Au substrate. This process is followed by eventual desorption of the ET molecules

followed by MPO contamination resist formation. In essence, the formation of pat-

terns via this process is the same as bare Au, although the presence of a defect-prone

and di!use carbonaceous resist may explain the poor pattering exhibited by ET.

The comparatively large dosage of 8.4!1015 atoms cm!2 (18.5 atoms per SAM),

required for negative patterning in a cleaner vacuum environment confirms that the

MPO background partial pressure is a critical factor in the formation of contamina-



3.5. CONCLUSION 79

tion resists and that the preferred mechanism for negative resist formation in DDT

is cross-linking of the alkyl chains with MPO background species.





Chapter 4

Iron nanofabrication experiments

4.1 Magnetic nanostructures

The fabrication of ordered magnetic nanostructures is vital to the study of behaviour

inherent in low-dimensionality magnetic structures. As the dimensions of magnetic

structures approach fundamental lengths such as the domain wall width, the ef-

fects of confinement and proximity become crucial [38]. An extremely important

application of magnetic nanostructures lies in the production of magnetic memory

technology. An understanding of low-dimensionality magnetic systems is pivotal to

discovering the limits of this technology, as feature sizes begin to approach funda-

mental lengths.

Atom lithography holds great promise in the nanofabrication of magnetic nan-

odot structures and Sligte et al. [37] and Myszkiewicz et al. [36] individually de-

veloped schemes for producing iron nanostructures using direct deposition atom

lithography whereby iron atoms from an oven are collimated by laser cooling tech-

niques and channelled via the antinodes of near-resonant laser standing wave using

the optical dipole force. The channelled atoms are deposited on the surface in &/2

periodicity, producing sub 100 nm wide iron lines.

Several limitations have recently been observed with this approach. A high flux,

highly collimated, monochromatic atomic beam is required to produce structures

with dimensions that are viable for memory storage. Laser cooling is therefore re-

quired to collimate the atomic beam to increase the flux and avoid aberrations that

limit the resolution. This proves di$cult for iron as the strongest optical resonance

is at 372 nm, requiring a specialised continuous wave UV laser. This transition is not

entirely closed and there is a relatively high probability that excited Fe atoms may

decay to a state that is far detuned from the cooling laser. Re-pumping with 501.35

and 512.88 nm light provides better collimation e$ciency [36], but the depositional

81
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technique still su!ers from atomic surface di!usion.

We present the first production of iron microstructures via an alternative ap-

proach using metastable neon atom lithography [72] whereby 7.5 µm dots of iron

are formed on a silicon wafer. This process is not limited to the production of fea-

tures using materials with an available cooling transition and is quite simple and

robust. The scheme uses a metastable neon beam to damage a dodecanethiol SAM

resist layer on a gold and iron coated silicon wafer through a grid-patterned mask.

The SAM layer is exposed in the presence of mechanical pump oil contamination

and by the mechanism outlined in the previous chapter, a negative contamination

resist is formed and negative contrast replication of the grid mask is patterned in

the resist. A specially designed etching process leaves iron dots on silicon. This

process is depicted in Figure 4.1. The details of the sample preparation, exposure

and etching of these features is detailed in the following chapter.

4.1.1 Sample preparation, exposure and etching

The cleaning protocol for the silicon substrates was carried out as per §3.4.1. The

samples were sputter coated with a 45-55 nm (60 s @ 70mA) layer of 99.8% purity

iron. This layer was found to adhere well to the Si2O layer. The layer was observed

to be very resistant to the ferrocyanide etching solution, with immersion times of

several hours resulting in no discernible degradation of the layer. A 40 nm layer of

Au was then sputtered onto the Fe layer. This layer provides the adhesion layer for

the SAM resist, and provides an oxidation barrier for the iron. It also provides a

resist for the second stage of the etching process. The Au layer was found to adhere

well to the Fe layer.

After sputtering, samples were immediately transferred to a 2 mMol solution

of dodecanethiol (DDT) in AR grade ethanol for the optimum time of 16 h, after

which time they were immersed in AR grade ethanol and dried with nitrogen and

transferred to a desiccator to await exposure.

Two Au/Fe/Si samples were then placed on the sample carousel detailed in

§3.4.3. For the first sample, the atomic beam modulation was provided by a TEM

grid mask with 60 µm pitch, 20 µm bar and 40 µm hole. This was clamped in place

100 µm from the surface. In addition to these masks, smaller grids were sourced

with dimensions of 12.5 µm pitch, 5 µm bar and 7.5 µm hole. These were placed in

close proximity to the second sample.

The samples were then exposed to the Ne* atomic beam. As described in §3.4.5,



4.1. MAGNETIC NANOSTRUCTURES 83

Figure 4.1: (a) Etching process for fabrication of iron dots on silicon substrates.
Upon exposure of the SAM resist in the presence of MPO contamination, a durable
negative resist is formed. A wet ferrocyanide etch leaves gold caps on the underlying
iron and a methanol/HCl etch process removes the uncapped iron layer. Iron dots
remain on the Si substrate after a further ferrocyanide etch.
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a Ne* dosage greater than the critical dosage of 9.4 ! 1014 atoms cm!2 will result

in negative resist formation on DDT SAMs in the presence of background MPO

of " 4!10!7 Torr. Increasing the dosage after this point will improve the etch

contrast. This negative contrast is required for the production of the iron dots. An

exposure time of 240 min was chosen for the optimised operating flux of the Ne*

beam (2.5! 1014 atoms s!1) to provide a dosage of 2.0! 1015 atoms cm!2, ensuring

adequate negative resist formation.

A specific etching process, detailed in Figure 4.1 was developed to produce the

initial micron scaled iron features on the Si substrates. The ferrocyanide etching

solution described in §3.4.4 is used to etch the initial gold adhesion layer. During

etching, the pattern contrast was periodically monitored using an optical microscope

to ensure that good negative contrast of Au caps on the Fe construct layer was

achieved. The typical etching time for this was approximately 20 min.

The Fe layer was extremely resistant to the ferrocyanide solution, and a specific

etchant was developed to etch this layer. The particular etchant, chosen for its

nano-etching characteristics [117], was 5 mL of 10 M hydrochloric acid (HCl) in 100

mL of methanol. Stronger concentrations of this etchant resulted in almost instant

removal of the iron and poor dot contrast.

Conveniently, the Au layer was found to be extremely resistant to the HCl due

to its non-oxidising nature. Several hours of exposure to the HCl/methanol etchant

did not degrade the Au layer. For this reason, it provides a good resist for this

etching step. Areas on the Fe construct layer capped by this resist i.e. negative

contrast of the original transmission mask, remain unetched.

After a typical etch time of 10 min, gold capped iron dots on a Si substrate are

produced. These can be further etched with the ferrocyanide etching solution to

leave iron dots on Si, or alternatively, the gold cap can be left in place to provide

an oxidation barrier. The uncapped Fe dots must be maintained in an oxygen

free environment to prevent oxidation and prior to any characterisation studies, the

samples were stored in an evacuated desiccator.

4.1.2 Iron dot results

The 7.5 µm Fe dots on Si substrates were initially imaged with a 300! optical mi-

croscope to investigate the pattern contrast. An example of these images is depicted

in Figure 4.2. The negative pattern contrast is confirmed at this step. The lower

reflectivity periodic dots are Fe and the high reflectivity regions are Si. Small darker



4.1. MAGNETIC NANOSTRUCTURES 85

regions marked by the black arrow are dust contaminants on the surface The high

reflectivity region marked by the white arrow is gold remaining on the surface.
 

 

10 µm 

 

Figure 4.2: 300! optical microscope image of 7.5 µm square Fe dots on Si.

An atomic force microscope with a footprint of 20 nm was used to quantify the

edge resolution and step height of the Fe dots on Si substrates. The results of these

scans are shown in Figure 4.4. Figure 4.4(a) and (b) are scans of dots produced

using the TEM mask with the 20 µm hole. The 45 nm thickness of the Fe layer is

confirmed by the edge profile in 4.4 (b) with all of the Au resist layer being success-

fully removed. The edge width of this profile is 40 nm and reasonable edge roughness

is achieved, although this parameter has not been quantified. The roughness of the

edge and ultimately the resolution of this technique, will be limited by the roughness

of the TEM mask and Figure 4.3 shows that this is significant for the 7.5 µm hole

TEM mask. The surface roughness of the Fe layer, estimated at 3 nm, is comparable

to the roughness of the initially sputtered layer.

Figures 4.4 (c) and (d) are AFM scans of the 7.5 µm Fe dots. The Fe step is

confirmed at 52 nm with a step FWHM of 40 nm. This image also shows spikes of

Au remaining on the surface. The height of these spikes is consistent with the 40

nm gold resist layer. Dust contamination on the surface results in these areas being
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5 µm 

Figure 4.3: A high resolution microscope image of the 7.5 µm hole TEM mask. The
small indents in the metal of the mask will result in resolution degradation.

insensitive to the initial ferrocyanide etch.

4.1.3 Nanoscale iron dots

To circumvent the resolution problems inherent in the roughness of the TEM phys-

ical masks and to the atomic beam may expose the resist through a optical mask

produced from an o!-resonant laser standing wave [21, 22, 30] described in Chapter

1. The experimental approach for standing-wave lithography is shown in Figure 4.5.

In this scheme, atoms are focussed to the nodes or antinodes of the standing-wave

for laser frequencies above and below the atomic transition frequency respectively.

This focussing arises from the optical dipole force resulting from the interaction

of the induced atomic dipole with the gradient in the optical field intensity in the

standing wave. In 1D, the standing wave acts as a set of cylindrical lenses for the

atoms and if this scheme is extended to two dimensions, atoms are channelled to

the resist SAM layer in a array with periodicity of &/
&
2.

To investigate the possibility of using this scheme to produce nanoscale iron

dots, numerical simulations of atoms under the influence of the dipole force in a

1D standing wave were performed. Equation 4.1 describes the dipole force that is

dependent on the gradient of the Rabi frequency and hence on the strength of the
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Figure 4.4: (a) AFM image of iron dots produced by resist atom lithography on
a silicon substrate using a 60µm pitch, 20µm bar and 40µm hole mask. (b) Step
profile of the iron dots. The height of the step corresponds to the 40 nm deposition
of iron. (c) 70 ! 70 µm AFM image of 7.5 µm iron dots produced using the 12.5µm
pitch, 5µm bar and 7.5µm hole mask. (d) Line profile of the image in (c).

optical electric field gradient. It is dependent on the transfer of photons from one

beam to the other.
/Fdip =

#!"L'&2

4("L + !̇)2 + #2 + 2&2
(4.1)

where "L is the detuning of the light field from the transition frequency, # is the

spontaneous emission rate or Einstein A coe$cient, & = /d · /E(/r)/! is the position

dependent Rabi frequency (a measure of the coupling strength of the atomic dipole
/d to the light field /E(/r)) and ! is the phase of the light.

In the limit of low laser intensity ("L ) &) or large laser detuning ("L ) #),

equation 4.1 becomes

/Fdip =
#!'&2

4"L
= #U(x, y, z) (4.2)

where U(x, y, z) is the potential and the co-ordinates x, y and z are defined in Figure
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Ne* atomic 
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cooling laser 
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Standing wave 
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Au  

Si 

Retroflecting mirror 
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Retroflected laser 
standing-wave  

Substrate  

Figure 4.5: Schematic of a 1D standing-wave atom lithography scheme. Atoms are
focussed to the nodes of a red-detuned laser standing-wave onto a SAM layer coated
substrate. The axes on the bottom figure describe the co-ordinate system. The
Gaussian profile of the laser beam changes in the z direction, while the standing-
wave periodicity is in the x direction.
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4.5. The Rabi frequency can be expressed as & = #
-

I(x,y,z)
2Is

, where I(x, y, z) and

Is are the standing wave intensity and saturation intensity of the atomic transition

respectively. Therefore

U(x, y, z) =
!#2

8"L

I(x, y, z)

Is
(4.3)

If the atom moves adiabatically through the laser standing wave and the interaction

time with the laser beam is short enough that spontaneous emission cannot occur

to alter the atomic trajectory, the potential becomes [118]

U(x, y, z) =
!"L

2
ln

(
1 +

I(x, y, z)

Is

#2

#2 + 4"2

)
(4.4)

The intensity profile of a Gaussian laser beam with a profile in the y and z directions

forming a standing wave in the x direction can be described as [118]

I(x, y, z) = I0exp

&
#
&
2y2

w2
y

+
2z2

w2
z

''
sin kx (4.5)

where w is the 1/e2 width of the laser beam, k is the wavevector of the light and I0

is the laser intensity at the antinodes of the standing wave. The laser intensity at

the antinodes is given by

I0 =
8P0

#w2
z

(4.6)

where in the low power focussing regime, P0 is the laser power required to focus the

atoms to the centre of the Gaussian beam i.e. to the substrate, given by [118]

P0 = 5.37
#mv2"LIs
2!#2k2

(4.7)

The light forces in the y direction are be negligible compared with those result-

ing from the standing wave. The y dependent terms in the laser intensity can be

ignored, there is translational symmetry along y and the the potential is also inde-

pendent of y. All associate terms in equation 4.4 are eliminated.

