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Abstract

The field of nanotechnology has experienced rapid growth in recent years, fuelled by
the increasing need for highperformance nexgeneation nano/quantum
devices/productpossessin@D nanostructures witlsub10 nmfeature size As a
result, there is a high demafai a new flexible nanofabrication techniquapable of
generating variou8D nanostructurewith high precision anefficiency. Local anodic
oxidation (LAO) nanolithography is a promising nanofabrication techniqubdan-

lab prototyping of nanoproducts due to its high precisiony environmental
requirement and ease of usddowever challengesremain with current LAO
nandabrication techniques to meet the processing demands ofgeeg&tation
nanoproducts. These challengaslude limited throughput, high defect rates, and
inflexibility in generating various nanostructur&onsequently, the existing 3D LAO
nanofabricatiormethods suffer from high costs and inefficiencikddressing these
challenges is crucial for advancing the capabilities of LAO nanolithography and
unlocking its full potential in nanofabricatiom this thesis, aovelflexible single

step nanofabrication approach was developegeteratadiverse3D nanostructures
with sub10 nm feature size through pulsemodulated LAO nanolithography.
Comparedwith other tool and condition control methods, pulse modulation is easier
to achieve wittprecise tunabilityenablingflexible, high-precision andcosteffective

3D nanofabrication.

A clear and irdepth understanding of the manufacturing mechanisrttee@tomic

and molecularscales is crucial in determining the influencin@dtors during the
manufacturing process. This thesis thus first usedehetive force field (ReaxFF)

molecular dynamics simulation methodinwestigate the reaction mechanismshaf



LAO processA comprehensive analysis of bonding, molecular, and ehadicates
that the biasinduced oxidation led mainly to the creation of GiSi bonds in the
oxide film andthe consumption of #D. In contrasttheoxidised surfacg shemical
composition remained unchangelliring the biasinduced oxidationprocess In
addition, parametric studies further revealed the dependence of electric field strength
and humidity on théiasinduced oxidatiorprocess and thenespectiveinfluencing
mechanisms. A good agreement was achieved throughatjualcomparison betwee
simulation and experimental results.

Secondlythis thesis proposed a new puisedulated LAO nanolithography approach
to realise flexibleand efficientfabricationof various3D nanostructuresTheprocess
was designed on the principle that the amggtor width of the pulse can control the
lateral and vertical growth of each nanodot while tim@ng of pulse periods can
determine the position of each nanodot based on cefifairscan speedand
trajectores Feasibility tests were conducted anatomic force microscope (AFM®
demonstrate the capability of this approacabricatingvariousnanostructurewith

the minimum linewidth at sufhO nmand height variations at surim.

Finally, nanofabricatiorexperiments were conducted to investightedapabilities of
pulsemodulated LAO nanolithography in achieving flexible, accyratal efficient
fabrication of 3D nanostructureBased on the systematic parametric study on the
effects of pulse period, amplitudend widththroughthe LAO experiment, a process
model was developed to provide a clear and detailed interpretafiothe
nanofabricatiornprocess This model links the geometry of 3D nanostructures with
arrays of pulse periegdamplitudes, and widtls, allowing foractive contrbof the LAO

processThe fabrication ofsveral 3D nanostructuresasexperimentally validated by

vi



comparing the fabricated and predicted results, demonstrating good agreement. The
fabricated threelimensionakturvedsurfacecould achieveéhe average forraccuracy

and precision asubnm levels.Higher efficiency was achieved by using a high scan
rate, enabling thereationof a nanoscale lenstructure consisting of four thousand
nanodots within 50 second$he efficiency and accuracy of the proposed Hkxi

singlestep nanofabrication approach weherefore, fully demonstrated.
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Chapter 1 Introduction

1.1 Background

Nanomanufacturing has enabled the creation of small structures with unique properties
arising from quantum, electromagnetic, and thermal effects. This has led to the
development of nanotechnologyabled products in various fields, including data
storage,clean energy, quantum computing and communication. In recent years,
emerging nexgeneration nano/quantum products and devices, such aadsesied
magnetic recording hard disks, atomic clocks, photonic integrated circuits, and
plasmonic solar cells, faare higher performance amdiquefunctionalisation. These
products are designed with extremely small feature sizes and diverse shapes on
different materials,raising theneed for cose f f ect i ve awnraf ablbexi b
nanofabrication techniques.

Currert  semiconductebased nanofabrication approachesjcluding optical
lithography,electron beam lithograpi¥£BL), focused an-beam lithographyFIBL),
selfassembly, nanoimprint lithography, and scanning probe lithography (SPL), are
either expensive, sloar suffer from high defect rates due to mgliep processing for
complex nanostructurdd]. For example, opticdithographyand EBL/FIBL often

rely on capitalintensive equipment with the cost ranging from $1 million foE&h

system to €50 million for the latest extreme ultraviolet lithography (EUVL) machine

[2]. Nanoimprint lithography is usually performed based on expensive incisstzial
machines and often suffers from a high defect rate during mould r¢&ja&BL,

FIBL, and SPL are slow and limited in scalability4]. Selfassembly is lowcost but

limited in the fabrication of complex and 3D nanostruct{Bgsin addition, some of



these methods could be inflexible in generating nanostructures with various shapes, as
one type of tool (mask/stamp) can only make one type of structure.

Local anodic oxidatioflLAO) nanolithography is a promising candidate technique to
achieve the fast and flexible prototyping of functional nanoproducts due to its
advantages in atomievel resolution, direct surface patterning abjlipnd low
instrument cos}6,7]. This nanofabrication process relies on the controlled oxidation
of conductive surfaces in anodic solutions, which is inducednbgrdnancedocal
electric field achieved by applyirapias between the nanoscale probes/electradd
substrate. Despite the significant progress made in LAO nanolithography, several
challenges must be addressed to meet the processing demands of-tienastion
nanoproducts. Firstly, the underlying mechanisms of the process have not been fully
discovered due to the difficidisin experimental observation of the chemical reactions
involved. Furthermore,the current nanofabrication process for diverse 3D
nanostructures througbAO is often accompaniedy low throughput, high defect

rates and inflexibility due to itsdependence omomplex and expensive control
systens or multi-step operationsOvercoming these challenges and constraints of

LAO nanolithography thus becomes the key motivation behind this thesis.

1.2  Aim and objectives

The aim of this thesis is to establish a flexibleosteffective and efficient
nanofabrication process for 3D nanostructures basedihe LAO technique.
Uncoveringthe underlying reaction mechanisms during the LAO process is also a
crucial aspect of this researdhs it will aid inthe fundamental understanding and

optimisation d thenandabrication process. The primary objectives are:



1 To identify fundamental knowledge gaps and research challengdgsnmc

scaleandsub10 nm manufacturing techniques.

1 To gain an irdepthatomisticunderstanding of theeactionrmechanism and the

parametric effects ahe LAO process
1 To establish a flexible 3D LAO nanolithography processatadtplatform.

1 To develop an analytical process model for pusulated LAO

nanolithography

1 To validate the pulsenodulated LAO nanolithography process through

fabricatingvarious3D nanostructures.

1.3 Thesis structure

This thesis is organised &ix chapters, as outlined Figurel-1.

Chapter lintroduces the background, motivation, aamd objective of this research.
It also lays out the structure of the thesis.

Chapter 2reviews the atomic scale and sulD nm manufacturingechniques
summariseshe fundamentals of interactions among these manufacturing processes,
and presentsa comparison of revieweganolithographytechnques The knowledge
gapsin suk10 nm manufacturing researatealsoidentified in this chapter.
Chapter 3presentsthe reactive force field (ReaxFF)molecular dynamic{MD)
simulation for theLAO process A detailed and comprehensive analysis the
chemical bonds, moleculeand chargesdicates that the dominant reactiarfsthe
LAO include the consumption of2@ and the creation of 80i Si bonds. In addition,
this chapter performs thparametric studywhich demonstratede effects otlifferent

electric fields and humidityon the LAO process
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Figurel-1. Flowchart of the thesis structure.

Chapter 4proposes a new pulseodulated LAO nanolithography process and its
implementation on an atomic force microscope (AFWVhe chapter alsorpvides a
feasibility study of the fabrication o¥arious nanostructures using the proposed
method and developedstplatform.

Chapter Jpresentsn analytical process model for the proposed puisdulated LAO
nanolithography approach. This model is built through the experimental study of the
relationship between pulse parameters and the geometry of the fabricated
nanostructures. This chapter ajs@sents the development and validation of a fully
programmable pulse generator, through which the pulsdulated LAO is used to

fabricate complex 3D nanostructureShe nanofabricationexperimens further



confirm that pulsenodulated LAO provides a flexible, effective and efficient
approach to achieving 3D nanofabricatieith good accuracy and precision

Chapter 6 presents the conclusionsf this thesis and introdues research
recommendations tenhancethe nanofabrication capabilities of thproposed

approach



Chapter 2 Literature review

21 Introduction

This chaptereviewsthecurrent state of the aof manufacturing techniquesabmic
and sub10 nmscales, summarisesundamental interactions ithesemanufacturing
procesesand their descriptionandpresents comparison aeviewedmanufacturing
techniques In Section 2.2, advanced atomic scaler sub10 nm manufacturing
processes are introduced, including tmechanismsdominant interactios) and
theoretical research. In Secti@r8, a summary is given regarditige fundamentks of
atomic and energy beamatter interactionsalong with theitheoreticaldescriptions.
Section2.4 discusses the comparisons of reviewed technidtiaally, Section2.5

summarisethe current research challenges and knowledge gaps

2.2  Stateof-the-art atomic scaleand sub-10 nmmanufacturing processes

As the functionality and performance of nanoproducts coatittu advance, the
manufacturing precision and feature scale required for the nanostructures are
decreasing towards sdl) nm or atomic scalg,8]. Manufacturing at this scale was
regarded as a new era of manufacturing with promising fuf@fe3his section will
introduce the atomic scale and sl nm manufacturing processes in terms of
mechanisms, dominant interactions, and simulation studies.

2.2.1 STMtip-basedatom manipulation

2.2.1.1Introduction

In 1990, IBM first achieved atom manipulation usingseanning tunnelling
mi croscope (STM) to form the | o0ogld0].of 01 E

After that, manipulation of AflL1], Co[12], Pt[13], CO[14], H[15], and BioH14[16]



was also accomplished. Theatom manipulation experiments include lateral
manipulation and vertical manipulation, as showfigure2-1 (a) and (b). In lateral
manipulation, the adatoms can be manipulated in pulling, sliding, or pushing manners

[17]. Through adjusting the tipample distance and tunnelling current, the lateral
Opullingd can be realised by tibplacetal | owi
a close distance to surfacedlowingthe van der Waals forcde attract the adatom
towardsthe tip; ii) asthetip scarsthe sample surface, the adatoam bepulled along

the tip-scanning directiomvhile remainingoound to the surface; iigncethe adatom

arrives at the desired position, the tip is retracted to a higher podésrirg the

adatom on the surface.