Given an e!ective potential is now defined, the force on an atom in this potential

is given by /F (x, y, z) = #/'U(x, y, z) and the equations of motion for the atom in
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this field can be solved using a Runge Kutte numerical method in MatLab.
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Atomic beam 

Figure 4.6: (a) Simulated trajectories of atoms in a 1D, blue detuned Gaussian
laser standing-wave. Experimental parameters are typical to our atomic beam (v# =
515ms!1, "v# = 150ms!1, # = 5.32!107 rad s!1, with a detuning of "L = 2#!150
MHz and a beam width of wz = 300µm) (b) Atomic position at the sample after
focussing for a divergence of 0.5 mrads. (c) Atomic position for zero divergence.

These equations of motion were solved for a beam of Ne* in the 3P2 state travers-

ing a 1D standing wave of laser light that is detuned above the 3P2 $3D3 transi-

tion. The atoms will then focus to the nodes of the standing-wave. The parameters

chosen for the Ne* beam are consistent with our system, where v# = 515ms!1,

"v# = 150ms!1, # = 5.32!107 rad s!1, with a detuning of "L = 2#!150 MHz and

a beam width of wz = 300µm. The power required for focusing to the substrate is

calculated from equation 4.7 at 0.11 mW.

The trajectories of these atoms are shown in Figure 4.6(a) for an atomic beam

with a beam divergence of 0.5 mrads. This is the lower limit to beam divergence

dictated by the Doppler limit to transverse cooling (see next chapter). Random

initial positions were chosen over a &/2 range. The atoms are focussed as they enter

the Gaussian laser field.
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Figures 4.6(b) and (c) show histograms of the position of focussed atoms at the

surface for several thousand trajectories, each with Gaussian curve fitted. Figure

4.6(b) is the atomic profile for the Doppler limited beam divergence of 0.5 mrads

with a spread in longitudinal velocities typical for this beam. The FWHM of the

profile is "72 nm. This is broad compared to Figure 4.6(c) which is the profile for

an atomic beam with zero transverse velocity.

These plots demonstrate that the width of the structures is dependent on the

divergence of the atomic beam and a spread in longitudinal and transverse velocities

result in e!ects analogous to chromatic and spherical aberrations respectively. The

e!ect of the spread in transverse velocities is the domination factor. These simula-

tions [72] have shown that for our experimental configuration, a feature size of 72

nm may be expected for an optimally collimated atomic beam, although this may

be reduced further by reducing the longitudinal velocity spread.

In the presence of MPO contamination, the exposed areas become more resis-

tant to the etching solution and a periodic array of dots less than 80 nm in size with

half wavelength periodicity may be produced. A highly collimated atomic beam

incorporating phase shifts of the standing wave may reduce the periodicity to 100

nm. These feature dimensions equate to a dot array density for memory storage

of " 0.1Gbit mm!2. To realise this scheme a highly collimated atomic beam is

required. The production of a UV free, highly collimated atomic beam for atom

lithography is the topic of Chapter 5.

4.1.4 Conclusions and future work

Iron structures with dimensions of the order of 10 µm were produced for the first

time using a resist exposure atom lithography technique. A new etching process

was developed to produce periodic iron structures on a silicon wafer substrate. This

proof-of-principle experiment circumvents problems associated with existing depo-

sitional lithography schemes, such as di$cult laser cooling issues.

Once the etchant concentration and Ne* dosage was refined, this new direct

exposure atom lithography technique for fabricating magnetic structures was ex-

tremely robust over a multiple samples. The obvious extension of this work is to

produce smaller features and investigate the nature of this etching process at the

nanoscale. For this, several factors must be considered.

At the scale of this proof-of-principle experiment, the 6% UV photon flux compo-

nent of the beam will have little e!ect on the resolution attainable. As feature sizes
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are reduced beyond the di!raction limit for these photons, the damage that they

impart on the resist layer could result in significant resolution loss in the pattern

formation.

Future experiments will include the use of silicon nitride transmission masks pic-

tured in Figure 4.7 [119] to produce line features of the order of 100 nm. SiN Grid

masks can also be sourced to produce dot structures.
 

 

Figure 4.7: Silicon nitride masks sourced from Dr. Corine Fabrie and Prof. van
Leeuwen at Technische Universiteit Eindhoven. These masks have a transmission
dimensions of 100 nm.

If a physical mask with feature dimensions less than the di!raction limit for the

UV photons is to be utilised, the UV component of the beam must be removed. A

scheme for this is outlined in Chapter 5.

It should be noted that a supersonic Ne* atomic beam passing through a prox-

imity mask at a distance of 100 µm from the surface will have an ultimate resolution

of 68 nm dictated by the fundamental di!raction limit outlined in 1.1. The masks

must be moved closer to the surface to minimise the di!raction of atoms through

the 100 nm transmission slits of the SiN masks.

Simulations of the motion of atoms in a 1D standing wave have shown that for

our beam, features of 72 nm with 100 nm periodicity may be produced and extension

of this to a 2D standing-wave could produce iron dot structures with a density of

" 0.1Gbit mm!2.



Chapter 5

Atom optical beam enhancement

experiments

5.1 Introduction

This chapter presents a novel approach to the problem of producing a pure, UV

free monochromatic beam of metastable neon atoms for atom lithography using a

particular arrangement of hexapole magnetic elements, termed a ‘hexapole magnetic

guide’. The design for this guide is based on previous work utilising a series of

octupole lenses to deflect a thermal lithium beam around a 90" bend into a magneto-

optical trap (MOT)[64]. We have adapted this ‘skimmer’ for use with neutral Ne*

atoms for the first time. The advantage of our apparatus is that the reduced field

gradient in the hexapole results in a tighter focus for atoms and increased emergent

atomic flux density.

A schematic of the UV free Ne* atomic beam line is shown in Figure 5.1. The Ne*

beam is collimated by a 2D optical collimator. Charged constituents of the beam

are removed by electrostatic deflector plates before the beam enters the Zeeman

slower. The longitudinal velocity of the beam is reduced in the Zeeman slower and

upon exiting this stage the beam is re-collimated by an optical molasses stage. The

longitudinally and transversely cooled beam o!ers a longer interaction time for the

hexapole magnetic guide which deflects the metastable atoms from the UV photon

component of the beam. This scheme produces a UV free Ne$ beam, with inherently

low background of undesirable constituents.

Details of the principles governing the centre-of-mass manipulation of neutral

metastable atoms via static and electromagnetic fields for enhancement of atomic

beams are presented in this chapter. The basic theory of laser cooling is covered as is

the paramagnetic force that neutral atoms may experience in a the strong magnetic

93
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field gradient of a multipole lens. The application of this theory to several atom

optical elements is presented. The experimental apparatus, theoretical modelling

and experimental results for the Gri$th University UV-free Ne$ atomic beam-line

are presented.

5.2 Laser radiation force on a two-level atom

Figure 5.2 illustrates how the absorption/spontaneous emission cycle can impart

momentum upon an atom. A resonant photon with wavevector /k is incident an

atom in the lower state |1-. The energy inherent in the photon will promote an elec-

tron to the upper state|2-. As the photon is subject to conservation of momentum,

the atom will receive a momentum kick in the direction of the photon. The atom

then decays to the ground state by either spontaneous or stimulated emission.

The stimulated emission process results in an photon with identical wavevector

to the incident photon and the momentum gained in the absorption process is can-

celled out by the recoil momentum in the emission process, so no net momentum

transfer occurs.

Spontaneous emission will result in decay of the atom via the vacuum field

whereby the photon has equal probability of emission in any direction of a 4# stera-

dian solid angle. Subsequently, the momentum kick imparted by the absorption

process is not, on average, cancelled out as is the case with spontaneous emission.

After a large number of absorption/spontaneous emission events, the atom receives

a net momentum change in the direction of the laser propagation. Each event will

increase the atomic velocity in the direction of the laser by an amount

/vrec =
!/k
M

(5.1)

where /vrec is the recoil velocity and M is the atomic mass.

A simple, unified theory for describing the interaction of atoms with resonant

light fields has been developed by Cook [120]. This theory is a semi-classical ap-

proach based on Ehrenfest’s theorem [121] and the optical Bloch equations and

considers transitions between a lower state |1- and an upper state |2- of a two-level

atom in a classical electromagnetic field. Details of this treatment are provided in

Appendix A.

From this theory, the general expression for the force on a two-level atom in a
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Figure 5.2: The cooling cycle for a two level atom. (a) An atom absorbs a resonant
photon with momentum !k (b) The atom makes a transition to the excited state
and increases its momentum in the direction of the laser propagation by !k. (c)
The atom then releases the internal energy by spontaneous emission of a photon
in a random direction, gaining another momentum kick in the opposite direction
to the emitted photon thus the average momentum change is zero. After many
absorption/spontaneous emission events, the atom receives a net momentum change
in the direction of the laser propagation.
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monochromatic light field is given by

/F = M/̈r =
!

4("L + !̇)2 + #2 + 2&2
(#"L'&2 + #&2'!) (5.2)

Therefore

/Fdip =
#!"L'&2

4("L + !̇)2 + #2 + 2&2
(5.3)

and

/Fscat =
!#&2'!

4("L + !̇)2 + #2 + 2&2
(5.4)

where "L is the detuning of the light field from the transition frequency, # is the

spontaneous emission rate or Einstein A coe$cient, & = /d · /E(/r)/! is the position

dependent Rabi frequency (a measure of the coupling strength of the atomic dipole
/d to the light field /E(/r)) and ! is the phase of the light. Equation 5.3 describes the

dipole force that is dependent on the gradient of the Rabi frequency and hence on

the strength of the optical electric field gradient. It is dependent on the transfer of

photons from one beam to the other.

Equation 5.4 describes a force that is dependent on the rate of spontaneous emis-

sion and scattering out of the laser beam and is termed the scattering, spontaneous

or dissipative force (dissipative as spontaneous emission is irreversible).

These two forces are fundamentally di!erent. If we consider an atom at rest, the

scattering force vanishes in a standing wave, as does the dipole force in a travelling

wave. The dipole force does not saturate with intensity and can be made arbitrarily

strong, whereas the scattering force saturates with the spontaneous emission rate

and is limited in its strength. The scattering force, on account of its dissipative

nature, constitutes a powerful laser cooling tool. The next section will discuss ap-

plication of the scattering force to optical manipulation of the metastable neon beam

for flux enhancement.

5.2.1 The scattering force

Consider an atom at rest in a laser travelling wave. The electric field can be described

as
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/E(/r, t) = /E0(cos*t# !(/r)) (5.5)

where the phase !(/r) = /k ·/r, so '! = /k and !̇ = /k · v where v is the velocity of the

atom and /k is the wavevector of the light. Since the Rabi frequency is a constant,

the dipole force component of Equation 5.2 vanishes and the scattering force term

remains

/Fscat = !/k# &2

4("L # /k ·/v)2 + #2 + 2&2
= !/k# &2

4("eff )2 + #2 + 2&2
(5.6)

The e!ective detuning term "eff accounts for the detuning of the laser from the

transition frequency "L = * # *0 as well as a component which accounts for the

Doppler shift in frequency of /k ·/v that the light field will experience relative to an

atom moving with velocity /v.

In the limit of small field gradient, the Rabi frequency is independent on position

and the on-resonance saturation parameter s is defined as

s . 2&2/#2 = I/Is (5.7)

where I is the laser intensity and Is = #hc/3&3( is the saturation intensity of the

transition and & is the wavelength of the laser light. Equation 5.6 then becomes

/Fscat = !/k#
2

+
s

1 + s+ 4"2
eff/#

2

,
= !/k#

2
R (5.8)

From this equation, it is observed that the force is proportional to the photon

momentum !/k by the scattering rate R and as such is limited by the rate of spon-

taneous emission. The maximum rate at which this can occur is when each photon

absorption/spontaneous emission event is followed instantly by the next i.e.. when

50% of the atoms are in the excited state and the scattering rate R = #/2. The

magnitude of the maximum force then saturates at F = !k#/2. The scattering force
is detuning dependent.

For an atom at rest, the Doppler term in Equation 5.6 vanishes and the force is
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only dependent on the detuning of the light from the atomic transition frequency.

For atoms in motion, in the Doppler shift term dictates a dependence of the force

on atomic velocity and facilitates centre-of mass manipulation of atomic beams.

5.2.2 2-Dimensional optical molasses

In the previous section, it was demonstrated that a single laser beam can im-

part a force on an atom. Consider the interaction of the atom with two counter-

propagating, near resonant laser beams forming a standing wave with a detuning of

#/2 below the atomic transition frequency.

A stationary atom will experience equal scattering from the two beams, and

hence no net force is imparted. If the atom is moving, however, the beam counter-

propagating with the atomic motion will be Doppler-shifted towards resonance with

the atomic transition and will experience increased scattering. Conversely, the co-

propagating beam will be Doppler-shifted away from resonance and will experience

less scattering. Since the force is proportional to the scattering rate, the atom will

then experience a slowing force from the counter-propagating beam. From Equation

5.8, the combined force from the two lasers in the limit of low intensity (s * 1) and

low atomic velocity (/k ·/v * #) is

/Fnet = ±!/k#
2

.

/0
s0

1 + s0 +
1
2
2
"L /

2
/k ·/v

33
/#

42

5

67 (5.9)

The net force on the atom can be expressed as a proportionality with the atomic

velocity as

/Fnet = #%/v (5.10)

where % is a damping coe$cient and

% = 4!k2s0

.

///0

2!eff

"&
1 +

2
2!eff

"

32
'2

5

6667
(5.11)

It is observed that the net force is velocity dependent and the laser beams act



100 CHAPTER 5. ATOM OPTICS EXPERIMENTS

like a viscous fluid with a damping coe$cient %. For this reason, the force from two

counter-propagating detuned laser beams is termed an ‘optical molasses’ [122]. This

force, without limits such as atomic di!usion (discussed in the next section), would

reduce the atomic velocity to zero and hence is a cooling force.

5.3 2-Dimensional multiple reflection optical col-

limator

It has been shown that a 2D optical molasses can provide transverse cooling of the

atomic beam and as such can collimate a diverging beam, thus greatly improving

the atomic flux of the beam. The limitation of this process, however, is the range

of velocities that can be captured by the molasses is small around ±3 ms!1 for

metastable neon and is limited to detuning "L = ##/2, and so for divergent atomic

beams possessing transverse velocity v% up to 60 ms!1, only a fraction of the beam is

slowed. The scattering force is also dependent on the detuning, so the laser detuning

"L could be increased, but the force is only maximised for Doppler shifts of less than

one linewidth and so when the atom is slowed, it is Doppler-shifted from resonance

with the laser. Figure 5.3 shows how a detuning of -10# increases the capture range

to around 50 ms!1, however the force reduces rapidly with Doppler detuning. For

the scattering force to remain maximised, the frequency of the laser must be changed

over a range of laser detunings down to ##/2 to match the Doppler detuning. Thus

the laser will remain in resonance with the atomic transition frequency. The laser

frequency could be chirped, however this results in a pulsed atomic beam, so a

scheme termed ‘angle detuning’ [123, 124] is implemented.

Consider the geometry of a laser beam with wavevector /k interacting with an

atom with velocity vector /v as in Figure 5.4, where ! is the angle that the atom’s

trajectory makes to the atomic beam longitudinal axis and $ is the angle that the

laser beam makes to the transverse axis [53].

From Equation 5.6, the e!ective detuning "eff consists of the laser detuning

"L and a Doppler detuning component "D = #k · v. Assuming small $, the laser

wavevector /k and thus the Doppler detuning can be decomposed into two compo-

nents

"D = #kv# sin($) + kv% cos($) + #kv# sin($) + kv% (5.12)
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Figure 5.3: Optical molasses scattering force as a function of atomic velocity for a
range of detuning between -10# and ##/2. For the force to be maximised, the laser
frequency must be matched to the Doppler shift of the atoms from resonance.

The e!ective detuning then, has a dependence on the angle that the laser makes to

the atomic beam and this angle may be tailored to match the laser detuning to the

Doppler shift over an appreciable range of atomic velocities. The optical molasses

force in Equation 5.9 becomes

/Fnet = ±!/k#
2

.

0 s0

1 + s0 +
1
2
"
"L /

"
#kv# sin($) + kv%

#
/#

82

5

7 (5.13)

The collimator used in this experiment is one based on the work of Hoogerland

et al. [53]. The 2D collimation configuration, depicted in one dimension in Figure

5.5 simulates a curved transverse wavefront by multiple reflection of a cooling laser

between two near-parallel mirrors. If another mirror set is placed in the orthogonal
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Figure 5.4: Geometry for determining the Doppler component of the scattering
force.

dimension, two-dimensional optical collimation is possible.

The atomic beam enters the collimator 55 mm after exiting the skimmer and

four laser beams are incident upon it at an entrance angle $0. The skimmer to

collimator distance dictates the collimated atomic beam diameter, so this section

acts as a beam expander. The mirrors are deviated from parallel by an angle % and

so after n reflections of the laser beam, the laser makes an angle

$n = $0 # n% (5.14)

If the mirrors are d metres apart, then the nth reflection will occur at longitudinal

position z

z =
nd

2
($0 # $n # %) (5.15)

It is important that $n does not become negative, as this will result in back-reflection

of the laser through the collimator and cause heating. The critical value for z to

avoid back-reflection is

zmax =
d$2

0

2%
(5.16)
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Figure 5.5: One dimension of the 2-D collimator mirror arrangement. The entrance
and exit laser angles are $0 and $f respectively. The angle between the mirrors is %
and there are 28 reflections of the beam. The laser detuning is +40 MHz to achieve
an e!ective detuning of zero at the end of the collimator. The collimator is designed
to capture atoms with transverse velocities up to 60 ms!1.

This value dictates the maximum length for the collimator. For large n the angle $

can be expressed as a continuous function of the longitudinal position z.

$ (z) =

%
2%

zmax # z

d
(5.17)

This configuration allows precise adjustment of the angle that the laser makes to

the atomic beam. The laser exits the collimator at a non-zero angle, $f , therefore

the initial laser detuning must be adjusted to be resonant with the Doppler-shift

associated with this angle.

The length of the collimator is determined by the minimal interaction time re-

quired to transversely cool the atomic beam using half of the maximum radiation
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pressure or F = !k#/4 [53]

L = v#tint =
!Mv2#
!k#/4 (5.18)

where ! is the half angle divergence of the atomic beam and v# is the longitudinal

velocity of the beam.

5.4 Zeeman slowing

Supersonic expansion of thermal atomic beam will narrow the longitudinal velocity

distribution and liquid nitrogen cooling of the source will reduce the most probable

longitudinal velocity of the beam. However, a typical liquid nitrogen cooled source,

such as the metastable neon source used in this experiment, is still quite broad in

momentum space (FHWM" 200ms!1)and the longitudinal velocities are too large

for applications such as the loading of a magneto-optical trap and atom interferom-

etry.

Of particular interest to this experiment is the need for a highly longitudinally

mono-energetic, slowed beam for input into the magnetic hexapole guide. A spread

in longitudinal velocities introduces an e!ect similar to chromatic aberration into a

hexapole lens, creating a velocity dependent focus and thus a!ecting the e$ciency

of the hexapole guide. As the interaction time of the beam with the hexapole field

is a function of longitudinal velocity, it is imperative that the beam be slowed.

Laser cooling of the beam with a counter-propagating laser detuned below the

atomic transition frequency is again the obvious choice for decelerating the atomic

beam. However, as in the case with the 2D optical molasses, slowing of the atoms

results in a Doppler-shift from resonance with the laser after a reduction in velocity

of only 5 ms!1.

To maintain resonance, Zeeman slowing [54] of the atomic beam is implemented.

This scheme spatially alters the detuning to match the Doppler shift, however in this

case, the atomic transition frequency is detuned via the anomalous Zeeman e!ect.

The anomalous Zeeman e!ect describes a perturbation of the internal energy

level structure of an atom in the presence of an external magnetic field. The mag-

netic field removes the degeneracy of the atomic states, splitting the energy levels.

This splitting results from the possible orientations of the magnetic dipole of the

atom /µ relative to the orientation of the magnetic field /B. The Zeeman energy shift
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is given by

"E = #/µ · /B (5.19)

To first order in an LS coupling scheme, the energy shift becomes

"E = gjmjµBB (5.20)

where mj is the magnetic substate, µB is the Bohr magneton gj is the Landé g-factor

gj = 1 +
j(j + 1) + s(s+ 1)# l(l + 1)

2j(j + 1)
(5.21)

where s, l and j are the spin angular, orbital angular and total angular momentum

quantum numbers respectively. In the two-level atom picture, with optical transi-

tions between a lower and upper state, we must consider a shift in the energy levels

of both states. An e!ective atomic magnetic dipole µeff must be considered. The

perturbation in the transition energy is then

"EB = µeffB = (g&jm
&
j # gjmj)µBB (5.22)

where primed parameters denote the upper state. The Landé factors for the 3P2

and 3D3 states in metastable neon are 3/2 and 4/3 respectively. Using circularly

polarized )+ light in the decelerating beam, only the "mj = +1 is possible, so the
3P2 state is optically pumped into the magnetic sub-level mj = 2. Subsequently

after many absorption-emission events, only transitions between 3P2(mj = 2) and
3D3(mj = 3) are allowed.

Consider a magnetic field that varies in the z direction (in the direction of atomic

beam propagation). The transition frequency *0 will undergo detuning "B to a new

frequency *B in this field as follows

"B = *B # *0 =
mjµeff

!
0B

0z
z (5.23)

The new e!ective detuning, "eff that the atom experiences due to laser, Doppler

and magnetic detuning is

"eff = "L +"B # /k ·/v = "L +
mjµeff

!
0B

0z
z # /k ·/v (5.24)
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and Equation 5.8 becomes

/Fscat = !/k#
2

.

/0
s0

1 + s0 +
1
2
2
"L + mjµeff

!
!B
!z z # /k ·/v

3
/#

42

5

67 (5.25)

It is evident from this equation, that the Zeeman shift may be tailored via magnetic

field that varies in the z direction to match the Doppler shift.

If we define v0 as the maximum atomic longitudinal velocity, then the initial

magnetic field required to slow these atoms is |B0| = !kv0/µeff . The maximum

deceleration a!orded by the scattering force is amax = !k/2m. A design parameter

1 is introduced to tailor the Zeeman slower length by changing the deceleration to

a = 1amax. This ensures that the field gradient in the z direction is optimised. The

length of the Zeeman slower required to decelerate the atoms from v0 is then

z0 =
Mv20
1!k# (5.26)

The field profile that will allow uniform deceleration along the length of the Zeeman

slower is

B(z) = B0

$
1# z/z0 (5.27)

This field can produced by a tapered solenoid running co-axial to the atomic

beam and decelerating laser beam. The laser detuning may be changed to define

the velocity at which the atoms exit the Zeeman slower [76].

5.5 Hexapole magnetic lens

It is possible to manipulate the trajectories of paramagnetically behaving atoms with

an inhomogeneous magnetic field. Since Ne* atoms in the 3P2 state are optically

pumped into the mj = 2 magnetic sublevel, their behaviour is paramagnetic. They

will therefore tend to align their magnetic dipoles with the magnetic field such that

their potential energy is minimised. The energy of a magnetic dipole /µ in a magnetic

field with flux density /B is given by

Vdip = #/µ · /B (5.28)
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and assuming that /µ is constant and aligned with /B, the associated force on the

atomic dipole is
/F = (/µ ·') /B) (5.29)

Since Ne* atoms minimise the energy by aligning the dipoles parallel to the applied

magnetic flux density, they are low-field seekers.

The paramagnetic e!ect is quite weak, and so large magnetic flux densities are

required to exert an appreciable force on an atom. Rare-earth magnets (REM)

made from materials like NeFeB, o!er a large magnetic remanence and a suscepti-

bility close to unity. The magnetisation is constant over a range of field strengths,

therefore the total field from a number of magnet segments can easily be modelled

by superposition principles. This allows complicated fields to be modelled and de-

signed with a high degree of accuracy. Additionally, they are inexpensive and easily

sourced. They can be used in the design of multipole magnetic lenses [62] with very

strong magnetic field gradients (" 100 Tm!1), which can exert considerable force

on a neutral atom.

Friedberg and Paul [52] first discovered that low-field seeking paramagnetic

atoms that have been optically pumped into the maximum magnetic sublevel will

bind harmonically to the magnetic axis of a hexapole magnetic arrangement. This

arrangement is shown in Figure 5.6(a), where the arrows indicate the magnetic field

direction.
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Figure 5.6: (a) Hexapole arrangement of rare earth magnets (b) A wedge shaped
magnetic element.



108 CHAPTER 5. ATOM OPTICS EXPERIMENTS

For a perfect unsegmented hexapole lens (2N = 6), the magnitude of the mag-

netic flux density varies quadratically with radial distance r from the centre of the

lens

| /B| = Br

&
r

r1

'2

(5.30)

This parabolic nature eliminates spherical aberrations and ensures a linear variation

in the magnetic field gradient. Thus the force increases linearly with distance from

the centre of the lens. From Equation 5.29, the force is given by

/F = µBgjmj' /B (5.31)

Hence the force is dependent on the magnetic substate mj and atoms near the edge

of the lens will feel a greater force and their trajectories will be bent toward the field

minimum at the axis of the lens. In the paraxial or ‘thin lens’ approximation [65],

the focal length of the hexapole lens is given by

f =
Mv2#/2

µB(02B/0r2)L
(5.32)

where M and v# are the mass and the longitudinal velocity of the atom respectively

and L is the length of the lens i.e. the dimension parallel to the atomic beam

direction.