€ 1T ¢ @
w&owwo@%oo@w

Figure 2-1. Schematic ofSPM tip-based atom manipulation process@g vertical
manipulation, (b) lateral manipulation, (c) vertical interchangedq (d) lateral

interchange.

With the help of tipsample bias, STM can algwducevertical atom manipulatigras
shown inFigure 2-1 (b). In the vertical manipulation processgthdatom must
overcome the energy barrier that allows the transfer from the sample surtaee to
STM tip. As the tip gets closer to the adatom, the energy baaresipproach zero.
Under the action of tunnelling current, the adatom can obtain energydroralling

electrons and transfer frothe sample surface to the tip. When the tip is lifted from



the surface, the adatooanfollow the tip and be pulled up. If a reverse voltage is
applied, the adatom on the tip can also be transferred back to theesuhian the tip
surface distance is small enough. Through this mechanism, vertical manipulation has

been accomplished for ¥&8], CO[14], andH [15] atons.

(a) (b) \ Field

® @ Emission
Low bias ® .High Bias
25V (8-50V)
0000 00000 [ XX BN X X X

0.768nm 5nm

Figure2-2. Schematic of two modes for HDL procesd@d atomically precisanode
HDL and (b) field emissionmode HDL. Reprinted with permission from Ré&B].

Copyright (2018) American Vacuum Society.

In particular, the STM tigbased desorption of-Hassivated Si (@ 0)i 2x1 [20] is also
named hydrogen depassivation lithography (HDL), which is one of the popular
atomically precision manufacturing methods. When the tunnelling current passes
through the tipsample gap, the 8t covalent bonds break due to the interaction with
electronsandthen the hydrogen atoms escape from the surface. Through the scanning
of the tip, the hydrogen atoms are thus removed from the surface site [y sitehe
position and degree of desorption can be parametrically controlled over tip scanning

and tunnelling curmg, which opens the possibility for automation.



To conclude, the mechanisms of atom manipulation or removal using STM tips are
expressed as follasvFor lateral manipulation, purely mechanical interactions, such as
Pauli exclusion and van der Waals forceminate the process. For vertical
manipulation, the tunnelling current provides the energy to induce manipulation. For
the HDL process, the desorption of H atoms can occur in two different mechanisms
under different tipsample biases: field emission amibrational excitation[15],
corresponding to two operation modes of HDL, as shawFigure 2-2 [21]. One
mechanism is the field emission mode under which the bias voltage normally exceeds
~7 V. During this process, electrons will be field emitted from the tip to the sample.
Because the energy of the inerd electrons is higher than the desorption threshold
energy, the interaction will expose H atoms on the surface. In field emission mode, the
tip is usually at a higher positipand the exposure ocawithin a large surface area;

the resolution is thusrhited to 5nm [22]. Another is the atomically precise mode,
which makesHDL a successful atomically precise manufacturing technique. It was
experimentally shown that desorption occl
the threshold (with a bias less than\+$21]), but the desorption rate is significantly
decreased and strongly dependanthe currentThisindicates multiple electrons are
involved in the desorptiofl5]. Perssorj23] has demonstrated that the atom transfer

is driven by a multiple vibrationadxcitation mechanism with energy coming from

tunnelling electrons.
2.2.1.2Simulation research

The quantum mechanitssed firsfprinciples calculation is a reliable method to
describe the nuclearuclear, electromlectron, and electrenuclear interactions ifme

atom manipulation ensemble. In previous studies;firsiciples methods have been



used tostudythe STM tipbased manipulatiohecause othe accurate description of

the relaxed atomic structures, interaction energy, and the energy barriers for atom
transfer. These results contribdite the understanding of the process mechanisms and
provided instructions on the experimental protocols. Kobayashil.[24] studied the
vertical manipulation of a single Na atom between an STM tip and a surface, the results
of which indicated that tysurface bias caudedifferent effects on positive and
negative surfaces. Quaaeteal.[25] studied the singlatom switch on silicon with the
first-principles methodsTher studies showe that the electronic excitation of a
localised surface resonance could explain the principal effects of wit¢toland a

higher transfer rate at a higher temperature. Ngaeyah[26] used the firsprinciples
method to study the diffusion barrier of the Se vacancy onPd®é&h was lower

than that of thevacancies on MaSand TiQ. Xie et al [27] employed both semi
empirical and firsfrinciples simulations to study the manipulation mechanisms of a
Cu adatom on a Cu (1 1 1) surfa€kear resultssummarised thimfluence of tip height

and structures. Liet al.[28] studied the STM atom manipulation on ¥Band the
simulation determined the possibility of inserting Ti adatom into atomic pores and the
energy barriers for vertical and lateral movements.

2.2.2 AFM tip-basedatommanipulation

2.2.2.1Introduction

Compared with STMip-based manipulation, the AFM tipased methods can work
for more materials, including semiconduct
group used the AFM for the first time ftireatom manipulation experimef#9]. The
experiment was conducted by vertlgaemoving and depositing a Si atom on a Si (1

1 1)(7x7) surfacd29]. When an AFM tip indents on the sample, the interaction can

10



remove one atom from its equilibrium position or deposit one atom back into an
existing vacancy at the surface. Later, AFM-tigised atom manipulation was also
implementd in lateral directions with pulling and pushing manrf@@3. Furthermore,

the atom interchange mechanism waseobed in the AFM tipbased manipulation
experiment. The strongly bound atoms between the tip and sample may interchange
both vertically[31] and laterally[32], as shown inFigure 2-1 (c) and (d). This
mechanism differs from oth@reviouslyreportedmechanisms. Phenomenologically,
atomic interchanges occur due to a redurctin diffusion barriers caused by-+§ample

interactions.
2.2.2.2Simulation research

Without the tunnelling current, AFM tipased manipulation ismainly governed by
shortrange interactions. Depending on the materialgtheftool and sample, the
dominant interactions may include Pauli repulsion, ionic, covalent, and metallic
bonding interactions. The quantum nature of these interactions suggests that the
process needs to be described with the-firsiciples methods. The rééal simulation
studiesbased on density functional theory (DFT) or density functional tight binding
(DFTB) have been conducted to investigate the relaxadtomicinteractions, energy
barriers for atom transfer or interchangend minimum energy path [33,34]
Sugimotoet al. [33] used thefireball code to unveil the vacangyediated lateral
manipulation of adatoms @i (11 1)-7x7 surface. It was found that the bonds between
the adatom and the surface atoms were weakened under-Haamnigbe interactign
whichreduced the barriers of atom diffusion between adjacent sites. This method was
also used to explain the vertical atom intemnge between the tip and Sn/SiL(1)-

(a3l a 3U)surfd§eﬁ[31], the key atomistic processes involved and the energy

11



barriers for the manipulations ene studied. Enkhtaivaret al. [34] studied tip
relaxation in lateral atom manifation. Thér findings indicated that the underlying
mechanismsvere the structural relaxation of the tip apex and the formation of the
bonds with the diffusing adatom. Bamidaleal.[35] used a combination of first
principles methods and kinetic Monte Carlo (KMC) algorithm talgtine dynamics
and st at i siCu at@ns bnotre p (2810 GuetOfi O surface. A novel
mechanism that combines the atomic jump and surface diffusion was revealed.

2.2.3 LAO nanolithography

In addition to atom manipulation, SPM tips can induce surface modifications by
adding external energy or materials. The sharp tips provide strong localisation,
enabling nanopatterning on material surfaces. These processes are collectively known
as SPL techiques, which include thermal SF86,37], LAO nanolithography6,7],
dip-pen nanolithography38], mechanical SPlor scanning probe machinir{§9],
biasinduced SPL40], and morg6,41,42]

Local anodic oxidation (LAO) nanolithography, also known as oxidation scanning
probe lithography (¢PL), is one of the most popular techniques because of the
advantagesf high resolution, direct surface modification ability, low instrument cost,
high regoducibility, in-situimaging, compatibility with other lithographic processes
and low environmental requiremenfg]. Since Dagateet al. [43] first created
nanoscale oxide patterns on(%il 1) surfaceby introducing biago the STM, this
method has attracted considerable research interes$iaanoeen well developed due

to various potential applications of nanoscale oxide. The height of oxide can achieve
from several to tens of nanometres, which is robust entwuglene as a mask for

subsequent etching44]. In addition, the LAO process offers a direct and

12



straightforward method for mdgling the sample surface, providingeasibleway to
build nanoscale circist and showing great potential for the fabricaion of
nanoelectronicslevices[45i 52]. Recent advances with the use of mitiftiarrays or
structured nanoelectrodes have demonstrated that LAO can enablesclaleye
nanopatterning on various materials, including metals, semiconductors, 2D Inateria
and thinlayer polymerg7,9,53 56].

2.2.3.1Mechanism

LAO nanolithography is a process that involves controlled oxidation induced by
localisedelectric field.Forthe LAO process on silicon surfaces in ambient conditions,
the presence of an enhanced electric field and sua@dserbedvaterwere considered

as essential conditions thatlucea series of physical and chemicedctions[57].

Probe

Electric field
Adsorbed water layer

Water meniscus\ ‘
Local oxide Ly / Native oxide

Substrate

Figure2-3. Schematic oLAO mechanism.

Figure2-3 demonstrates the reaction mechanisms of LAO. When the tip and substrate
are in close proximity, a water meniscus bridge can be formed (This process may
require the application of a tgurfae bias). Then, the connection of the external

power supply creates an enhanced electric field (ordetal@0° V/m [58i 61])
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between the tip and surface, which can dissolve therwatdecules and direct
oxyanions towards the substrate and form oxide on the surface. Since the volume of
silicon oxide is larger than that of silicon [40], the oxidation process eventually results

in surface oxide protrusions.
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Figure2-4. (a) Oxide dots made by LAO using tapping mode AFM ol S 0):H,
pdoped ( BLqL gWritingfAadameters: pulse duration 20,maltage from
4 to 11.5 V andamplitude 2 nm, (b) same patterns after a 5 s HFaiig (c) cross
sections of both measurements. Reprinted with permission frorf6RefCopyright

(1998) AIP Publishing.

Fontaineet al. [62] conducted a study on the oxidized and mbsihed surface, as

shown inFigure2-4. Their findings indicaté thatthe height of the oxide corresponds
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to 60% of the total height of the oxide thiggs. The oxide created by LAasalso
found witha lower densityat 2.05 g/cni, compared to the silicon oxide obtained in
thermal oxidation, which has a density of 2.27 ¢/ff8]. In addition, a large amount
of water was found within the oxide created by LAO, with approximatebgetin
mass[64,65] This implies that the local oxide created by LAO may not be directly
usedto build transistors. Additional stepsuch as posannealing or integration with
other semiconductor procesgitechniquesare required to enhance its compatibility
and functionality.