Practical magnet elements will not have the geometry shown in Figure 5.6(a),

however, and magnets with trapezoidal profiles depicted in Figure 5.6(b) can be

considered. For a 2N-multipole lens made from M trapezoidal wedges, Halbach [62]

showed that the complex magnetic field conjugate at radial position , = x+iy inside

the hexapole lens can be approximated by the Taylor expansion

B$(,) = Br

'9

"=1

&
,

r1

'2 n

n# 1

+
1#

&
r1
r2

'n!1
,
Kn (5.33)

where

Kn = cosn(+#/M)
sin(n+#M)

n#M
(5.34)

and

n = N # 2M (5.35)



5.6. BEAM ENHANCEMENT EXPERIMENTS 109

are correction factors that account for the trapezoidal shape and segmentation of

the lens element respectively, Br is the magnetisation vector with components Brx

and iBry, r1 and r2 are the inner and outer radius of the lens wedges respectively

(see Figure 5.6) and + is a geometric form factor that accounts for the deviation

from the maximum possible wedge angular size of 2#/M (see Figure 5.6(b).

5.6 Beam enhancement experiments

The following sections present the simulations, experimental apparatus and beam

enhancement results for the GU Ne* atomic beamline. The beam enhancement

achieved by a 2D optical collimator and Zeeman slower is quantified and the perfor-

mance of the hexapole magnetic guide is analysed and presented.

5.7 Laser system

This section describes the laser system required to provide the radiation pressure for

manipulating the atomic motion. The frequency stabilisation required to maintain

the correct laser detuning to maximise the scattering force is also described.

5.7.1 Laser frequency stabilisation

Frequency fluctuations of the laser alter the e!ective detuning and therefore the

dynamics of the scattering force. It is important to lock the laser to a frequency

reference at the 3P2 $3D3 atomic transition frequency in neon, or at the required

detuning for optimization of the laser cooling atom optical elements.

The short term jitter of tunable dye-lasers is accounted for by stabilisation sys-

tems which observing fringes in an optical cavity which provide feedback to piezo-

driven mirrors. This jitter can be minimised to around 1 MHz [125]. However,

dynamic external parameters such as ambient temperature and humidity a!ect the

stability of the laser frequency over long time scales and can induce drift on the

order of 2 MHz s!1.

To lock the laser over the long time periods required for atom optical experiments,

a long-term stabilisation system, based on saturated absorption spectroscopy was

employed. Figure 5.7 shows the experimental set up for a saturated absorption cell

or SAC. The SAC consists of a 170 mm long glass tube filled with 2 Torr of neon

gas. An electrical discharge, initiated between two electrodes, excites a proportion
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of the gas into the 3P2 metastable state, the excited state that is used in the Ne$

beamline. These excited atoms have a very broad thermal velocity distribution and

thus their linewidth exhibits Doppler broadening of the order of 1 GHz.

To improve the resolution, saturated absorption spectroscopy is performed. A

&/4 plate provides )+ light, which is directed into the cell and retroflected by a

mirror back along the cell axis. The pump beam saturates the transition, exciting a

maximum number of atoms (in the v=0 velocity group) into the metastable state.

The retroflected probe beam then cannot be absorbed by this group. When the

laser is tuned to the atomic transition with no Doppler detuning, the cell appears

transparent to the probe and a maximum is observed at the photodiode monitoring

the probe intensity. If a detuning is present, then the pump and probe beams will

resonate with di!erent non-zero velocity groups. By scanning the laser frequency

over a 2 GHz range and monitoring the photodiode signal, a saturated absorption

spectrum with a peak corresponding to the resonant condition is obtained, as in the

insert of Figure 5.7. The FWHM of this peak is around 20 MHz and this linewidth

is su$ciently narrow to lock the laser to resonance with the atomic transition fre-

quency.
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Figure 5.7: Schematic of the saturated absorption cell used as a reference to lock to
the 3P2 $3D3cooling transition in neon. Insert: A saturated absorption spectrum
with the laser scanning 2 GHz over the atomic transition frequency. The peak
corresponds to a laser frequency in resonance with the transition.

Since modulating the laser frequency is undesirable while operating the exper-
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iment, a scheme to scan the atomic transition frequency via Zeeman shifting was

employed as demonstrated by Dinneen et al. [126] and refined by Varcoe et al. [127].

A set of AC coils are placed around the cell to provide an oscillating, scanning mag-

netic field. This dithering field modulates the probe beam intensity by shifting the

transition frequency of atoms in the cell to produce a saturated absorption peak. If

the slope of the measured probe intensity is recorded and multiplied by the slope

of the dither field, an error signal can be generated. This is sent to the external

frequency o!set control input of the laser control unit, which in turn changes the

frequency of the laser. The detuning of the atomic transition can be provided by

a separate coil supplying a DC magnetic field, however for this experiment, the

detuning of the laser was facilitated by acousto-optic modulators.

The laser stabilization feedback unit designed for the Gri$th laser system, is

completely controlled by a LabView program and National Instruments data acqui-

sition system (National Instruments CompactDAQ USB chasis with a NI9263 volt-

age output and a NI9201 voltage input module installed) and is a highly portable

and convenient system. Figure 5.8 is a schematic of the locking system. All signal

processing is performed by the LabView program. This environment allows for full

PC integration of the locking system and therefore it can be included in automation

of the experiment.

A low frequency (< 1000 Hz) AC dithering signal is generated by a custom made

oscillator outputs to a current amplifier to provide su$cient current (typically 1A)

to drive the AC coils over a 2.5 mT magnetic field range. The amplitude of the

oscillating field is adjusted to scan over the 3P2 $3D3 saturated absorption peak,

a scan range of around 60 MHz. Figure 5.9(a) outlines the feedback logic process.

A monitor signal VAC is sent from the amplifier to an analog input of the data

acquisition system as is the probe laser signal VPS. VAC and VPD are di!erentiated

by the software and the sign of the slopes are determined and converted to binary (1

for +ve, 0 for -ve). These are compared by XOR logic ie. same slopes return binary

0V, while di!erent slopes return binary 1V. Further logic converts logic 0V to -1V.

The resulting signal is averaged over several AC field oscillations. An appropriate

gain is applied to ensure that the error signal voltage is within the stability range

of the laser control hardware and the resulting error signal VERROR is applied to the

external frequency o!set control input of the laser frequency control hardware.

Figures 5.9(b) and (c) show how the locking system drives the laser back to

resonance with the atomic transition. When the laser is tuned to the saturated
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Figure 5.8: Schematic of the laser stabilisation feedback system.

absorption peak, as in Figure 5.9(b), the output from the XOR logic is 1V for one

half cycle of the AC oscillation and 0V for the other half, resulting in a time averaged

value of VERROR = 0. If the laser is detuned from resonance (Figure 5.9(c)), the

symmetry of VPS is broken and a non-zero value for VERROR is returned. This signal

drives the laser back to resonance.

Frequency stability measurements for the ring dye lasers have shown that the

long-term frequency drift using only the short-term locking system is "35 MHz

hr!1. Measurements of the drift while utilising the frequency stabilisation locking

system are significantly improved with long term drift of 4± 0.1MHz observed over

several hours. It is possible with this system then, to lock the laser to the 3P2 $3D3

transition for the periods required for atom lithography.
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Figure 5.9: (a) The LabView logic sequence for determining the error signal Verror

for frequency stabilision via saturated absorption spectroscopy. Multiplication of the
signs of the slopes of the photodiode signal VPD and AC coil signal VAC leads to an
average error signal VERROR = 0 when the laser is resonant with the transition (b)
and VERROR %= 0 when a detuning is present. This non-zero error signal is applied to
the external frequency o!set input of the laser frequency control hardware, shifting
the laser back to resonance.
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5.7.2 Laser system

The laser and associated optics system used for the atom optical manipulation ex-

periments is shown in Figure 5.10. The detuning required for the collimator and

Zeeman slower di!er by a frequency that cannot be accounted for by acousto-optic

modulators and so the system requires two separate dye laser systems, a Coherent

899 ring dye laser for the collimator and re-collimation stages, and a Spectra Physics

380D ring dye laser for the Zeeman slowing beam. Both dye lasers are pumped by

CW Coherent Verdi V5 solid state lasers (532nm) at 5.5 W and utilise Kiton-red

dye.

Collimation and re-collimation laser setup

The Coherent 899 ring dye laser provides 450 mW of light at 640.255 nm at a

linewidth of 1 MHz. The light is then detuned to +40 MHz (40 MHz higher frequency

than the atomic transition frequency) via the internal frequency control hardware of

the laser system, to provide the correct detuning for the 2D optical collimator. The

detuned beam passes through a &/2 plate and polarising beamsplitter (PBS). This

allows variable division of the principle beam into two secondary beams: a beam for

the 2D collimator (" 300mW) and a beam (" 120mW) for the re-collimation stage

(" 70mW) and frequency stabilisation locking system (" 15mW).

The 2D collimation beam passes through a Optics for Research Faraday rotator

to prevent back-reflections into the dye laser cavity. The beam is then directed into

a Newport fibre launcher and sent to the experiment optical table via single-mode

optic fibre. At the experiment table, 200 mW of the light is out-coupled, collimated

to a 1/e2 diameter of 15 mm and split via a series of mirrors and beam-splitters into

four beams, each with "40 mW of power. These are directed into the four view-

ports of the collimation chamber and constitute the two orthogonal optical molasses

described in Section §5.3.
The second beam passes through an IntraAction AOM40 acousto-optic modu-

lator (AOM) which allows the frequency of the laser beam to be detuned back to

the atomic transition frequency. The AOM is driven by an IntraAction VFE-404A

variable RF driver. The beam then passes through another PBS-&/2 plate variable

beam-splitter and is separated into the re-collimation and frequency stabilisation

beams.

The frequency stabilisation beam is reflected from a plate beam-splitter into

the saturated absorption cell and retroflected back through the beam-splitter into a
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Figure 5.10: An overview of the atom optics laser system. The frequency of the dye
laser is locked to reference saturated absorption cells (SAC’s) containing neon gas,
via a computer feedback locking system. The required laser detuning is provided by
acousto-optic modulators (AOM’s).
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photodiode (PD). This allows saturated absorption spectroscopy to be performed to

provide a reference to lock the laser to the atomic transition frequency, as described

in §5.7.1.
The re-collimation beam is directed to the experiment optical table. It is di-

rected through a viewport of the re-collimation chambers. A special arrangement

of mirrors mounted in each chamber, depicted in Figure 5.16(b), allows the use of a

single retroflected beam to produce a 2D optical molasses.

Zeeman slower laser setup

The Spectra Physics 380D ring dye laser provides 300 mW of light at 640.255 nm at a

linewidth of 500 kHz. The light passes through a PBS-&/2 plate variable beamsplit-

ter, where 10 mW is directed into a saturated absorption cell for frequency locking

and 280 mW is directed into a Newport fibre launcher and sent to the experiment

optical table via single-mode optic fibre. At the experiment table, 200 mW is out-

coupled and split into two slowing beams. These pass through &/4 plates to provide

)+ light and are coupled into the experiment via viewports onto a special mirror

arrangement depicted in Figure 5.16(c). This slowing approach is novel in that it

utilises dual slowing beams and the experimental configuration and diagnostics for

this arrangement are covered in §5.4.
The slowing lasers are detuned to -140 MHz, the detuning required for optimum

Zeeman slowing. To do this, the laser was first referenced to the saturated absorp-

tion peak at zero detuning. A LabView program outputs an adjustable, calibrated

DC o!set to the external frequency control input of the laser frequency control elec-

tronics to allow a prescribed detuning to be applied. A Spectra Physics 388 external

frequency reference station is used to lock the laser to the given frequency. The ref-

erence station contains a Fabry-Perot interferometer and the frequency is locked to

the steepest part of the fringes it produces. The monitoring electronics compensate

for frequency shifts by altering the laser cavity length.

The required detuning is quite large compared to those available using an AOM,

and it was found that the performance of the Zeeman slower was less sensitive to

detuning from resonance than the collimation stage. For this reason, the saturated

absorption locking scheme was not utilised and the laser was locked using only the

Spectra Physics 388 external frequency locking unit. Long term drift in the Spectra

Physics 380D was "30 MHz over several hours and could be monitored and manually

adjusted back to the required detuning.
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5.8 2D optical collimator

This section provides details of the apparatus used for operation and characterisation

of the 2D optical collimator described in §5.3 based on the design of Hoogerland [53].

The vacuum system was modified for the collimator diagnostics and the system

is briefly described. The design and construction of the 2D optical collimator is

detailed, as are the diagnostic tools to determine beam enhancement parameters,

such as beam divergence reduction factor and flux gain.

5.8.1 Vacuum system

Figure 5.11 shows a schematic of the apparatus used for the 2D collimator diag-

nostics. The atoms exit the source skimmer with a half angle divergence of " 100

mrads. The mounting of the skimmer was modified to ensure that the skimmer to

collimator distance was minimised. This is important if the beam diameter is to

be reduced and the spatial capture range of the collimator subsequently optimised.

The skimmer is mounted on a 75 mm perspex spacer which is in turn attached to

the copper gasket that forms the seal between the source an collimator chambers,

e!ectively moving the collimator 55 mm closer to the skimmer.