Avouris et al.[60] measurd a current of 18* A during the LAO process, which
suggested that LAO is an electrochemical reaction process (Faradaic pietlesor

the LAO process ohsilicon substrate, they suggested that the reaction on the surface
(anode) i466]:

3ETE ¢/ ( ©3E/ ¢ (2-1)

and the reaction on the tip (cathod€|6i8]:

¢t cQ O (2-2)

On the basis ofhe above eattions, the oxidation growth depends on the transport of
oxyanions between the tip and sample, which is influenced by the properties of
substrate materiashape othewater layerand tipsample bias. Therefore, oxidation
growh can be affected by various parameters, including tip scanning [§2}etip-
sample bias anseparatiof67], humidity[68], anodic solutionf59], andcharge build

up [64]. However, the dominant mechanism varies depending on different voltage
exposure timeand oxide thicknesseSnowet al.[69] conduced measurements on

the kinetics ofthe LAO process under conditions of high humidity and pulsed bias.

Their findings indicaté that the oxidation reaction is mainly driven by the production
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of OH ions in cases of moderate oxide thickness (a few nm) apdsare times
(typically less than 10 ms). However, for long exposure times (typically more than 100
ms) and thick oxide, the kinetics can eventually be dominated by the effects of ion

diffusion, space chargand stress.
2.2.3.2Simulation research on LAO nanoliyraphy

To gain an irdepth understanding of these reactions, various simulation methods have
been used in previous studies. Theogetna.[70] used finite element simulations to
study the underlying mechanism of electric field enhanceméhélrAO process and
decoupled the influence of applied voltage, tip curvature radius;asegie and tip
sample distance on electric field distribution. The research outcome indicatedthat h
electric field enhancementald be achieved throughe use of sharp tip with a small

tip radius and a seraingle. Crameet al.[71] applied extended simple point charge
model (SPC/E) potentialsased MD simulations to reveal and visualise the
microscopic details of the biasduced buildup process othe water bridge, which
provided the molecular description of tiieeshold voltage and hysteresis behaviour.
Choi et al.[72] used the transferable intermolecular potential 3P (TIP3P) model to
simulate the water bridge formation, thinningnd snagoff, and obtained the
simulation resultdbased forcalistance curve, which is well consistent with the
experimental results.

Despie theseprogresss in simulation studies, the mechanism of the chemical
reactiors between the conductive substrate and water layer remains incompletely
understoodLAO process includes the chemical reactions within various chemical
components and bogdwhich are critical to the manufacturing process and its

outcomes. However, due to the large number of atoms in the reaction system, including
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water molecules, silicon, and their reactants, modelling dssteprinciples methods

can beratherchallenging. RaxFF MD simulation, on the other hand, is an ideal
approach for handling chemical reactions in a large number of molecules. It provides
irreplaceable advantages in elucidating bonding interactions, chemical compaosition,
and atomic dynamics behaviours, lgralso being more computationally efficient than
first-principles methodgr3,74] This method has been successfully applied to similar
reaction systems in the studies offage oxidation[75i 83], chemical mechanical
polishing [84i 89], nanoscale contact and tribolod90i 92]. In the study of
nanoelectrode lithography, Hasat al. [93,94] used ReaxFF MD simulation to
investigate the biamduced oxidation mechanism and its dependendd®electric

field, humidity, and crystallographic orientation. However, these studies assumed the
oxidation began on a pristine stic surface. In reality, upon exposure to atmospheric
humidity, a surface passivation layam bemmediately formed on the surface before
the introduction ofheelectric field. It can be inferred that the existencthekurface
passivation layer will ffect the subsequent bisduced oxidation process, but it
remains unclear.

2.2.3.3LAO through AFM

Since Dayand Allee[63] first applied AFM to achieve narmxidation, AFM has
demonstrated a distinct advantage over its predecessor Bidvitipsample bias
required in LAO can be exerted independently of the microscope control of AFM,
which allows a decemhodulationof tip-sample distanceallowing a continuous and
consistenteaction process. In addition, AFM can enable the concurrent fabrication

and imaging of oxides, which facilitates the optimisation of process parameters. AFM
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can work under three different modes for the LAO process: contact mode, tapping
mode, and nogontact mode, as introduced Figure2-5.

2.2.3.3.1 Contactmode AFM

When contactnode AFM is used for LAO, a force in the range of 10 to 100 nN is
applied to tle sample surface while maintaining a zerestmnple distance. The force
exerted by the cantilever was considered with a slight but perceptible impact on the
oxide height. However, it could weaken the tip lifetime and pattern reproducibility,
particularly when using probes with small tip curvatures. Besides, due to the tip
sample contact, oxide patterns often exhibited a broad linewidth even when using
probes with sharp tips. The large width of oxide patterns can be attributed to the
scattering distributioof the electric field around the tip during the-s@mple contact.

This phenomenon ultimately compromises the resolution of LAO lithography.
However, when a large radius AFM tip is used, its robustness makes it possible to

achieve higkspeed LAO, whichricreases the patterning efficier{®p].

(a) (b) (c)

~  » v

Figure2-5. AFM operation modes: (a) contact mode, (b) tapping mode (intermittent
contact), and (c) nenontact mode. Reprinted with permission from [@éfl. CC BY

2.0. Copyright (2013) The Authors.

2.2.3.3.2 Tappingmode AFM
Dynamic force microscopy has been developed by introdaciogcillating cantilever

to the sample surface. Tapping mode is one of the dynamic modes ofwitevkin
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the tip is driven at a frequency close to the resonance frequency of the cantilever. The
tip-surface contact is dominated by repulsive forces, which bmanmeflected by
cantilever amplitude changBuring the imaging and LAO nanolithography, the tip
sample contact can bmaintained to be constatiiroughthe AFM control system
Compared with contact mode, tapping mode utilises an oscillation perilbbeorder

of 10% to 10° s, resulting in a shorter tipample interaction time and reduced shear
forces on the tip. This leads to an extended tip lifetime, making tapping mode a
preferred mode in both imaging and LAO application.

The formation of a water metus between the tip and sample is critical for the LAO
process, which providethenecessary ionic speciestrengthenhanced electric fieJd

and spatial confinement to pattern the silicon surface. In contrast to contact mode AFM
where water meniscus dges the tip and sample naturally, tapping mode Adelt

the average tysurface distance at a few to tens of nanometreshis casethe
formation of a water bridgeas to balriven by the electric fielf67,97] The formation

and breaking ofthe water bridge thus become important factors that affect the
occurrenceof the LAO process. Without a constant ample contact, the lateral
dimensionof the water bridge can be reduced to several tens of nanométriss.
provides a further restricted reaction region for oxidatdiowing thecreaion of sub

10 nmnanostructures.

2.2.3.3.3 Noncontactmode AFM

Another dynamic mode used in LAO is the nontact mode AFMIn this mode the
interaction between the tip and samplecurs within the attractive force range
ensuring thathetip never touchsthe surfaceThis configuration furthernaends the

tip lifetime. Garciaet al.[97] first developed this approach and used pulsed voltages
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in the milliseconds range tperform LAO even when the AFM tip did not directly
contact thesample surface. Through this method, thousands of oxide dots are
fabricated without causing any degradation of the needle tip, leading to further
extended tip lifetimes and reduced surface defects. In addition, thertgre distance

can be adjusted taonkarge or shorten the size thie water bridge. This operation can
further reduce the oxide siz§57,98] allowing the creation of sdb0 nm
nanostructures (minimum feature sizes were found to be 4 nm after considering the tip
convolution effect]99,100] The main drawback of this technique is tteg teedback

loop is turned off during the oxidation process, which makes it difficult to achieve

large-scalecontinuous patterns.
2.2.3.4Voltage supply

In the earlystagesof LAO nanolithography, continuous direct current (DC) voltages
were used to achieve suréasaneoxidation. Howevergontinuous DC voltage might
not be necessary ftimie LAO processas Snow and Campb¢¥5] reported that itdok
only a few microseconds to obtain 1 nm of oxide thickness. In additiemmmethod
had amajor drawback because the strongdipface interactionaused by DC voltage
led to poor reliability of the tip. In 1999, Legrand and Stiévefibdd] demonstrated
that pulsed voltage has several advantages over DC voltathpe ILAO process,
includingreduced charge accumulatjonore accurate voltage contrahdenhanced
reliability and resolution of the oxidation proc¢t82]. As the duty cycle of the pulsed
voltagecan bekept very low, the average voltage value applied to the cantiigver
typically less than 1 V. This prevents any undesirable reaciidhe microscope
feedback loop. In addition, LAO using high amplitude and short duration pulses can

enhance the aspect ratio in resulting nanostructures because a high voltage pulse

20



produces a fast growth rate in the vertical direct@m a short pulsguration restricts
the lateral diffusion of ionic species and space charge effects, together contributing to
the aspect ratio enhancemgh03]. In 2003, Clemenet al. [104] obtaired oxide

patterns withanaspect ratio of 0.3 using 100 ns pulses.
2.2.3.53D nanofabrication

Since the invention of LA@andithography{43], a wide range of nanostructures have
been fabricatedyut most of then haverelatively simple geometriein the shapes of
nanodots, nanolinesr 2D surfaceatterrs. The furtherdevelopmenbf LAO could
depend orits capabilities, effectiveness and flexibilityachieving3D nancstructures

[105].

Lorenzoni and Torrfl06] applied DC pulses to create the single nanodots on SiC with
high aspect ratios and showed the potential for creatihgtBictures consisting of
arrays of multiheight dots step by stepernandezuestaet al.[107] demonstrated

the creation of multilayer nanostructures on silicon nitride films on silicon sstigce
applying different voltages during AFM scanning. They also discoweerelation
between the oxidation growth and the detected current, which was monitored during
the reaction procesdohannegt al.[108] developed a more sophisticated computer
aided design coupled contanobde LAO that can precisely replicate designed 3D
nanopatternshe height variations in the structures were achieved by applying various
voltages during AFMscanning Chenet al.[109] applied a similar method, named
local grayscale oxidation, where different voltages were used at each pixel to enable
3D nanopatterning anduccessfully fabricated lensanostructures oihe silicon
substate. Kim et al.[110] demonstrated that controlling the pulseation can allow

for precise dimensional control over nanoscale patterns. Furthermore, they showed that
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repeated oxidatiorwould create nanostructures with multilayehoi et al. [111]
presented the nanofabatoon of hierarchical nanostructures througiombimation of

LAO and wet etchingDuring the process, LAO was performed to create a resist layer
which served as a mask for the further wet etching prokésset al.[112] found that
repeated oxidation could create 3D pyramidal patténesmechanism of which is due

to increased energy absorptidrheyalsofound that a 1@ime repetition oLLAO can
apparentlyenhance oxidation growth along thexis. Yangand Zhag113] used a
coupling AFM lithography, in which probes served as both cutting tool and electrode,
to create 2.5 D patterns on conductive materials with depths86f 8im and square
widths from the nanoscale tdhe microscale.They concluded thatoupling AFM
lithography canachieve a higher material removal rate and a smoother patterned
surface in the fabrication of 2.5D hierarchical micro/nanostructures.

However, these methods have several limitatidfisst, @ntactmode AFM was
widely used fothe LAO nanolithographyroces§106i 109,111,113]The tipsample
contact makes idifficult to achieve sutdl0 nm feature sizeMoreover,the tip wear
caused byontactcaneasily compromise the patterning resolution and consistency,
which adversely affect the resultSecondly, step-by-step operation or well
developed control ystems[108/110,112,113]were utilised when obtaining 3D
nanostructureswvhich can increse theerror rate, lower the patterning efficieneynd
raisethe implementation costh addition there is a lack of comprehensive studies on
the effects b control parameters on the geometry of 3D nanostructures, hindering
deterministic and digital 3D nanofabricatioFherebre, the development of a more
precise, flexible and efficient method is necessary to advarge LAO

nandithographyfurther.
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2.2.4 ALE
2.2.4 1Introduction

Atomic layer etching (ALE) and atomic layer deposition (ALD) are two promising
processing techniques the industry for semiconductor materialBhese techniques

rely on the inhererthemical seHimiting properties of materials to ensure tiemoval

or deposition of atomic laysr

ALE process consists of two reaction steps in each cycle, as shduguie2-6 (a).

The first step modifies the surface layer into ea®yetch materials through the
adsorption of precursors, and the second removes the reaction layer through energy
species, typically a beam of le@nergy iong114]. The purge processes separate these
two steps to remove extra precursors @yeproducts In this ALE process, the
uppermost irdgrlayer chemical bonds are weakened by the chemical reactions in the

first process and completely broken by ionic bombardment in the second.

Adsorption Purge Activation Purge

11l

t—((a) ALE cycle]—l

il

T—[(b) ALD cycle)—l

Figure2-6. An illustration of selflimiting processes. One cyctd a typical (a) ALE

process and (b) ALD process.
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2.2.4.2Simulation research

Chemical bondingapparentlyplays an important role in the ALE process. To give a
better understanding of the bond forming and breaking;dnatiples methods have
been used to evalte the reactivity and desorption energy in ALE processes. &onh

al. [115] used the DFT methods to calculate the energy required to remove Co atoms
from Co (1 0 0) surfaceandthe effect of surface defects treetchingprocessKim

et al.[116] studied the energies for Cl adsorption and-ién desorption on MoSo

unveil the mechanism of its ALE process. Loregal.[117] studied ALE processes

on an organic polymer surface using oxygen pulses. The rdsulisnstratethe self

limiting nature of ALE and the fact that the formation 6fGZ C bridge bonds leads

to structural change.

225 ALD
2.2.5.1Introduction

ALD is one of the most populaemiconductor processing technigugimilar to ALE,

the ALD process normally involves four processesleasonstrateth Figure2-6 (b).

The main difference from ALE lies in the third stegich introduces another type of
precursorallowing theformation ofa single layer of compound on the surface. As for
the energy source, ALD can use thermal energy asnph to enhance the reaction
process. The plasmenhanced ALDprocesscan activate the chemical reaction even
at a lower temperature with better film properties, whiclkesé a versatile method

for nanofabrication in emerging application$18]. In addition, the selective
techniques provide a new method of ALD. Modifying the chemical properties of the
surface can control the adsorption of precursors on the selected region. Therselecti

strategies promote the formation of desired films on a surface while simultaneously
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avoiding deposition in adjacent regions, which is considef@dlae mi c a | patter
procesq119]. The selective techniques will not only eliminate the edge placement

errors in semiconductor nanomanufactgrbiut also bring us closer to the lehgld

dream of fabricating materials in a bottarmp fashion using atoms as building blocks

[120i 122].

2.2.5.2Simulation research

The atomielayer resolution of the ALD procesglies on the chemical bonding
interactiors to bind the precursors and surface atoms. The chemical feaititbe
precursor including volatility, seldecomposition, reactivity with substrate,
dissolution, and purity, require an-depth understandind.23]. The firstprinciples
method has been used in previous research to studilibeprocess[124]. The
simulation mainly aims to unveil the reaction energies, atomic strucamadiffusion
barriers[125/ 127], with results assistinthe design of precursort)e evaluation of
reactionrates and input parameterRecently ReaxFF MD simulatioomethodwas
applied tothe ALD procesg128,129] Through the modelling of chemisorb of
trimethylaluminum (TMA) on Gé1 0 0) surface, the temperature dependence of ALD
was revealed with detailed reactimechanisms. The ressiwere foundo bein good
agreement witlexperimentameasuremerjfi28]. As such, ReaxFF cdrelp determine
the optimal processing conditions to produce #fgghlity deposition results
Furthermoreasthe atomicscaleALD is relative to the feature and reactor scéhe
modelling of whichnormally requires multiscalenodelling approacheg130]. A
combined method of firgbrinciplescalculationsand Monte Carlsimulationcould
address the stochastinature, which makes it more suitable to simulate the

collaborative and kinetic behaviours of the ALD procds¥li 133]. The results are
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expected to provide better control over the reastiand further optimisation of
processing parameters.

2.2.6 Laserbased processes
2.2.6.1Introduction

Photolithography is a sophisticated technigueely usedin semiconductomdustry,

and its recent advance has promoted the commercialisation of the 5 nm proeess.
interactionbetweenlight and electrons in molecules is the basic mechanism of the
photolithography process. Just as electrons occupy atomic orbitals in atoms, electrons
in moleculesoccupy molecular orbitals. When one or more photons are absorbed, an
electron can transfer from one orbital to another, resulting in different outcomes
depending on the atom or molecule to which the electron belongs. When an atom is
excited by absorbing a photon, the electron that was activated to thernaody

orbital will normally jump back to the original orbital to sustain the ground state.
However, there could be various consequences after an electron in a molecule is
excited. For instance, the chemical barah break if the electron moves from a
bonding molecule orkad to an antibonding orbital. The broken bordsatedangling

bonds with a high chemical reactivity and induce other chemical reactions. Eventually,
if the process breaks down large molecules into smaller fragments and increases their
solubility, the mechnism represents positive resist lithography; if the process leads to
the creation of bonds between chains and $ormare complex molecules, the process

is called polymerizing and dominates the negative resist photography.

The photochemical reaction foogitive resist is illustrated to describe the mechanisms

of photolithography. The positive resist normally consists of three materials: a base

resin, an inhibitor, and volatile solvents. The inhibitor, which is a sensitive compound
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to light with a certaimange of wavelengths, serves to impede the dissolution of resists.
When exposed to light, the inhibitor will decompose due to the photochemical
reactin, and the process will create soluble-fimpducts and leave behind patterns
after dissolving.

For exampe, diazonaphthoquinone (DNQ) can absorb ultraviolet light with
wavelengths from approximately 300 nm to 450 nm. The absorption bands can be
assigned toi * iSHB@n d” * 163 fransitions in the DNQ molecule. The
DNQ decomposes through Wolff reargement to form a keteng34]. In the
presence of water, the decomposition product forms an indanecarboxylic acid, which
is basesoluble, as shown iRigure2-7. After dissolution, regions of the resist film that

were unexposed to light will remain on the surface.

O
OH

N2

h3

— + N2
+ H0

Figure2-7. Photolysis of a DNQ molecule. Reprinted with permission from[ R].

Copyright (1992) American Chemical Society.

Classical photolithography is based on photochemical reactions, which has contributed
to the miniaturisationfantegrated circui{IC) chips, but the theoretical limit makes it
difficult to achieve atomiescale patterns. One restrictities in thesensitivity of
photoresists. Classical photolithography normally uses resist materials that are very
sensitive to laer dose, which makes the reaction region equal to or larger than the laser

spot size However,a recent study135] proposed another lightased lithographic
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method, where the chemical reaction is induced by the laser thermal effect, with the
potential to further reduce feature size. The process dteisenorganic resist with a
higher eaction threshold for laser energy. The reaction onlyroedat the centre area

with closeto-maximumlaser energy density, which ohethe feature size equal to or
much smaller than the laser spot size. Similarly, throughhbethermal effeclaser
beams can also be taken as an alternative to STM-tleddssivation procesgdS86].

An ultraviolet laser can selectively heat silicon to a temperature so depasspaation
occur while maintaining a good order of atoms on the surface. Compared with SPM
tip-based method, the lighiased process can greatly enhance the depassivation

throughput. The workflow has been experimentally demonstfagxd.
2.2.6.2Simulation research

As photolithography steps intbeatomic orsub10 nmscale, the atomiscak effects

of light-induced reaction®n materialsbecome more critical. Therefore, a reliable
physical and mathematical modelling method is necessary to optimise this technique.
Thetime-dependent density functional theoyD(-DFT) methodhas emerged ithe

study of laseinduced interactions and effect®is method combines the advantages

of DFT and timedependent formalism, allowing the accurate determination of
absorption spectra, photochemical reacti@ml excitationg138]. Waterlandet al.
[138]cal cul ated material sé6 excitation energ
ultraviolet. The results could assist in searching materials for photolithography at a
certain wavelength range. Palmigal.[139] used the TEDFT method to explain the
mechanisms of (Br scission and OC coupling processes in the photolithographic

process of grapheneanoarchitectureAndo [140] predicted the refractive index
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dispersion of fluorecompounds using the TDFT methods. The results identified
some materials with high refractive indices and good transparency.

2.2.7 Focused electrofion beambased processes

2.2.7.1Focused electron beabased process

The aberratiortorrected electron beam has reduced the electron beam sponte*0.1
[141], which makes the electron beam a candidate toauied0 nm or atomic scale
marufacturingprocesses. Like photolithography, the electron beam can also create
patterns by inducing chemical reacson polymers. Through the interaction between
electron beams and molecules, electrons in the bonds can be excited through inelastic
scatteing, thus breaking the bonds and changing the structure of the substrate. The
electronpolymer interactions iEBL may lead to two results: the polymer chains may
breakinto small fragments or break off the side groups and link to other chains to form
larger molecules. Normally, both reactions happen togeltherone of these will be

the dominant process and determine the result. If irradiation causes a break in the main
polymer chain so that it can be dissolved, the polymer is a positive resist.ittioad

links the chains and forms a network, making it insoluble, the polymer is a negative
resist.