The collimator chamber (Figure 5.12(b)) consists of a stainless steel four-way

cross chamber (for collimator laser coupling) attached to a glass chamber with 6”

metal flanges on either end. The glass section facilitates easy alignment of the col-

limating laser beams on the collimator mirrors and observation of the fluorescence

in the laser-atom interaction region is facilitated. Maximising this fluorescence, pic-

tured in 5.12(b), allows initial rough adjustment of the laser detuning to achieve

resonance with the atoms. The fluorescence can also be observed to ensure that the

laser has not drifted. The pressure in this chamber is "8!10!7Torr.

Following the collimator chamber is a 6-way cross chamber. The top flange of

this chamber houses the linear drive for translating the first thin-wire beam scanner

(see §2.6.2). The distance between the end of the collimator and the thin wire scan-

ner is 200 mm. The chamber is pumped by a Varian Turbo V550 MacroTorr 550

ls!1 turbo molecular pump. This replaced the previous 55 ls!1 turbo pump that was

previously utilised. An identical chamber, houses the second thin-wire beam scanner

at a distance of 680 mm downstream from the first, and is pumped by a Pfei!er-

Balzers TPH520 500 ls!1 turbo molecular pump. The spatial separation of these

scanners allows the atomic beam divergence to be measured. The back flange of
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this chamber provides a mount for a multi-channel plate, position sensitive detector

(PSD’s). The PSD’s are located 50 mm behind the second thin wire scanner.

5.8.2 Collimator

The collimator apparatus is depicted in Figure 5.12. The mirror housing is made

from aluminium with slots milled to allow e$cient pumping around the housing

and to allow the laser reflections to be observed. The mirrors are mounted to an

aluminium slotted frame which is attached to the mirror housing via a cantilevered

spring and screw assembly. This allows the mirrors to be adjusted to the desired

angle. The housing holds the mirrors at a distance of 60 mm apart at the entrance

of the collimator.

The mirrors are 98% reflective Newport protected aluminium mirrors on optical

quality glass substrates and are 150 mm long, 20 mm wide and 5 mm thick. Previ-

ously experimental apparatus configurations resulted in coating of the mirrors with

contamination from background pump oil, reducing the reflectivity of the mirrors

to around 90%. After multiple reflection of the laser, this contamination reduced

the available laser power to less than the saturation intensity of the transition at

the exit of the collimator, drastically reducing the scattering force. However, the

addition of the larger turbo pump ensured that the background oil contamination

was reduced by an order of magnitude and the issue was resolved.

Accurate adjustment of the laser entrance angle $0 and mirror angle % is criti-

cal to the performance of the collimator. This was initially performed external to

the vacuum system. A helium-neon laser was directed into the collimator through

apertures that define the optimal $0 value of 120 mrads. The mirror angle % was

adjusted via the spring-loaded screws on each mirror until 28 reflections were ob-

served on each mirror surface. This ensured that the optimal value of % = 2.4mrads

was maintained. The collimator was then carefully placed in the collimator vacuum

chamber at a distance of 55 mm from the skimmer. The 15 mm diameter collimat-

ing laser beams, each with " 40mW of power, were then coupled through the four

orthogonal AR coated view-ports onto the mirrors and the number of reflections

counted to ensure that the alignment had not changed while transporting the colli-

mator into the chamber. At the prescribed input angle of 120 mrads, the laser beam

is clipped by the mirror edge, and the resulting beam has a rectangular profile of 15

mm ! 7 mm.
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Figure 5.12: Schematic of the 2-D collimator assembly. Two sets of almost parallel,
98% reflective mirrors are held in the two dimensions. The angle of the mirrors is
adjusted and maintained via a precision spring-loaded screw assembly. Insert: Pho-
tograph of the 2-D multiple reflection collimator in the glass chamber. Fluorescence
can be observed in the region of laser-atom interaction.
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5.8.3 Simulations of atomic trajectories

Simulations of several thousand atomic trajectories in the laser field produced by

the collimator were performed to optimise the collimator parameters. Equation 5.13

was solved for the range of atomic velocities produced by the liquid nitrogen cooled,

skimmed source via a Runge-Kutte numerical method. An atomic beam with Gaus-

sian transverse velocity profile (1/e2 width of 60 ms!1) and a Maxwell Boltzmann

longitudinal velocity profile (most probable velocity of 515 ms!1 and FWHM of 250

ms!1) was modelled. Initial atomic positions and velocities were chosen at random

from these weighted distributions and evolved through the collimator. The results

of the simulations are shown in Figure 5.13.

Using these simulations, optimal parameters for the collimator were determined.

Table 5.8.3 outlines the geometric and laser parameters, which are optimised for the

experimentally determined most probable longitudinal velocity of 515 ms!1 of the

liquid nitrogen cooled atomic beam, and a transverse capture range up to 60 ms!1

with an initial atomic beam half divergence !=100 mrad. The laser detuning of +40

MHz was chosen to account for $f=10 mrad.

Parameter Symbol Value

Laser input angle $0 120 mrad

Mirror angle % 2.4 mrad

Mirror separation d 60 mm

Interaction length L 150 mm

Laser detuning "L +40 MHz

Number of reflections n 28

Most probable longitudinal atom velocity v# 515 ms!1

Table 5.1: Table of optimised 2-D collimator parameters.

5.8.4 Atomic beam collimation diagnostics

To determine the atomic beam profile before and after collimation, and thus deter-

mine the beam enhancement parameters, two spatially separated thin wire scanners

were employed. These are separated by a distance of 680 mm. The principal of

operation of these detectors is detailed in Section 2.6.2. While operating at liquid
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Figure 5.13: Simulations of atomic trajectories through the optical collimator. The
initial transverse and longitudinal velocity distributions are chosen to match those
measured experimentally for our atomic beam. Atoms with transverse velocities
greater than 60 ms!1 are not captured.
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nitrogen temperature during the diagnostic phase, the source and collimator pres-

sure were 8.5! 10!5Torr and 8! 10!7Torr respectively. The source discharge was

operating at 15 mA and -450 V. The atomic beam was aligned down the centre of

the collimator by maximising the current measured on a 15 mm diameter Faraday

cup in the first thin-wire chamber, placed in the centre of the experiment longitu-

dinal axis at 450 mm from the source skimmer. The uncollimated Ne* flux of the

beam, measured on the Faraday cup, was generally " 6.7 ! 1011 atoms s!1. The

laser power per beam was 40 mW (s = 4.3).

To verify that the detuning of +40 MHz was the optimum parameter, a 3 GHz

sweep of the laser frequency was performed while monitoring the flux on the Fara-

day cup. The results of this scan are shown in Figure 5.14. A peak in the Ne* flux

is observed at the expected laser detuning "L = +40 ± 4 MHz and the width of

the peak is " 50MHz. The Ne* flux is observed to minimise for "L = +90 MHz,

indicating that the laser detuning does not match the Doppler detuning e!ectively,

resulting in a net positive e!ective detuning "eff . The atoms are heated and forced

transversely away from the longitudinal axis. A secondary peak, separated by 1.6

GHz, is present, indicating the presence of collimated 22Ne in the beam. The flux

measured at the Faraday cup after collimation of the beam using the optimal de-

tuning was " 1.7! 1012 atoms s!1. This is an increase of " 2.5!.

The thin wire detectors were used to determine the beam divergence. The atomic

beam profiles obtained from the thin wire scans are shown in Figure 5.15. The pro-

files were also used to verify the flux measured using the Faraday cup. Significant

narrowing of the transverse profile of the beam is observed when the collimator is

in operation and the central beam intensity is increased.

The FWHM of the profiles at the first and second thin wires are 14.7 and 19.4

mm respectively. Considering the separation between the scanners was 680 mm,

this indicates a beam divergence of 7± 3mrads. Using the measured most probable

longitudinal atomic velocity of 515 ms!1, the residual transverse component of ve-

locity is then " 3.5ms!1. Using the peak intensity of the 1st thin wire scan for the

collimated beam, the flux N from equation 2.26 was found to be 2!1012 atoms s!1,

in close agreement with the flux measured on the Faraday cup. The flux measured

on the 2nd scanner with the collimator operating was 8! 1011 atoms s!1, compared

with the uncollimated flux of 9.3! 1010 atoms s!1.

The flux gain is often used as a figure of merit and the gain for this collimator

at the rear detector is " 8.6. Another figure of merit often quoted is the beam
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Figure 5.14: A scan of ejected electron current from a Faraday cup mounted down-
stream from the collimator as a function of collimator laser detuning. The cooling
and heating peaks are observed for 20Ne and a smaller peak indicating resonance
with 22Ne is also observed.

divergence reduction. The beam divergence in this case was reduced from 100 to

7 mrads which in two dimensions equates to a beam divergence reduction factor of

" 205.

The Doppler limit for divergence in for this system is 0.5 mrads, however, and

the divergence reduction factor is still not an improvement on the work of Hooger-

land, who quote a beam divergence of 2 mrads. Factors that may be addressed for

improvement include the addition of a further optical molasses directly after the

collimator. Since the transverse velocities of the collimated beam are within the

capture range of the optical molasses force, this could significantly reduce the beam

divergence. Minimising the distance from the skimmer to the collimator would re-

duce the beam diameter, increase the spatial capture range and hence increase the

flux.



5.8. 2D OPTICAL COLLIMATOR 125

 

 

 

 

0 20 10 30 40 50 

Thin wire position  (mm) 

0 20 10 30 40 50 

Thin wire position  (mm) 

2.25 

2.30 

2.35 

2.40 

2.45 

2.50 

2.55 

2.60 

2.20 

T
h

in
 w

ir
e 

cu
rr

en
t 

(n
A

) 
T

h
in

 w
ir

e 
cu

rr
en

t 
(n

A
) 

3.0 

2.8 

2.6 

2.4 

2.2 

2.0 

1.8 

 

 

0 20 10 30 40 50 

Thin wire position  (mm) 

0 20 10 30 40 50 

Thin wire position  (mm) 

2.25 

2.30 

2.35 

2.40 

2.45 

2.50 

2.55 

2.60 

2.20 

T
h

in
 w

ir
e 

cu
rr

en
t 

(n
A

) 
T

h
in

 w
ir

e 
cu

rr
en

t 
(n

A
) 

3.0 

2.8 

2.6 

2.4 

2.2 

2.0 

1.8 

With collimator 

 

Without collimator 

With collimator 

 

Without collimator 
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and (b) a thin wire detector 680 mm downstream. The beam divergence from the
FWHM of the collimated beam is 7 mrad. Units are in terms of measured electron
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5.9 Dual beam zeeman slower

Previous Zeeman slower designs have used a single laser beam directed counter-

propagating to the atomic beam and co-axial to a tapered solenoid. The laser is

steered along the axis by reflection from a 45" mirror with a hole in it. Atoms are

longitudinally slowed by the Zeeman slower and traverse this hole to the experiment

chamber. The hole not only creates a laser shadow in the slowing beam, but is

e!ectively an aperture for the atomic beam, limiting the flux significantly.

The work presented here utilises a novel dual slowing beam configuration, de-

picted in Figure 5.16.

Two 70 mW, 20 mm diameter Gaussian laser beams, detuned by -140 MHz are

passed through linear polarizer/&/4 combinations to produce )+ light. These enter

the slowing beam chamber through AR viewports and are reflected from the slowing

mirrors, counter-propagating to the atomic beam and co-axial to the Zeeman slower

solenoid. These mirrors are corner prisms made from fused silica and coated in

protected aluminium. They are held in the arrangement depicted in Figure 5.16(c).

The mirrors are separated by 8 mm, allowing a relatively large aperture for slowed

atoms to be transmitted. This arrangement ensures that the entire cross-section of

the atomic beam is influenced by the slowing laser.

The angle of the slowing beams onto the mirrors is adjusted until the beams

make an angle of 15 mrads to the Zeeman slower axis (!s). This angle introduces

a transverse component of scattering force to compensate for atomic di!usion. The

residual transverse velocity component of the beam after collimation becomes an

appreciable contributor to the beam divergence as the longitudinal velocity is de-

creased and this e!ect is also partially compensated for via this scheme. The slowing

beams cross over mid-solenoid and remain overlapped for the entire length of the

solenoid.

As stated previously, the atomic beam has a residual component of transverse

velocity after the collimator section. At the beginning of the Zeeman slower, this is

negligible compared to the longitudinal component, so the beam divergence is min-

imal. However as the beam slows longitudinally, the transverse component begins

to contribute significantly to the beam divergence.

A re-collimation stage, depicted in Figure 5.16(b), provides a near resonant op-

tical molasses to reduce the transverse velocity of the beam as it leaves the slower.

The mirrors used in this configuration are identical to those used in the slowing con-

figuration and are housed in an aluminium frame. The re-collimator is fixed in place
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in the slowing beam chamber at a distance of 40 mm from the end of the Zeeman

slower solenoid. The arrangement of the mirrors allows a single 20 mm diameter,

40 mW laser beam to be retroflected to produce a 2D optical molasses.

The solenoid is designed as follows. Two 1030 mm coaxial tubes (with diameter

64 mm and 40 mm for the outer and inner tubes respectively) are capped on the

ends with 6” flanges with water conduits drilled through to allow cooling water to

flow into the space between the two tubes. The inner 40 mm diameter is the evac-

uated region where the atomic beam traverses.