The inelastic scattering electron can also be used to iridaetching or deposition

of precursors, which is known as focused electron beam etching jRiEB&cused
electron beam deposition (FEBD), as shownFigure 2-8. In these methods,
precursors are introduced near the substrate and absorbled surface. When the
compound of precursors and surface atoms is exposed to a thin electron beam,
normally by scanning electron microscope (SEM) or scanning transmission electron

microscope (STEM), the electramduced reaction will occur at the interacticegion.

29



In the FEBE process, the reaction will convert surface atoms into volatile compounds,
thus removing the surface atoms. In the FEBD process, the reaction will produce
nonvolatile dissociation products and form the deposition. With the digitahisgcan

of smalldiameter beams and the proper selection of precursors and substrates,

nanometrescale structures can be cregtbdi2,143]
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Figure 2-8. Schematics of (a) FEBE and (b) FEBD processes. Reprinted with

permission from Refl44]. Copyright 015) American Vacuum Society.

For 2D materials, electron beams have been used to create atai@patterns or
manipulate atomic defecf$45]. The mechanism is through delivering high energy to
the target atom and indimg atom displacement. When the energy delivered is higher
than the displacement thredthathe atom can be ejected from its lattice site and form
knock-on damage. Besides, the defect atoms in 2D maténatiare weakly bound to
substrate atoms can be manipulateth&r nearby site by using a thin electron beam
[146]. The underlying mechanism is that the energy delivered is higher than the atom

diffusion threshold.
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2.2.7.2Focused ion beathased processes

With the development of lowemperature ion sourcegecent research has
demonstrated the capability g@nerate ion beams with snanometer spot sizes and

a maximum current of several nanoarfip&7i 149]. This development positions them

as a potential lithography tool for atonsicaleandsulb10 nm manufacturing processes
[150]. The helium ion beam (HIB) is one of these promising todlge helium ion
sourcecan bemade of a single crystal metal fabricated in edie shapewith the end
terminatel with only several atoms (up to seven atomiE)1]. Such a unique
configuration enables thellB with ultrafine spot size. In fact,he de Broglie
wavelength of helium ions is smaller than electrons with the same energy (e.g., at 10
keV, the de Broglie wavelength for a helium ion and an electron is 0.1 apth,10
respectively), which indicates thidtB has a higher spatial resolutiorathan electron
beam. Among all known elements, helium has the smallest atomic radius (~1/5 of a
gallium ion), which makes it easier to pass through the sample, resulting in a deeper
implantation depth.

The advantage is also evident in the case of helama due to their small atomic
radius, which makes them highly resistant to scattering near the surface. This property
enables a high lateral resolution, making helium ions an ideal tool for imaging and
nanofabrication of thidayer materials, particularly2D materials. It has been
experimentally demonstrated that HIB lithography can fabricate nanolines with less
than 10nmin width with a 20nm pitch [153]. Due to its high spatial resolution at the
surface, HIBs have been used in the nanofabrication of 2D materials, including
graphene[154] and Mo$S [155], achieving nanometre and sobBnometre scale

structures, the mechanism of which is demonstrat&egure2-9.
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He*

O

Figure2-9. Schematic of defects created by helium ion sputtering on diagge MoS
on graphene/SiClhe defects include sulphur vacancies, a molybdenum vacancy, and
defects in the graphene layer. Reprinted with permission fronj182f. Copyright

(2020) American Chemical Society.

In addition to subtractive manufacturing, focused ion beam (FIB) can also be used for
additive manufacturing at micrand nanoscales. FiBduced deposition, also known

as ion beanassisted chemical vapour deposition, is another feature that is used
extensively in FIB applications. Selected materials may be deposited onto a target
surfaceby the introduction of appropriate gases into the system. The deposition
process was first reported by Garabal. [156], who studied the process for the
deposition of Al from Al (CHj and W from WH. This technique provides the ability

to deposit functional materials onto almost any solid substratenahometre spatial
resolution. Unlike the ion sputtering process, which is mainly based on elastic
scattering between the ions and target atoms, the deposition process is induced by the
electrons generated in inelastic scattering. These secondaryredemtrdd break the

chemical bonds of the precursor gas molecules and form different compdGoenés
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of which remain volatile, and others are deposited onto the surface. Tight beam control
is critical to a successful FiBssisted deposition since the pmscu gas can easily be
depleted and then cause the net deposition rate to be negative, resulting in net material
removal. In order to maintain a constant positive deposition rate, the beam cannot stay
at the same time point for a long time. It must movantther location and then come

back to the same point to give the surrounding precursor gas enough time to replenish
the depletion.

2.2.7.3Simulation study

Firstprinciples methods have been used to simulateetbetron/ionbeambased
manufacturing processes teveal the mechanisms loeéammatter interactions. The
threshold displacement energies for semiconductors were calculated in several studies
[1571 159] to evaluate the defects generation under the interaction of particle beams
[160]. The defect formation under the particle beaatter interactioncan be
described by eithddFT or DFTB simulation, whicltoulddetermine the irritation and
defect features of the materidls61i 163]. The electronic stopping mechanisms for
certain materials were investigated by a-DBT method to evaluatdwé electronic
stopping power[164i 166] and electronic excitation§167,168] Besides, the
combination of TBDFT and classical MD methods offered a simultaneous dynamic
simulation of electrons and ien which provided an unbiased insight into the

interaction betweethe particle bearmand target atomd.69].

2.3 Fundamentals of interactions inatomic scale andsub-10 nm

manufacturing processes

As reviewed irthe previous section, chemical bonding interactions are crucial in the

manufacturing process at atomic or sifbnm scale, and thearccuratedescription
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requires simulation methods based on quantum theory ratheslétsaic theoryThis
section will firstsummarisehe different types of manufacturing and their simulation
tools anddominant thedes across scalesThen, the fundamentals oftomic and
enegy bearmmatter interactions will be introducedalong with their quantum

mechanicatlescriptions.

Quantum
Theory

500 um | Conventional Manufacturing
Micromanufacturing

- - Egm
Nanomanufacturing

Finite Element

Smoothed Particle Hydrodynamics

Empirical MD
ReaxFF MD
PFI8 Classical
First-principles Theory
1 1 1 1 1 1
10"° 108 10 10+ 1072 10°

Scale (unit: m)

Figure2-10. A length scale map of manufacturing systems, modelling methods, and
dominant theories. (a) ACSNReprinted with permission from REf73]. CC BY 4.0.
Copyright (2016) TheAuthors. (b) Nanomanufacturing. (c) Micromanufacturing.
Reprinted with permission from Rgf74]. CC BY 4.0. Copyright (2017) The Authors.

(d) Conventional manufacturing.

2.3.1 Manufacturing acrossatomic and macroscopiscales
As time and size scales contenwio shrink, there should be a transition between
macroscopic and atomic scales, beyond which classical theories become inaccurate in

describing manufacturing behaviour. Instead, manufacturing below this iscale
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dominated by quantum thed§,170]. However,quantum theory and classical theory

are completely different in nature. The transition from one to another is neither like a
boundary nor a smooth gradierj@@1], but as a buffer where two theories cannot mix
smoothly Figure 2-10 summarises the manufacturing systems, modelling methods,
and dominant theories across the length scdleshows that atomic and close

atomic scale manufacturing (ACSM) is governed by quantum theory, while
micromanufacturing and conventional manufacturing are governed by classical theory.
In nanomanufacturing, when the length scale is belown,Gquantum #ects start to
become more appar€if72].

Classical theory has been widely used to describe conventional and micro
manufacturing, and even some aspects of nanomanufacturing, as it typically yields the
same analytical results as the quantum theory at these scales. Besides, classical theory
is preferred due to its intuitive nature and lack of complex and difficudiolve
gquantum mechanical descriptions. Dominated by classical theory, traditional
manufacturing processes are often determmistireating products in good
consistency. However, firér miniaturisation pushes contemporary manufacturing
toward subl0 nm or atomic scale, where both manufactured patterns and
manufacturing tools may only involve a small number of atoms. At this scale, the
phenomea, including chemical bond forming and hfeng, electron excitation and
ionisation, photochemical reactioand particle and wave duality that related to
guantum mechanics become apparent. These phenomena cannot be explained by
classical theory unless resortimgthebasics ofquantum mechanid¢d70]. As a reslt,
manufacturing at this scale will show nrolassical features and unique phenomena,

the explanation of which must be based on quantum mechanics. Therefore, the
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fundamentals of interactions deserve to be understood and summartkgathnas

they are gtical for manufacturing at subO nm and atomic scales.

As discusged in the previous sectionthe sub10 nm or atomic scale manufacturing
techniques including SPM tipbased processesALE/ALD processes, and
laser/electron/ion beatmased processg®ly oninteratomic and energy beamatter
interactionsThe fundamentals of these interactions will be introdasetbliows.

2.3.2 Atomic interactions

For manufacturing processes, the interactions among atoms are the most important
factors that affect thpatterning accuracy, whether external energy sources are present
or not. This is particularly true for SPM tlgased atom manipulation and chemical
selflimiting processes, where the atiorimteractiors arethe key factasthat determine

the processing res.
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Figure2-11. Comparison of the magnitude of different bonding mechanisms that bind

atoms together. Data based on R&5].

Between atoms, the repulsive interaction mainly arises from Pauli repuigidethe

attractive interaction can be divided intdermolecular (nofbonding) interactions
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(including iondipole and ioAinduced dipole interactions, van der Waals interactions
of dipoledipole, dipoleinduced dipole, and induced dipateluced dipole
interaction$, and intramolecular (bondingjteractions (including ionic, covalerind
metallic bonding interactions). Their energies eslectively shown inFigure2-11.
These interactionsan play important roles in generating atorsicalepatterns, and

their quantum mechanical effects require a proper description.
2.3.2.1Pauli repulsion

It is easy to understand that there are repulsive forces between two approaching atoms.
For hydrogen moleculeshe Coulomb force is the main sourcetbé repulsion
However,this is a special case. For other atoms, the repulsive interaction is mainly
caused by Pauli repulsion, which is a quantum mechanical phenomenon with no
classical analogy. To explaiie Paul repulsion,| e imagine two helium atoms
approaching each other until their electron orbitals start to overlap. Singieghells

of two helium atoms are already occupied by two electrons, the overlapping will
confuse the energy statdsadng to the emergence of two electrons with the same
four quantum numbers in the same orbital. This state violates the Pauli exclusion
principle, so electrons will divert to higher energy states to satisfy the rules. This
process will cause a repulsive interactidfith the decrease of interatom distance, the
repul sive 6forced ramps more quickly tha

the source of repulsion in most circumstances.
2.3.2.2Covalent bonding

Covalent bonds connect two atoms by sharing a pair or paireaifais. Due to the
formation of a full electron shell, the energy of a shared state is lower than that of the

separate atoms. Covalent bonds form in different types for different atoms, such as
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sigmabonds,pi bonds, polar bonds, and complex hybridisatiom diamond sp’
hybridisation forms a very stable structure between carbon atoms with a binding
energy of 7.3eV [176]. When two atoms are identical or have similar electron
affinities, the electron pair is shared equalig in the molecules of hydrogen, nitrogen,
and oxygen. However, if one atom shows a higher electronegativity than the other, the
electron pairs will be closer to the more electronegative one and form a polar covalent
bond The polar covalent bonzhngive the molecule a polarized charge distribution,
making it possible to form weak bonds with other polar molecules. Examples can be
seen in water, sulphidandhydrogen chloride. It is worthwhile to note that the above
desciption only covers the general features of covalent boadsll explanation of
covalent bonds must be based on the quantum mechanical description of electron pairs

with the Schrédinger equation.
2.3.2.3lonic bonding

lonic bonds form when complete electron tfan®ccurs between atoms, resulting in
oppositely charged ions. According to the octet rule, metal atoms intend to lose their
outermost electrons, while nonmetal atoms tend to accept them, both with the aim of
achieving the noble gas configuration. Wheeaytimeet, electrons will transfer from
the metal atoms to the nonmetal ones. This results in the formation of ionscahich
be bound together by electrostatic attraction. Since electrostatic attraction is isotropic,
one ion can form multiple ionic bondshich makes them very difficult to break. This

explains the high hardness and melting points of ionic materials.
2.3.2.4Metallic bonding

Metallic bonding theory argues that metals are a mixture of valence electrons and metal

cations These cationsonsist of nulei and electrons in the inner shell. In metal, one
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atom can contact many other atomusnerous other atoms, allowing for the sharing of
valence electrons with neighlming atoms. This sharing of electrons extends
throughout the entire metallic solid, asar@®y atoms continue to share their electrons
with their own neighbouring atom€onsequentlyall valence electrons e whole
metallic solidareshared by all metal cations. Because only two electrons are allowed
in an orbital, electrons will move frgeemong a large number of orbitals in metal.
Since metallic bonds are isotropic, electron gases will attract metal cations &s close
as possible, leading to a clegacked crystal structure. The properties of metals,
including conductivity, thermal res@tce, and strength, are all related to the nature of

metallic bonding interactions.
2.3.2.5lon-dipole and ioAinduced dipole forces

In addition to van der Waals forces, idipole and iorinduced dipole forces are two
important intermolecular interactions. Becausns carry a stronger charge compared

to dipole moments, iedipole and iorinduced dipole interactionsisually have
stronger interaction energies than dipdipole and dipolenduced dipole
interactions, as shown iRigure 2-11. Through electrostatic interactions, ions form
nonbonding interactions with dipoles or induced dipoles. When a polar mokzudle

an ion areplacedclosely, thar positions and orientations will be rearranged until the
ion is next to the oppositely charged end of the dipole when the electrostatic attraction
is at its maximum. As the dipoles are only slightly charged, the strength of the ion
dipole interactions isisually less than that of ionic bonding interactions. When an ion
is placed near a ngoolar molecule, the charge of the ion can temporarily induce an
uneven distribution of electrons on the molecule. This temporary dipole could attract

the ion and form sveak iorinduced dipole interaction.
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2.3.2.6Van der Waals forces

Van der Waals force is a distapdependent interaction among atoms. Compared with
chemical bonds in solglvan der Waals force forces are weak interactions and easily
disturbed. This is the reas why gas hydrogen must be cooled down so much to
become liquid or solid. Van der Waals forces are normally regarded as interactions
that originate from the uneven or temporarily uneven distribution of electrons. Based
on different types of involved pattes, van der Waals forces include interactions of
dipole-dipole, dipoleinduced dipole, and induced dipeteluced dipole[177].

Co ul o avbaoarsdescribe the first two interactions, which arise from electrostatic
forces among polarized particles. Interactions between dipoles are normally weak, but
when two dipoles, such as'CH™, N*i H*, and Fi H*, meet, strong interactions can

be formed, which can explain the-bbnds in some materials. The induced dipole
induced dipole interactions, also called London forces, which dominate the attractions
between no#polar molecules, hee a different mechanism. In fact, London forces will

not exig¢ if atoms are perfectly spherically symmetrical. However, Heisebbgrg
uncertainty principles determine the uncertdistribution of electron. In a short
period, the charge distribution of atoroan be polar and induce the electrostatic
attraction betwee atomsjmplying the quantum mechanical nature of London farces
2.3.3 Descriptions of atomic interactions

Figure 2-10 depicts the simulation approachesass length scales. Apparenttiie
first-principles methogwhich is based on quantum mechanical thedoyninates the
simulation of manufacturingt sub10 nm and atomic scale, while MD, smoothed
particle hydrodynamicsand finite element simulationvhich are based on classical

theory, dominate the manufacturing frotmundreds of nasmetres to millimetres.
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Between firstprinciples (orab initio) and empirical MD simulation methods, there are
two intermediate optionshe DFTB method andhe ReaxFF MDsimulation method,

which are capablef descriling interactiors at atomicandsubb10 nm scals.
2.3.3.1Classical description

Classical physics uses Newtondés second
force, position, and time. The state of a particle isegoed by causality, i.e., given a
certain condition, the state of a particle is predictable. The interaction between atoms
can be described by potential functioAs example of Lennardones (LJ) potential

is shown inFigure2-12. The curve expresses the function of interaction potential to
the distance of two neutral or ngolar molecules. Considering van der Waals forces
and the repulsion caused hige Pauli repulsiof178] and Coulomb force, a

intermolecular pair Lennardlones potential is given gs79]:

Yi ot — — (2-3)

In the equation, ags the equilibrium separation, whePéi T. Here,, a#s also

called van der Waals radius. The minimum energyis at a distance aof

¢’ e

In order to describe the interactions between atoms or molecules, various empirical
potential energyunctions can be used for different purposes. Some of these functions
are suitable for bulk or surface properties, while others may be better suited for cluster
and/or molecular properties. MD simulation based on these potential functions has
been widely used in theoretical studies ranging from several nanometres to
micrometres in manufacturing scales. However, this method is generally inadequate in

accurately describing interactions at the atomic scale andGuion manufacturing

41



systems, where quantum amanical effects such as covalent bonding, Pauli repulsion,
and electronic transfer are more prominent. Therefore, a quantum medbaseds

method is required for the description of these interactions.

Figure2-12. Particle interaction energyJ(s) as a function of interparticle distaneg (

2.3.3.2Quantum mechanics description

To gain an understanding thfe quantum mechanical description of interactions, it is
necessary to first clarify the atomic model. In quantum mechanics, the location of the
electron in an atom is expressed in terms of a probability distribution. It is determined
by a wave functiony which describes the probability of finding an electron in an atom.
The wave function is also called atomic orbitals. Depending on the type of atoms,
atomic orbitals can look like a sphere, dumblwliclover. However, each orbital has

its own specialtyrepregntedby a unique set of quantum numbers, i.e., principal

guantum numbet, angular quantum numbgrand magnetic quantum numliex
As a fermion, the electron also has a spin angular momentdamarf -2 in a given

direction This determines two ansequences under quantum mechanics. First, each
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orbital can only have two electrons, one hasand the other has -2. This restriction

is known as Pauli repulsiorin addition, electrontend to occupy orbitals with the
same spin before they pair uplléwing a principle called Hurd rules.

The vector of state is not directly related to any properties that are based on classical
mechanics bus a complex function of selected state variablesoordinates and time,
which can be described as »o . For instance, in solid bodies, the value Mo
represents the electron probability density in a certain position at a certain time. To
describe the evolution of the wave function over tom¢he Schrédinger equation can

be usedand the gneral equation can be expressefl86]:

‘9 »h

[ »O D (2-4)

where'Qs the imaginary unity, andli s t he reduced »liathe k6s ¢
Hamil tonian operator and represents the
potential energy; it is also a Hermitian operasnd its eigenvalues are real. The role

of[ D inequation (22)i s | i ke the force in Newtond
determined by the physical system. The precise solution of the Schrdodinger equation
only exists for very simple models, like a hydrogen atétawever,but for more
complexmulti-electron systems, thaclusion of electrorelectron iteractionsin the

equation renders it mathematically intractable to find an exact salution

Firstprinciples methods can accurately describe the interactions for atoaie

systems by calculating the electron structurevatry time step34]. In principle, the

basic method is to solve the Schrodinger equations for nuclei and electrons in the

whole system. To describe the interactions ampagicles, the firsprinciples
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simulation usually applies a simpler form of the Schrédinger equation, which is the

time-independent equatiomith the expression given &sllow [180]:

[ © (2-5)

E is the energy of the system. However, an intact system normally includes very
complex interparticle interactions, whielneimpossible to solve. The calculation is
usually based on a series of approximations, of which DFT is the most popular one
used in computational physics, quantum chemistry, and materials science. DFT uses
the functional, which is a reahlued functioron functions, to determine the electronic
energy DFT considers that the electron wave functions, which yield the lowest total
energy of the system, are the correct @84]. The Hamiltonians in DFT contain the
electrons, electroplectron interactions, electréaon interactions, and electron
exchange and correlation energies. In general, the exact functionals of electron
exchange and correlation are unknown, but there gm@xpation methods to assist

this calculation, including local density approximation (LDA), generalized gradient
approximation (GGA), met&GA, and hybrid functionals. Following the
approximations, the DFT method can obtain the electronic structuretdraicscale
system that yields the lowest energy.