The solenoid is constructed from enamel coated copper wire (3.15 mm ! 5.35

mm) wound around the cooling jacket tube. The length of the solenoid is 0.93 m.

The layers of the coil are chosen to provide a magnetic field profile that will result in

uniform deceleration over the length of the Zeeman slower. The appropriate field for

a maximum atomic longitudinal velocity of 730 ms!1, with a design factor 1 = 1/3

and slower length z0 = 0.93 is given by equation 5.27, and is plotted in Figure 5.17.

The magnetic field at any axial position z from a single current carrying loop of the

Zeeman slower is defined by the Biot-Savart law

B(z) =
µ0

2#

rI

(z2 + r2)3/2
(5.36)

where µ0 is the permeability of free space, I is the current and r is the radius of an

individual coil.

The Zeeman slower solenoid consists of two separate sections. The inner and

outer windings provide a bias field and tapered field profile respectively. Each sec-

tion is supplied by a separate current supply. A high resistance solenoid was favoured

over higher current, avoiding over-heating issues. For the required capture veloc-

ity, a supply current of 15 and 18 A was provided for the bias and tapered fields

respectively. Integrating equation 5.36 over all coils in the solenoid gives the field

at any given point. This function provided the basis for a simulation to calculate

the number of coils required as a function of longitudinal position z to supply the

appropriate magnetic field profile. Figure 5.17 shows magnetic field profiles for the

simulation and the theoretically optimal field profile from equation 5.27. The actual

field in the Zeeman slower was measured with a Hall probe translated along the z

axis and the field measured in our Zeeman slower and as can be seen in Figure 5.17,

there is close agreement between the simulated field and the field provided by the

solenoid.
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Figure 5.17: Variation of magnetic field along the longitudinal axis of the Zeeman
slower. The dotted curve gives the theoretical field required for slowing from a max-
imum longitudinal velocity of 730 ms!1 to 80 ms!1. The red curve is the simulated
field and the blue circles show the actual field measured in the Zeeman slower.

5.9.1 Zeeman slower simulations

Simulations of atomic longitudinal trajectories through the Zeeman slower were

performed in much the same manner as those performed for the collimator. Several

thousand atomic longitudinal velocities were evolved semi-classically via a Runge-

Kutte numerical solution of equation 5.25, using the magnetic field described in

Figure 5.17 in combination with dual slowing lasers at the optimum slowing param-

eters for a capture range of 730 ms!1 and final longitudinal velocity of 80 ms!1.

These parameters are "L=-140 MHz, s = 2 and !s=15 mrads. The Gaussian profile

of the slowing beam was also considered and transverse velocities and positions typ-

ical of those encountered experimentally were used. An experimentally determined

Maxwell-Boltzmann distribution of initial longitudinal velocities is also included in

the simulation.

A small number of these trajectories are shown in Figure 5.18. It is observed

from the simulations that atoms above the capture limit are not slowed. Atoms
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Figure 5.18: Simulated evolution of atomic longitudinal velocities along the dual
beam Zeeman slower with "l=-140 MHz and !s=15 mrads.

within the capture range begin slowing when the combination of "B and "L match

the Doppler shift. They remain resonant with the slowing laser after this point and

are slowed to the predetermined velocity of 80 ms!1 at the end of the slower. The

result is a narrowing of the longitudinal velocity distribution.

5.9.2 Zeeman slower diagnostics

The time-of-flight apparatus for determining e!ectiveness of the Zeeman slower for

slowing and narrowing the longitudinal velocity distribution is shown in Figure 5.19.

The water-cooled Zeeman slower solenoid is attached to the bellows from the

collimator chamber and source apparatus depicted in Figure 5.11. The slowing mir-

ror chamber is pumped by a Pfei!er-Balzers TMH 071-P 60 ls!1 turbo pump. This

chamber leads to the time-of-flight chamber where a mechanical chopper wheel, de-

scribed in §2.6.1 is located. The slit in the chopper wheel is aligned to be in the

centre of the atomic beam. The slowed atom beam is pulsed by the mechanical

chopper rotating at 90 Hz, and the slowed atoms traverse the 520 mm flight path
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from the chopper to the PSD’s chamber. This chamber is pumped by a 500 ls!1

turbo pump. The atom pulses are detected by the PSD’s and the signal is sent to

the time-of-flight processing hardware.

The metastable neon source was operated at 15 mA at liquid nitrogen tempera-

ture. The optical collimator was operating at the optimum parameters described in

Table 5.8.3. Slowing beams were 70 mW with a 1/e2 diameter of 20 mm

Time-of-flight measurements were undertaken for a number of laser detunings

and Zeeman slower solenoid supply currents. The optimum slowing was observed

for a laser detuning of -140 MHz and solenoid bias and tapered currents of 13 and 18

A respectively. The velocity distribution obtained using these parameters is shown

in Figure 5.20.
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Figure 5.20: Time-of-flight velocity distribution for atoms slowed using "L =
#140MHz, solenoid bias current of 13 A and tapered field of 18 A. A slowed peak at
80 ms!1 is observed. Geometric considerations of the time-of flight apparatus mean
that very few atoms below 250 ms!1 are observed.

A slowed atom peak at 80 ms!1 is observed although it is significantly smaller

than the large supersonic peak. The reason for this lies in the geometric arrangement

of the chopper wheel. Atoms exit the Zeeman slower possessing residual transverse
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velocity. If the longitudinal velocity of the atoms is below 250 ms!1, even collimated

atoms with transverse velocity of 4 ms!1 are deflected away from the longitudinal

axis su$ciently that they do not traverse the slit in the chopper wheel. Only slowed

atoms with very small transverse velocities will be detected, hence the reduced size

of the 80 ms!1 atom peak.

Previous slowing results for this experiment using a single slowing beam reflected

from a mirror with a hole in did not reveal this peak. This is because the total num-

ber of atoms reaching the detector was significantly less than in the dual slowing

scheme. The signal to noise ratio of detection was not su$cient to resolve the slowed

atom peak. The fact that the peak is able to be resolved in the dual beam slowing

technique bears testament to the increase in transmitted Ne* flux.

In addition, metastable flux through the dual mirror assembly was high enough

to saturate the PSD’s, therefore a complete unslowed time-of-flight spectrum was

not obtainable using this technique and only a truncated spectrum was obtained.

Integrating a Maxwell-Boltzmann fit to the truncated unslowed peak and compar-

ing this to the total integrated flux from Figure 5.20, a reduction in detected flux

of 45% is observed. Therefore a large proportion of the atoms are not detected as

they are being slowed below 250 ms!1, and a considerable number are being slowed

to 80 ms!1. It was therefore concluded that the Zeeman slower was operating as

required to slow su$cient atoms for e$cient performance of the hexapole guide. It

should be noted that the re-collimation scheme was not implemented during these

measurements, and subsequent time-of-flight measurements should include this to

maximise the slowed atom flux through the chopper wheel slit.

5.10 Design and construction of a magnetic hexapole

guide

5.10.1 Hexapole lens design

Figure 5.21 is a schematic of the hexapole lens designed and constructed for use in

the hexapole magnetic guide. The lens element consists of 12 NeFeB REM’s [128],

held in the hexapole arrangement in a milled aluminium housing. The aperture of

this housing is !20 mm and r1 is 11.8 mm. The individual magnetic elements are

6.4 ! 6.4 mm in section and are 12.7 mm long. The remanent field Br of the mag-

nets is 1.32 T. This design deviates from the trapezoidal or wedge-shaped designs
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Figure 5.21: Schematic of hexapole magnet arrangement and housing. The arrows
indicate the magnetic field direction

of Halbach [62], and so the description of the magnetic field in equation 5.33 cannot

be assumed when simulating the trajectory of atoms through the lens.

The magnetic flux density as a function of radial position in the lens was there-

fore profiled with a Hall probe for a range of azimuthal angle ! (defined in Figure

5.22(a))between 0 and 60". This measured field was rotated through 360"due to

the symmetry of the field and is shown in Figure 5.22(a). Line profiles of this 2

dimensional plot reveal the expected quadratic dependence. It is also evident that

the uniformity of the field is lost at a radial position of 10 mm and a dependence

on ! is observed in the field gradient. This angular dependence is a result of the

geometry of the magnet configuration and cannot be assumed to match that from

the ideal trapezoidal geometry.

The theory of Halbach [62] cannot be directly applied to compare to this mea-

sured profile, however reasonable convergence between the measured profiles and

theory is observed when the 2 = 2 correction term is included in equation 5.33, as

observed in Figure 5.22(b). This plot compares the Halbach theory, with correction

terms included, with the measured profiles for a range of !. The measured flux

density is predicted by theory to a tolerance of 1% until around 11 mm from the

lens axis. Since the aperture of the lens is 20 mm, the Halbach theory is a good
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Figure 5.22: (a) Measured magnetic field profile for the hexapole lens. (b) Compar-
ison between theory and measured profiles for varying !.

approximation to the measured field for this experiment.

In addition to this two-dimensional field profile, the magnetic flux density profile
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in the z direction (direction of atom propagation) was measured. Figure 5.23 shows

a contour plot of this profile in the xz-plane. It is observed that the maximum field

strength at the centre the lens is 55% higher than at the edges, and this profile

therefore needs to be included in the simulations of atomic trajectories. Including

this with the two-dimensional theory of Halbach, a three-dimensional profile of the

magnetic flux density is obtained, revealing a more accurate picture of the evolution

of atoms in this field. It should be noted that the field drops o! quite rapidly outside

the lens, and therefore is not included in the free-space evolution of atoms in this

region.

-6
-4

-2
0

2

4

6 -10
-5

0
5

10

0

200

400

600

800

1000

1200

1400

1600

M
a
g
n
e
tic

 F
ie

ld
 S

tr
e
n
g
th

 (
m

T
)

Radial Position (mm)

Longitudinal position (m
m

)

Figure 5.23: A plot showing the variation in magnetic flux density as a function of
longitudinal position z in the hexapole lens in the xz-plane.
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5.10.2 Hexapole magnetic guide apparatus

The arrangement of hexapole lenses used to deflect Ne* atoms from the UV compo-

nent of the beam is shown in Figure 5.24.

This configuration constitutes a hexapole magnetic guide. It consists of 9 hexapole

lenses, the first and last two axially aligned, the remaining 5 are arranged in a arc

of 30"with a curvature radius of 300 mm. The lenses are mounted in an aluminium

assembly which is located centrally in a special designed 304 stainless steel chamber

with capped with 6” flanges for integration into the beamline. The interior of the

chamber is coated in anti-reflective coating to prevent transmission of photons via

reflection through the chamber.

 

 

 

 

 

 

 

(a) (b) 40 mm 

23.7 mm 

mm 

200 mm 
 

30° 

300 mm 

Figure 5.24: Schematic of the magnetic guide chamber and magnet housing. The
surfaces of the entrance and exit flanges of the chamber make an angle of 30". There
are nine magnet elements: two in-line entrance elements, five bending elements and
two in-line exit elements.

Ne* atoms entering the guide will be focussed sequentially by the hexapole lenses

until they are transmitted at the exit. Ground state atoms, Ne* atoms in the 3P0

state (2% of the total beam flux) and UV photons are not guided and the resulting

flux is purely Ne* atoms in the 3P2 state. Only atoms with v# 080 ms!1 will be

transmitted around the nominated radius of curvature, therefore the guide is con-

sidered to be a low-pass filter or velocity ‘skimmer’ for the Ne* atoms.
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The apparatus for determining the transmission e$ciency for the hexapole mag-

netic guide is shown schematically in Figure 5.25. The collimation chamber and

source are attached to a 6-way cross chamber which houses a Faraday cup detec-

tor that can be translated in and out of the atomic beam via a linear drive. This

chamber is pumped by a Varian Turbo V550 MacroTorr 550 ls!1 turbo molecular

pump.

A flexible bellows leads to the water-cooled Zeeman slower solenoid and slowing

laser chamber. This chamber houses the re-collimation stage and slowing mirror

assembly described in §5.9 and depicted in Figure 5.16. After this chamber is an-

other 6-way cross that houses the second translatable Faraday cup detector. The

magnetic guide chamber is then attached, resulting in the 30" bend in the vacuum

apparatus. The entrance to the guide is approximately 80 mm downstream from

the second detector. After the guide chamber, a third Faraday cup detection 6-way

cross chamber is attached. This is pumped by a Leybold TurboVac 151 140 ls!1

turbo molecular pump. The three Faraday cups allow the initial collimated beam

flux to be compared with the input and output flux of the hexapole magnetic guide.

The source, 2-D collimator, and Zeeman slower are all operated under the optimum

conditions previously outlined in the appropriate sections.

5.10.3 Modelling of atomic trajectories

If we consider the atomic beam diagnostic results for the 2D collimator and Zeeman

slower, atoms will enter the hexapole magnetic guide with maximum velocities v% =

4ms!1 and v# = 80ms!1. Monte Carlo simulations were performed to simulate the

trajectories of almost 7 million Ne* atoms with these parameters using a standard

2D di!erential equation solver in Matlab. Only atoms in the mj = 2 and 1 substates

were considered as the negative substates will experience defocusing and the mj = 0

substate experiences no force. This simulation included the evolution of atoms in

the free space between the individual elements. The area of acceptance of the initial

lens is limited by the 8 mm aperture between the Zeeman slower mirrors and this

was considered when defining the initial position of atoms entering the guide in the

simulations.

An example of atomic trajectories in these simulations is shown in Figure 5.26

for a nine lens magnetic guide for atoms in the mj = 2 substate.

These simulations allow the transmission e$ciencies for the various magnetic

substates to be calculated. It was found that 74% of mj = 2 atoms should be trans-
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Figure 5.26: Simulation of atomic trajectories through the hexapole magnetic guide
for maximum velocities v% = 4ms!1 and v# = 80ms!1 in the mj = 2 substate.

mitted, while an appreciable number of mj = 1 atoms (43%) should also traverse

the guide. Considering the zero transmission of the remaining substates, the total

simulated expected transmission e$ciency for our experimental parameters is there-

fore 23%.

It was also discovered from the simulations that the transmission of the guide is

dependent to a large degree on the initial launch angle into the first lens element.

A factor of 2 increase in the beam divergence resulted in a 50% decrease in the

transmitted flux. It is therefore imperative that the beam is transversely cooled to

optimise transmission.

Another consideration in our simulations was the transmission e$ciency as a

function of initial launch position into the guide for various magnetic substates.

Figure 5.27 shows this dependence for the mj = 1 (top) and mj = 2 (bottom)

substates. The rectangle in this figure corresponds to the aperture defined by the

Zeeman slower mirrors. It should be noted that negative x positions in these figures

correspond to those on the inside radius of the guide. In both cases, as expected,

transmission is greater for atoms that are launched near the centre of the lens. In

the case of the mj = 2 atoms, transmission probabilities of over 80% are predicted

over a relatively large launch position range (" 10 mm in diameter) in the centre

of the first lens. For atoms in the mj = 1 state however, a comparable transmission
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guide occurs for small launch angles and our initial modeling
has shown that doubling divergence from that of our system
parameters, decreases the flux by a factor of approximately
2. The aperture area exposed to atoms under experimental
conditions is represented by the rectangle in the figure. In
order to reduce the complexity of the simulations the ap-
proximation was made that the lens elements were evenly
spaced around the 30° arc of the magnetic guide. This is not
the case due to the geometric restrictions of the lens elements
around the bend as shown in Fig. 2!a". While the simulations
do not exactly correspond to the experimental conditions as a
result of these slight geometric variations, an approximate
expectation value of the transmission efficiency can be ob-
tained. From the investigation of the transmission through
the central seven magnetic lens elements the transmission
efficiency should be within !5% of the experimental value.

IV. RESULTS

The total atom flux of the source measured 395 mm
downstream from the optical collimator was 1.60"1012!4
"1010 atoms s!1. After longitudinal slowing the total
slowed atom flux was 5.2"1010!1"109 atoms s!1, which
upon comparison to the unslowed atom flux results in a

slowing efficiency of #58%. The atomic flux is reduced by
two orders of magnitude due to the appreciable divergence of
the atomic beam over the large path length. The atomic beam
incident on the magnetic guide consists largely of atoms in
the 3P2 and ground states, with less than 2% of the total flux
in the 3P0 metastable state and only #0.7% UV photons.
Once the atomic beam is guided through a 30° angle the flux
is reduced further to 4.35"109!2"107 atoms s!1, giving a
transmission efficiency of the magnetic guide of #9%. How-
ever the emergent beam is purely atoms in the 3P2 meta-
stable state as all other constituents are not guided through
the 30° angle. The measured value for transmission effi-
ciency is somewhat lower than that predicted by simulations
of the magnetic guide, #23%. There are two possible con-
tributions to this discrepancy. First, it was assumed that each
magnetic substate was equally populated upon the entrance
to the magnetic guide. The different magnetic substates are
guided with differing efficiencies, as the nature of the guid-
ing force is dependant upon the magnetic substate. Hence, if
the mj =+2 magnetic substate is less populated than assumed,
the measured efficiency will decrease. This would be the
case if the polarization of the recollimation optical molasses
was not properly defined. In this experiment the recollima-
tion beams are linearly polarized which has the effect of
optically pumping the atoms into magnetic substates with
low magnetic projection quantum numbers. Also, the slight
differences in the simulated and experimental magnetic
guide arrangement will have some small but finite !expected
to be $5%" contribution to the discrepancy observed.

It should be noted that although this magnetic guide was
constructed for a 30° deviation of the atomic beam, devia-
tions of much larger angles can be realized. Confirmation
that the beam was free of UV photons was carried out via the
introduction of a buffer gas to collisionally de-excite the
metastable atoms.

Previous atom lithography experiments utilized an expo-
sure time on the order of 1 h.8,25 Assuming the flux measure-
ment is for an atomic beam the size of the guide aperture,
and knowing the dosage required for the formation of pat-
terning in a dodecanethiol resist coated sample, the calcu-
lated exposure time required after the magnetic guide is
#40 h which is impractical. However, the total flux
achieved after the magnetic guide is significantly larger in
comparison to similar apparatus,10 and the beam brightness
can be significantly improved by focusing the atomic beam
or via the implementation of a subsequent magneto-optic
compression element.26 Such elements should readily be able
to provide larger than 102 times flux enhancement of the
atomic beam which could result in an exposure time of
#30 min for this experiment.
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Figure 5.27: Transmission e$ciency as a function of initial launch position into the
guide for the mj = 1 (top) and mj = 2 (bottom) substates
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probability range is predicted over a small initial launch area of 5 mm in diameter,

o!set to a region outside the area of acceptance of the first lens. This area is o!set

toward the outside radius of the guide. This is to be expected since the atoms feel

a reduced force compared to the mj = 2 atoms and need to be deflected around a

greater radius of curvature.

5.10.4 Pure metastable flux results

Table 5.10.4 shows the input and output Ne* flux for the hexapole magnetic guide

for various configurations of the atom optical preparation elements. The collimated

atom flux measured on the first Faraday cup, with the UV contribution subtracted,

was (1.60! 1012 ± 4! 1010)atoms s!1. The flux at the Faraday cup at the input of

the guide (input detector) was (8.7! 1010 ± 2! 109)atoms s!1 and (5.6! 1010 ± 1!
109)atoms s!1 before and after the Zeeman slower was turned on respectively. The

transmission e$ciency of the Zeeman slower is therefore 58%, and this reinforces the

postulate in §5.9.2 that the divergence of the atomic beam after the Zeeman slower

is increased to a degree whereby a significant proportion of the slowed atoms are not

detected. When the re-collimation section was introduced with the slower operating,

the beam flux at the input detector increased to (9.4! 1010 ± 2! 109)atoms s!1, an

increase of 40%. This is comparable to the flux lost in the time-of-flight spectrum

in Figure 5.20 of 45%.

Enhancement apparatus configuration Input flux Output flux

(atoms s!1) (atoms s!1)

Collimator 8.74!1010 1.04!108

Collimator and Zeeman slower 5.62!1010 1.29!109

Collimator, Zeeman slower and re-collimator 9.36!1010 4.35!109

Table 5.2: Table of input and output Ne$ flux for various configurations of the atom
optical preparation elements.

The flux measured at the Faraday cup at the output of the guide with only

the collimator operating was (1.04 ! 108 ± 2 ! 106)atoms s!1. This corresponds

with atoms in the tail of the longitudinal velocity distribution of the liquid nitrogen
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cooled beam and also those with su$ciently small initial launch angle and position

into the guide. With Zeeman slowing, the flux increased an order of magnitude

to (1.29 ! 109 ± 2 ! 107)atoms s!1. With the re-collimation beams operating, the

transmitted flux of the guide increased substantially to (4.35! 109 ± 4! 107)atoms

s!1, a result of the reduction in beam divergence. More slowed atoms are incident on

the entrance aperture of the guide and they have su$ciently low transverse velocity

component that they are transmitted.

To ensure that the only contribution to the flux measured on the output detector

was Ne$ atoms in the 3P2 state, Argon bu!er gas was introduced into the detector

chamber. The gas pressure was increased and the flux monitored until the gas

pressure was su$cient to collisionally de-excite all of the Ne$ atoms. The measured

flux reached a zero value at a pressure of " 1 ! 104Torr, therefore there is no UV

photon component to the beam upon exit from the guide. Charged particles are

also absent due to the electrostatic deflectors after the collimator. The measured

flux is therefore purely Ne$ atoms in the 3P2 state.

If we consider the ratio of slowed to unslowed atoms at the input detector from

the time-of-flight measurements, and correct for the proportion of the beam that

is in the 3P0 substate (2%), the measured transmission e$ciency of the guide is

" 9%. There are several reasons why this is lower than the simulated value of

23%. Firstly, the geometry of the lens configuration in the guide simulation was

simplified to 9 magnets forming the arc, rather than 2 entrance lenses, 5 arc lenses

and 2 exit lenses. This e!ectively increases the radius of curvature of the guide.

From simulations of trajectories through the central 7 magnets, it is found that the

simulations will overestimate the transmission by " 5%.

The simulated e$ciency assumes equal population of the magnetic sublevels and

this is a reasonable assumption assuming there is no residual magnetic field between

the Zeeman slower and the guide. The absence of a magnetic field quantisation

axis reinstates the degeneracy of the magnetic sublevels and they will be equally

populated. However, if a residual field exists, the optical pumping from the Zeeman

slower (to mj = 2) and the linearly polarised re-collimation beams (to mj = 0)

may influence the substate populations at the guide entrance. This could reduce

the mj = 2 population and since the e$ciency increases with this population, the

measured transmission could be less. A final contributor could be an overestimate in

the proportion of the flux measured before the guide that has actually been slowed

to v# = 80ms!1.
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5.10.5 Future work

The e$ciency of the Ne$ 2D MOM guiding scheme of Scholz et al.[60] is quite high,

with 10% of the total flux produced by the source successfully guided through a

68"angle, and 25% of the atoms incident on the MOM are transmitted. However

the total flux is low at" 2! 107atoms s!1. By comparison, the guiding e$ciency of

the hexapole magnetic guide is lower, but the total transmitted flux is greater.

The work of Chaustowski et al. [59] using a hexapole lens to focus around a

UV block provides a high e$ciency at 27%, with a flux that is comparable to that

produced by our scheme, although the physical area of exposure is limited to a small

region where the atomic beam is focussed to.

The results for the hexapole magnetic guide are significant result, however, pre-

vious atom lithography results for our beamline [70, 72], have shown that for the

higher flux of an unprepared beam, an exposure time of around 1 h is required to pro-

vide the metastable dosage for producing a durable resist in dodecanethiol. At the

lower UV free flux provided by the hexapole guide, an exposure time 40 h would be

required. This is unacceptable for commercial application and the beam would need

further brightening via a magneto-optical compression device (MOC)[129]. Atomic

flux has been improved by up to three orders of magnitude by utilising this appara-

tus and this would bring atom lithography exposure times for our apparatus down

to " 3min.

The e$ciency of the guide is largely dependent on the mj = 2 substate popu-

lation. A future experiment could involve placing a solenoid between the Zeeman

slower and the guide to preserve the quantisation axis. This means that atoms that

have been optically pumped into the preferable state will remain so until they are

injected into the guide.

5.11 Conclusion

Atomic beam enhancement experiments were carried out to improve the Ne$ flux

for atom lithography. A two-dimensional optical collimator was designed and char-

acterised and the figures of merit for beam divergence reduction and flux gain with

were 205 and 8.5 respectively. The maximum transverse velocity of atoms leaving

the collimator is 3.5 ms!1.

A novel dual beam Zeeman slower was design and characterised. This scheme

e!ectively increases the transmitted slowed atom flux compared to other schemes.
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Atoms with longitudinal velocities were reduced from the thermal most probable ve-

locity of 515 ms!1 and atoms with a longitudinal velocity of 80 ms!1 were observed

in the time-of-flight spectrum.

The atomic beam phase space density of the supersonic liquid nitrogen cooled

thermal beam was increased by these atom optical preparation elements. A UV

free beam of metastable neon atoms has been produce by deflecting a the prepared

atomic beam in a hexapole magnetic guide. The emergent flux of this guide was

(4.35! 109 ± 4! 107) atoms s!1, a significant increase compared to other schemes.

This flux is still insu$cient for atom lithography without further enhancement of

the atomic beam via magneto-optical compression.





Chapter 6

Conclusions

6.1 Thesis summary

A novel metastable supersonic DC discharge source with three dimensional control

over the discharge geometry was characterised. A comparison of two DC discharge

nozzle designs was performed unambiguously utilising identical detection and source

apparatus for the first time [57]. The source produced a low most probable velocity

of (515 ± 7)ms!1 and high metastable flux of (3.4 ! 1014 ± 8 ! 1012) atoms sr!1s!1

utilising a type 1 boron nitride nozzle and neon source gas. A lower UV photon

flux component of 6% was measured for Ne*, compared to 11%t for Ar*. The Ne*

beam was found to produce a more stable DC discharge than Ar*. This liquid

nitrogen cooled Ne* atomic beam provided an optimised exposure source for atom

lithography.