2.3.3.3DFTB method

DFTB is a semempirical method that is not as accurate as aphisciples method

but can significantly reduce the computational cost. In the DFTB method, energy is
still calculated by soimg the Schrodinger equation for electrons, but the Hamiltonian
matrix is not calculated by firgirinciples methods but parametrised based on DFT
calculations or experimental results. Compared with the DFT calculation, the DFTB

method reduces the compubaial cost by orders of magnitude while presegthe
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guantum mechanical nature of chemical bonding, thus @pthe calculation for

relatively large systems.
2.3.3.4Reactive force field

ReaxFF is a reactive force field applied to MD simulation that canidesdnemical
reactions in addition to molecular interactions. To model chemical reactions (bonds
breaking and forming), ReaxFF includes conneetlependent terms through a bend
order formalism (including both sherange and longange interactions), wheibond
order is empirically calculated from interatomic distances, yielding a reactive force
field. In addition, the ReaxFF parameters can be fitted and optimised against an
extensive database of quantum mechanics calculations and experimental data.
Altogether, ReaxFF allows the simulation of laigmale chemical reaction systems.
Since the electronic interactions in chemical bonding are implicitly treated in ReaxFF
methods, no explicit firgprinciples calculations are required, allowing for
significantlyimproved computational efficiency compared to DFT or DFTB method.
Although the incorporation of bond order makes ReaxFF almost two orders of
magnitude more computationally expensive than simpler force fields, it can produce
highly accurate results for mampplications including combustion, catalysis, and
surface chemistry, at a fraction of the computational cost ofgiimstiples methods
[128].
Specifically, ReaxFF models mabpdy potential terms using sempirical
parameters trained against a fipsinciples training set. The total interaction energy
of a ReaxFFdescribed system is expressed through the following eqUaait

O O O O O O O © O 0O

(2-6)
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where O ,0 ,0 ,0 ,0O andO correspond to the bond order energy,
valence angle energy, torsion angle energy, -owerdination penalty energy,
undercoordination penalty energgnd longpair energy, respectively. These energy
terms are based on the bond order)() between twatoms'@nd Qwhich primarily
depends on their interatomic distances and local chemical environtnéntis
typically calculated by182]:
60 Qown 1A Qwn 1 A Qwn 1 4

(27)
wherei is the interatom distance between atom&uofd’QHerein, semempirical
parameters including ,n ,i ,n ,n ,i ,n ,n andi are used for
different bond types, including sigma bond$jonds and doublex bonds.
Nonbonding interactions are described throi@h andO |, representing the van
der Waals and Coulomb interactions between all atoms in the RekedeRbed
system. For a system with waterbdnds were described using the tern©of
Each of the energy terms mentioned above corresponds to an analytic function whose
parameters are determined through training against quantum chemical results. This
approach ensures the accuracy of the chemical reactions and allows forullaéicim
of larger systems over longer time scdlE28], demonstrang significant advantages
over DFTB orDFT methods. A more detailed description of these energy terms can
be found in Ref183].
2.3.4 Energy bearamatter interactions and their descriptions
As reviewed inthe previous section, lpton, electronand ion beams are popular
manufacturing toolthatprovide external energy sources in nanomanufacturimgse

processs involve different types of interactions. Compared with pure mechanical
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tools, these energy beams can deliver a larger density of eioephysically and/or
chemically interact withmaterial surfaces, opening the possibility for processing
strorg bonding materials with high efficiency. The relevant nanomanufacturing
processes include photolithograpBBL, FEBE/FEBD, andFIB lithography. Due to

the weak penetration and scattering features of these energy beams in materials, the
energy beaamatterinteractions usually exist among a limited number of atoms or in
several surface layers where atorsdale effects become critical. As a result, quantum
mechanics is also crucial in describing the interactions between energy beams and

substrate atoms imergy bearrbased nanomanufacturing processes.
2.3.4.1Photomatter interactions

Photematter interactions can lead to observable changes in both light and; matter
either matter induces changes to light, such as phonon emission, absaption,
scattering, or lighinduces changes to matter, such as photoadamaactionthermal
effect, ionizationandmomentum transfer. In fact, changes in both light and matter
occur simultaneous|yhich complicates the processes.

Photematter interaction can be divided into afygtion, transmission, and reflection.
For nontransparent materials, light only interacts with a few layers of atoms on the
surface. The absorption in these layers thus dominates therphttter interaction.
Because of the electromagnetic feature oftJighotematter interactions at the atomic

or electronic scale are recognised as resonant intersdbetween oscillating
electromagnetic fields and charged particles (normally electrons in atoms). To describe
the timedependent features in this procesd,D-DFT methodis required to provide

an unbiased view of photmatter interactions. For example, the state of an electron in
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a hydrogen atom can be described by the Schrédinger equation. Under the Coulomb

interaction of the nucleus, the Hamiltonian ipessed aflL84]:

[ ) —-m O (2-8)

wherew » is the Coulomb potentiam andsmare the mass and momentum of the
electron. If the electron meets a light beam, the interaction betiveetectron and

the electromagnetic field needs to be added to the Hamiltonian. The electromagnetic
field can be described by scalar potentiabfd and vector potentiak, »D , then

the equation is shown §E34]:

[ WD — =m G= »D Q MWD w» (2-9)

as time evolves, the wave function wihange and the electrosanescape from its
eigenstate of the atom. Under the interaction with light, if the electron is in the bound
state, then the electron may just be excited and return to the eigenstate aftegreleas
energy; if the electron is ithe continuous state, then the atom is ionized. Therefore,
by solving the timedependent Schrédinger equation, the probability that an atom is
excited or ionized can be calculated. However, no analytical solution exists for this
equation. Even with the helof a highperformance computer, numerical solutions
could be calculated but only for some simple systems.

2.3.4.2Electronmatter interactions

When an electron beam dwells on a material surface, transmitted elecnehave
differently, leadng to various chnges in the materiabome electrons pass through
the material without experiencing any energy |besomingunscattered electrons. On

the other hand, scattered electrons can be divided into two ®fassic scattering

electrons and inelastic scattagialectrons.
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Elastic scattering electrons will interact with an atom without energy loss in total but
may transfer energy and momentum to nuclei or electrons. If an electron beam
impinges on an electron in an atom, the elastic scattering will createoadaeg
electron and ionize the atom; if on the nucleus, the momentum delivered may cause
knockon damage when electrons are accelerated by a high voltage. The energy

delivered to an atom can be giver{ B&5]:

WH —— 1 0 (2-10)

whereE is the kinetic energy of the electrd®, & ®, & is the rest mass of the
electron,M is the mass of the atomis the scattering angle during the interaction
Whenw agis larger than the knoen threshold, the atom will be moved out of its
lattice site.

Inelastic scattering happens mdrequently which is associated witlenergy loss
while passing through thgubstrateThis process can lead toetlemission of Xrays,
cathodoluminescence, secondary electrons, Auger elecinotiwisible light At the
same timethe energy delivered may change the matter with the excitation (one of its
electrons goes to an et orbital) or ionization (one of its electrons leaves the atom
and becomes the secondary electron) of the atom. If excitation or ionization occurs on
the bonding atoms, the chemical bomiksybreak and lead to structural changes.
Fundamentally, thaelastic scattering depends on the energy of the incident electrons
and the properties of materiakhe description of whicls rather complicatednd
requiresthe timedependent Schrodinger equatidiime expressionor a simple twe

body 1D electrorhydrogensystemis as follow[186]:

a—" [ of GRm (2-11)
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wherew oo are the psitions of two electrons. The Hamiltonian of a telectron

system is expressed @sS6]:

[ oo -— — ' ' U wh (2-12)

The Coulomb interactions between electrons and between electron and hydrogen

nucleus (atv ) are described by se@oulomb interactiongl87]:

0 why —m—— —— (2-13

VIS F— (2-14)

Through the numerical solution, the real inelastic scattering will be better understood

and energy transfer can balculated.
2.3.4.3lon-matter interactions

As a beam of incident ions bombards the surface of a solid sample, complex physical
phenomena occur at, above, and below the solid surface. Among these;sbkdion
scattering process is the most pronounced interaddiondamentallythe scattering
processes includewo types: elastic scatteringand inelastic scatteringn elastic
scattering,incident ions collide with atomic nucleiransfering a portionof their

kinetic energy to the target aton@n the othehand, ininelastic scatteringncident

ions interact with the electrons surrounding an atomic nucleus. These scatesirtig

in different byproductsconsequentiyeading to different applications.

For elastic scattering, kinetic energy and momentnc@anserved during the collision
process. The energy transferred from the incident ion to the target particle can be

described aglL88]:

oy

O "Qi- (2-15)
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whered andda are the masses of the incident ion and the target particle,
respectivelyf and”Y are the kinetic energies of the incident ion and the target atom;

[ is the scattering angle in the centre of the mass coordinate system. The relationship
between the energy transfer ratio and mass ratio of the binary collision system is shown
in Figure2-13. It indicates that the main parameters that govern the energy transfer
rate from the incident ion to the target particle depend on the massf thgamcident

ion to the target particleéi( 7& ) and the scattering angle. For surface atoms with a
greater than the surface binding energy, they will receive enough energy from the
incident ions and escape from the sample surface, resulting i goroa structure

that accumulates a lot of voids).

1.0

0.8

0.6

T/E

0.4

0.2
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Figure2-13. Kinetic energy transfer rate from the incident ions to the target particles

in an elastic scattering process.

When an ion beam interacts with electrons in an atom, the kinetic energy could be
transferred to electrons through elastic scattering or converted to other energies and

absorbed by electrons or nuclei by inelastic scattering. Both processesuse
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excitation and ionization to incident and target atoms. After excitation, surface atoms
can emit electrons, Xays, and photong$189]. The inelastic process is more
complicated compared with that in the electroatter interaction because of the

multiple particles and multep reactions involved.

2.4  Comparisonand discusson

Table2-1 shows the comparison of the aforementioatamicscaleand subl0 nm
manufacturing techniques. SPM -tyased atom manipulation $ran atomicscale
patterning ability through angstrelavel control over the atomically sharp tips. The
ALE and ALD dependon the chemicalselflimiting characteristicof materialsto
obtain theetching or deposition witatomic layer resolutiorL,AO nanolitharaphy
canobtain sub5 nm patterathrough localigig chemical reactioswithin a nanoscale
cell throughthe use of probes with nanoscalearp tig andpulsed voltagewith short
widths EUVL and focused electron/ion bedmsedlithography can achieveheg
minimum feature sizeat around several nanometres when the energy {meatter
interaction region is well controlled; particularly, the STHislsed electron beacan
serve as gpecial toolwith abilities tooperateatoms like SPM tighased methods and
realise the atom manipulation.

For AFM tip-based atom manipulation, ALE and Aldbocesseshe key mechanisms
that determine the atomgxrale patterning ability are thgéomicinteractionsincluding
chemical bondingyan der Waals forces, and Pauli repulsieor the STM tipbased
method and LAO nanolithographythe dominant interactions also involve the
interaction with the tunnelling curremr ions The atomic interactions still play
important rolesin the energy bambased processes, but the energy besatier

interaction would directly determine the patterniagolution
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As manufacturing approaches st nm or atomic scale, physicdlallengedecome
increasingly significantompaed to those encountered micromanufacturing. A
reliable modelling method is thus in demand to address thedlengs. To reveal the
underlying mechanisms at this scale, the simulation approaches need to resort to
guantum mechanidsased simulation tools, which provide more reliable descriptions
than the empirical simulation methods. The DFT/DFTB;DBT, and ReaxFF MD
methods are represented tools contributing to the mechanism study and process
optimisation for different atomic scale and sl nm manufacturing processes.
Through descriptions of atomic structures, interaction energy, minimum energy path,
and the possility for atom transfer, the DFT/DFTB and ReaxFF MD methods can
reveal the underlying mechanisms of SPM-igsed atom manipulation, LAO,
ALE/ALD, and atomic interactionfn energy beanbased processes. The -IFT
methods can describe the thdependent f&ures of lightmatter and particle beam
matter interactions. These methods provide an unbiased insight into light absorption,
photochemical reactions, light excitations for ligiatsed processes, and the electronic
stopping and excitations for particledmebased processes. This summary indicates
that firstprinciples simulation has not only contributed to the understanding of atomic
scale interactions in nanomanufacturing procedsédsalso assisted imaterials
selection, phenomena prediction, and experital protocolHowever, due to the
limitation of current computational apparatuses, the-firstciples methods, even for
DFTB, are restricted to the number of atoms and time scale that can be employed in
the simulation. As a result, this limitation Hasmpered their wide applications. For

the TDDFT method, the calculatioprovides a comprehensive description of the

electronic and optical excitations, which means it is rathertiomsumingSimulating
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all possible excitations of atomic transfer duriag energy bearbased process
remains beyond current capabiliti@® conduct the simulation with larger scales in
volume and time, the ReaxFF MD and KMC approaches are more suitable but require
a reliable parameterisation to accurately reflect bondimgantions.