The Ne* atomic beam was used as an exposure source for neutral metastable

atom lithography. The supersonic Ne* beam was used to pattern self-assembled

monolayers (SAM’s) of ethanethiol CH3(CH2)SH and dodecanethiol CH3(CH2)11SH

assembled on gold covered silicon wafers and bare Au substrates. A comparison

of patterns formed by metastable neon atom lithography using DDT and ET SAM

resists and bare Au substrates has shown that ET is a poor lithographic resist.

Contact angle goniometry has shown that minimal hydrophobic contrast in ET

produces only negative resists and that these are most likely produced when ET

molecules initially form a di!use contamination resist, essentially leaving a bare

Au substrate. This process is followed by eventual desorption of the remaining

ET molecules and finally by MPO contamination resist formation. In essence, the

formation of patterns via this process is the same as bare Au, although the presence

of a defect-prone and di!use carbonaceous resist may explain the poor pattering

exhibited by ET compared to bare Au.

147
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The comparatively large of 8.4!1015 atoms cm!2 (18.5 atoms per SAM), required

for negative patterning in a cleaner vacuum environment confirms that the MPO

background partial pressure is a critical factor in the formation of contamination

resists and that the preferred mechanism for negative resist formation in DDT is

cross-linking of the alkyl chains with MPO background species. This finding rein-

forces previous XPS data and findings of other groups.

An extremely robust method for producing magnetic microstructures was pre-

sented. This is an alternative to the direct depositional schemes used by others.

The alternative scheme for iron dot production used a metastable neon beam to

damage a dodecanethiol SAM resist layer on a gold and iron coated silicon wafer

through a grid-patterned mask. In the presence of MPO contamination, negative

resists are formed. A specially designed etching process produced 7.5 µm dots of

iron on a silicon wafer. The edge resolution of the AFM images of these features

promises future developments to the nanoscale and the production of iron nanodots

for magnetic storage purposes.

Simulations of the motion of atoms in a 1D standing wave were performed and

have shown that for our beam, features of 72 nm with 100 nm periodicity may be

produced and extension of this to a 2D standing-wave could produce iron dot struc-

tures with a density of " 0.1Gbit mm!2.

A primary aim of this candidature was to produce a UV free atomic beam for

atom lithography experiments. To this end a novel hexapole magnetic guide was

employed to deviate the Ne* atoms from the unwanted constituents of the beam

such as UV photons and ground state atoms.

A 2D optical collimator was implemented to reduce spherical aberrations in the

hexapole lens elements of the guide and the figures of merit for beam divergence

reduction and flux gain using this atom optical element with were 205 and 8.5 re-

spectively. The maximum transverse velocity of atoms leaving the collimator is 3.5

ms!1.

A novel dual beam Zeeman slower was design and characterised. This scheme

e!ectively increases the transmitted slowed atom flux compared to other schemes.

Atoms with longitudinal velocities were reduced from the thermal most probable ve-

locity of 515 ms!1 and atoms with a longitudinal velocity of 80 ms!1 were observed

in the time-of-flight spectrum. This slowing scheme allows a significant increase in

metastable atomic flux to be transmitted.

The atomic beam phase space density of the supersonic liquid nitrogen cooled
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thermal beam was increased by these atom optical preparation elements. A UV

free beam of metastable neon atoms has been produced by deflecting the prepared

atomic beam in a hexapole magnetic guide. The emergent pure Ne* flux of this

guide was (4.35! 109 ± 4! 107) atoms s!1, a significant increase compared to other

schemes. This scheme is simple as it utilises static magnetic elements that are easily

sourced. It is not limited to metastable species, but can be applied to any atom that

has a magnetic moment. The flux is still insu$cient for atom lithography without

further enhancement of the atomic beam via magneto-optical compression.

6.2 Future experiments

The rapid formation of reliable negative resists formed by cross-linking of self-

assembled monolayers and mechanical pump oil in the presence of a metastable

beam requires control over the partial pressure of the oil vapour present in the vac-

uum system. A crude experiment may involve the controlled introduction of this

contaminant to investigate the dosage of metastables required to form reproducible

negative patterns. XPS studies of the critical cross-over dosage using the cleaner

vacuum environment would give further evidence for the apparent MPO partial pres-

sure dependence.

At the time of writing, in situ ellipsometric measurements of the thickness of oil

layers deposited on Au films as a function of time in the apparatus are being con-

ducted. This will provide valuable information regarding the kinetics of formation

of oil monolayers. This will be extended to oil monolayers interacting with various

self assembled monolayers. Future work will investigate the processes underlying

the formation of MPO contamination resists in the presence of a SAM layer and the

formation kinetics of monolayers of oil monolayers on gold surfaces under various

vacuum conditions in the presence of a metastable beam. This is important if con-

tamination resists are to be a reliable, controllable method for producing negative

lithographic patterns.

A possible reason for the loss of resolution in the lithographic patterns is the

etching process chosen. Figure 6.1 shows a magnified image of a lithographic pat-

tern formed by contamination resists on ET. Similar grain sizes were observed for

DDT. The edge of the pattern shows significant roughness and grains of the order

of 100 nm can be seen on the etched surface. This is consistent with gold patterns

produced by Chabinyc et al. [130].
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It is possible that, although the ferrocyanide etchant favourably patterns gold

surfaces, the underlying Cr adhesion layer may not be etched in the same manner,

resulting in large grains flaking from the surface. Further investigations into the

etching of the Cr layer must therefore be undertaken. Also, other etch techniques

such as reactive ion etching [131] may be investigated. XPS investigations of samples

exposed in the cleaner vacuum environment may also illuminate the poor negative

patterning that has been observed since the vacuum overhaul.

µm 

µm 

Figure 6.1: Magnified image of a lithographic pattern produced using a MPO/ET
resist. Individual 100nm

Ultimately, the iron nanofabrication work presented here must be extended to

the nanoscale. Silicon nitride proximity masks with features of 100 nm will be placed

in close contact with the surface, providing the first step in this direction. This will

test the resolution limits of both the etching and exposure techniques. A one and

two-dimensional standing wave light mask will then be implemented to produce

nanoscale iron dot features.
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To make the step to the nanoscale, further investigation into the atomic beam

enhancement experiments must be undertaken. The 2D collimation results that we

have presented are not recoil limited and further refinement of this element will

drastically improve both the beam flux and atom optical quality. This will also

improve the resolution available from the optical standing-wave mask.

The e$ciency of the hexapole guide is a concern for improving the available Ne*

flux. This e$ciency is a function of the mj=2 magnetic substate population. The

Zeeman slower pumps a large proportion of the atomic beam into this substate, but

the atoms relax into degenerate state after leaving the magnetic field. Experimen-

tal apparatus that maintain the mj=2 state until it enters the hexapole magnetic

bender will greatly increase its e$ciency. In conjunction with a 2D magneto optical

molasses, the Ne* flux may be increased to provide exposure times of the order of

minutes. This would place neutral atom lithography as a serious contender in semi-

conductor industry.

The Gri$th metastable neon magneto-optical trap may benefit from the work

presented in this thesis. Cold collision experiments conducted in this trap [132]

require a low ground state background population. Separation of the ground state

beam from the Ne* beam via the hexapole magnetic guide may facilitate this.

A cold, monochromatic UV free excited state atomic beam source promises a

multitude of experimental opportunities. Atom interferometry [133], metastable de-

excitation spectroscopy surface probes [75] and lithography using holography [25]

are all possibilities.
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Appendix A

The force of a resonant light field on an

atomic dipole

A simple, unified theory for describing the interaction of atoms with resonant light

fields has been developed by Cook[120]. This theory is a semi-classical approach

based on Ehrenfest’s theorem [121] and the optical Bloch equations and considers

transitions between a lower state |1- and an upper state |2- of a two-level atom in a

classical electromagnetic field. In the electric-dipole approximation, the Hamiltonian

for the system is

H =
p2

2M
+H0 # /d · /E(/R, t) (A.1)

where p2/2M is the kinetic energy associated with the centre-of-mass momentum

operator /P , H0 is the Hamiltonian describing the internal state of the unperturbed

atom, /d is the electric dipole operator and /E(/R, t) is the electric field operator at

centre-of-mass position operator /R. The position and momentum operators evolve

in time

/̇P =
1

i!

1
/P ,H

4
= #0H

0 /P
= '

2
/d · /E(/R

3
(A.2)

/̇R =
1

i!

1
/R,H

4
=

0H

0 /R
=

/P

M
(A.3)

Ehrenfest’s theorem [121] states dictates that the expectation value of an operator

must correspond its classical counterpart. Using this theorem and combining the

expectation values of Equations A.2 and A.3, setting /r =
:
/R
;
, we obtain the force

on the atom

165
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/F =
:
/̇P
;
=

:
'
2
/d · /E

3;
=

:2
/d ·' /E

3;
(A.4)

since /d is independent of /R. Consider an electric field operator for the light field of

/E(/R, t) = +̂ /E(/r, t) (A.5)

with polarisation vector +̂ (independent of /R and t) and electric field vector /E(/r, t).

In the electric dipole approximation, appropriate here as the wavelength of the light

field is larger than the atomic de Broglie wavelength, ' /E(/r, t) is uniform across the

atomic wave packet. Therefore Equation A.4 becomes

/F =
:
/d · +̂

;
' /E (/r, t) (A.6)

To evaluate the expectation value ,/d · +̂-, we can consider the atomic density

matrix , for a two level atomic system, describing transitions between lower state |1-
and excited state |2-. The transition dipole moment matrix element µ . ,1|/d · +̂|2-
is considered to be real and the expectation value ,/d ·/+- can be described in terms

of this and the atomic density matrix elements ,12 and ,21 as

:
/d · +̂

;
= µ (,12 + ,21) (A.7)

This expression can be considered in terms of components u(t) and v(t) of the Bloch

vector

:
/d · +̂

;
= 2µ(u(t) cos(*0t)# v(t) sin(*0t)) (A.8)

where *0 = (E2 # E2)/! is the natural transition frequency. If inessential terms in

the Schrödinger equation that oscillate at twice the optical frequency are ignored

(the rotating-wave approximation or RWA), these components are expressed as

u(t) =
1

2
(,12e

i#0t + ,21e
!i#0t) (A.9)
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v(t) =
1

2i
(,12e

i#0t # ,21e
!i#0t) (A.10)

w(t) =
1

2
(,11 # ,22) (A.11)

where the matrix elements ,11 and ,22 are the populations of the lower and upper

states respectively. If we define an arbitrary monochromatic light field

/E(/r, t) = E(/r)(e!i(#t!$(%r) + e(i(*t# !(/r)))+̂ (A.12)

where E(/r) is the spatially varying amplitude of the electric field, * is the natural

frequency of the light field and !(/r) is the phase. If we also define the position

dependant Rabi frequency &(/r) (a measure of the coupling strength of the atomic

dipole with the light field) as

&(/r) = #
/d · /E(/r)

! (A.13)

and substitute Equations A.8 and A.12 into the force expression in Equation A.6

we obtain the general expression for the light force

/F = #!(us'&(/r) + vs&(/r)'! (/r)) (A.14)

where us and vs are the steady state Bloch vector components. The force in Equation

A.14 has two components

/Fdip = #!us'& (/r) (A.15)

/Fscat = !vs& (/r)'! (/r) (A.16)

where /Fdip is the dipole force and /Fscat is the scattering force.

The values of us and vs can be found from solutions to the optical Bloch equations

using the RWA and including terms for spontaneous emission

u̇ =
##

2
u+

2
"L + !̇

3
v (A.17)
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v̇ = #(("L + !̇)u+
#

2
v + &* (A.18)

*̇ = &v # # (* + 1) (A.19)

where "L is the detuning of the light field from the transition frequency and # is the

spontaneous emission rate or Einstein A coe$cient. If we assume that equilibrium

is maintained between the internal state of the relatively slow moving atom and the

light field, and that the electric field amplitude and !̇ vary only slightly over the

natural lifetime of the transition ( = 1/# then the time rates of change of u, v and

* at steady state are zero. From Equations A.17, A.18 and A.19 and substitution

into Equation A.14, we arrive at the general expression for the force on a two-level

atom in a monochromatic light field

/F = M/̈r =
!

4("L + !̇)2 + #2 + 2&2
(#"L'&2 + #&2'!) (A.20)

Therefore

/Fdip =
#!"L'&2

4("L + !̇)2 + #2 + 2&2
(A.21)

and

/Fscat =
!#&2'!

4("L + !̇)2 + #2 + 2&2
(A.22)

Equation A.21 describes the dipole force that is dependant on the gradient of the

Rabi frequency and hence on the strength of the optical electric field gradient. It is

dependant on the transfer of photons from one beam to the other. Equation A.22

describes a force that is dependant on the rate of spontaneous emission and scatter-

ing out of the laser beam and is termed the scattering, spontaneous or dissipative

force (dissipative as spontaneous emission is irreversible).
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