As for the 3D nanofabrication capabilities, LAO nanolithography can obtain flexible
control of oxidation growth through adjusting-8ample bias, mukstep oxidation,

and hybrid approachesith acombiration ofoxidation and etching. Laséesed 3D
nanolithography, on the other hand, may include multiple approaches, including laser
directwrite lithography, twephoton polymedation, and twephotorinduced
precipitation. Focused electron/ion beam lithography has also been reported in 3D
nanofdrication, and the main approaches include EBL, FEBD, FEBE milling,
andHIB induced depositionr modification Detailed introduction of these ladgaised

and focused electron/ion bedrased 3D nanofabrication methods can be found in Ref
[191,192]

The different nanolithography methods have various environmental requirements and
startup costs. SPM tipased atom manipulation requires w@tra-high vacuum to
isolate the environmental noise and hrgkolution SPM facilities to detect the atomic
forces. Lasebased or focused electron/ion bebased processes normally require a
vacuum environmentexpensiveoptical or electremagnetic systm, high-quality
motion stagesnaterialsand accessoriebor ALE and ALD, a typical equipment setup
includes alosedchamber for gas handling, a vacuum system for controlling pressure
and a plasma source for generating reactive species. Thapstost may vary, but
normally less than the aforementioned processes. In contrast, LAO nanolithography

can operate under ambient conditions and has normal performance requirements of the
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AFM. This makes it a promising candidate for prototyping nanoproducts in the
laboratory with lower starip cost and environmental requirememsompaison

with other 3D nanofabrication techniques.

2.5 Summary

This chapter provides a review of atomic scalesarell0 nm manufacturing processes

in terms of mechanisms, dominant interactions, and simulation research. The
fundamentals of interactions in these manufacturing processes were summghised

a focus on atoratom and energy beamatter interactions baseah underlying
guantum mechanics. These processes were compared in terms of resolution, dominant
interactions, simulation tools, machining capability, environmental requirearsht
startup cost.

The literature review suggests that a flexible, -@ftcive, and efficient stli0 nm

3D nanofabrication approach is still lacking, particularlytfe¥in-lab prototyping of

novel nanoproducts with small features and complex geometries. LAO
nanolithography is a promising candidate to address this need dgestdgi0 nm
resolution, low development cosand environmental requirements. However,
knowledge gaps exist in understanding the reaction process and modelling the
oxidation growth with respect to control parametethallengesalso persist in
achieving fexible and deterministic control over oxidation growth, impeding further
development. The following chapters in this thesis will focustt@theoretical
simulation of thereaction mechanism anihe developnent ofa new 3D LAO

nanolithography approach tddress these challenges.
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Chapter 3 Theoretical simulation studyof LAO process

3.1 Introduction

LAO nandithographyrelies on thecontrolled and localiseBiasinducedchemical
reaction, which happens instantaneouslyd makes it difficult to observe in
experimentsAs concludedn Chapter 2ReaxFFMD simulationhas been identified
as an ideamethod to study thetricate reaction mechanism in chemical reaati
based manufacturing systemiherefore, thischapterwill employ this method to
uncover the underlying mechanisshthe LAO nanolithographyprocessesDespite
previous attempts in ReaxFF MD simulation work to uncover the-ibthged
oxidation procesf93,94] it is worth noting thathese snulations did not consider the
existence of a surface passivation layEne presence dahe passivation layeis
attributedto the boundary dangling bonds thre pure semiconductosurface, which
has high reactivity, leading to the formation of a pas&iadayer as soon as it contacts
with water.Moreover, the analysis of particldsonds and atomic chargesas not
entirely performed and ight have failed to obsenwitical reaction phenomena in the
LAO processThereforea systematiand comprehenge analysis of the biamduced
oxidation is required to evaluatiee physicatchemical reactios) whichis currently a
significant knowledge gap in the literatut@vardsatomisticunderstandingf the
LAO process

This chapter will first introduce the nied usedor the simulatiorand then present
the analysis ofsimulation results of surface passivation dmasinduced oxidation
aiming to reveal th&ruereaction mechanisma LAO. Then, parametric stues will

be performed to study the effects of different electric fields and humidity levels on

biasinduced oxidatiomesultsand their influencing mechanisms.
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°H ®0

;Water layer

Silicon substrate

Surface passivation

Passivation layer

Local anodic oxidation

Conductive probe

Local oxide

Figure3-1. Simulation procedure for surface paation and biasnduced oxidation.

3.2 M ethods

3.2.1 Simulation procedure

In order to addresthe abovementioned knowledge gaps, in thisesis the water
passivation and subsequent biladuced oxidatiomprocesses dfilicon (10 0) surface
are investigated sequentially throuBleaxFF MD simulationFigure 3-1 shows the
simulation procedure Firstly, a passivation oxide layer on the silicsurface \as

created by the spontaneous reaction between silicon surfaces and water molecules
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without the application oén electric field. Further, an electric field is introduced to
simulate the subsequent biasluced oxidation on the passivated siticsubstrate,
aiming to uncover the effect afpassivation layer othe oxidation processlo gain

an indepth understanding of the reaction process, a comprehensive analysis will be
performed on the particlesidbonds andheir perspective rolebrough the processing

of dump filesgenerated during the simulation

Input [ Materials modelling, electric field, ReaxFF force field ]

¥

Simulation conditions [Boundary conditions, temperature, charge equilibratiorﬂ

-

Output [ Atomic coordinates, bonds ]

¥

Radical distribution function, oxide thickness, J

Postprocessing [ bond/particle numbers, evolution

Figure3-2. ReaxFF MD simulation process for surface passivation andridased

oxidation

3.2.2 ReaxFF MD simulation setup

A detailed ReaxF MD simulation setup is demonstratedrigure 3-2. To simulate

the surface passivation, the initial models of water and silicon substrate are first
defined. This process can be achieved through Lsecgée Atomic/Molecular
Massively Parallel Simulator (LAMMPN93] for the crystalline silicon substrate
and PACKMOL[194] for the randomly distributed water molecules. Their dimensions
and positional relatiomsp can be definedy adjusting input parameters. In this

chapter, the initial siliconvater model was constructed with a silicon (1 0 0) substrate
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and a water layer which has a density of 1§/and consists of randomly distributed

H.0 molecules. The siibn substrate has a size of 63.83083.8305 x23.895 Aand
thewater layers have the same lateral dimension as silicon but with a thickness of 10
A. Figure 3-3 shows the schematic of initial silicamater models, in which silicon,
hydrogen, and oxygen atoms are coloured with wheat, white, and red, accordingly.
The lattice constant of silicon was set at 5.31 A, which was proven to produce
minimum energyin convergence simulation tests. To simulate the-ibidgced
oxidation, the initial model was prepared based on the passivation resthita

passivated oxide layer on the silicon surface.

H atom »
@® O atom -
() Siatom ~ o 0% ’ 3
N X N ¥ X X ¥ X W W N W
. : 23.3.3.3.8.3.80.3 3.3.3.3.3.3
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Figure3-3. Side views of the silicomwater simulation model.

The interactions between atoms need to be defined by selecting proper force fields.
This thesichose the ReaxFF force field developed by Weal.[84], by combining
Si/Ge/H force fiell [195] and water force field196]. This force field has been
extensively validated in previous studief the watei silicon interactions[84],
chemical mechanical polishing oiison [197], and tribochemical wear at Si/SIO
interface in a agueous environmen5]. In addition, the force field validation wa

also performed by Has&h98]. He performed a validation by comparing the cohesive
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energy and surface energy obtained from the ReaxFF MD simulation with those
obtained from other potentials, DFand experiments. The results showed good
agreements, which further confirms the reliability of the force field.

In the ReaxFF MD simulationhé charge equilibration (QEq) model was used to
equilibrate the charge of simulation models at each timg 588 The QEq modabk

an advantageous method for resolving challenges associated with excluding Coulomb
interactions for dynamically bonded atorss that thechargestate for each atom
depends on its environmerthe model achieves thisy incorporating finite atom
sizes, which mitigate Coulomb interactions at short distances. Furthermore, the
method applies shedistance shielding to the van der Waals tesimjlar to Coulomb
interactions, providing a convenient soluti@82].

To consider thenfluence of external electrical field in the simulatiathss thesis used

a modified LAMMPS code[193] proposedby Assoweet al.[79] through adding
Coulomb energy in the ReaxFFtpotial. The modification was based on the formula
proposed by Chen and Martinf200], which takes into account atom po$ation,
charge conservation, and electronegativity differences using the dhargation
model. By integrating the electric field into the Coulomb energy, it becomes possible
to calculate electrostatic properties, such as multipolar momengotarzablity .

For the geometric modelepodic boundary conditiongere introducedin x andy
directionsto reduce the boundary effects. Along thaxis, a fixed conditionwas
appliedwith a reflective wall placed on the toptbewater layeto prevent atomdss;

the bottom three layers of atoms were fixed to prevent the overall moveniech

facilitated further particle/bond distribution and trajectory analy$ise temperature
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was set at 300 K, controlled lan NVT ensemble with a damping constant of 10 fs
andtheVerlet agorithmwasadopted to integrate the atom trajectories.

Finally, postprocessingvas performed for the output filegenerated fromthe
simulation, through which particle/bond type and number, atomic changetheir
distributions were counted and analysed usingd®telopedPython programs. The
visualisation of simulation results was assisted with OV[2Q1] and the Python

Matplotlib library.

3.3 Resultsand discussions

Two simulation steps are inttaced in this sectioto simulate the surface passivation
and biasnduced oxidation processeSpediically, the ReaxFF MDsimulation was
performed for the model iRigure3-3 for 2000 ps, during which no electric field was
applied duringheinitial 1000 ps, and then an electric field of 3.5 V/nm was applied
from 1000 to 2000 ps.

3.3.1 Surface passivation

The MD simulation result at 1000 ps is showrFigure3-5 (a), which indicateghe
adsorption ofa number of O and H atoms on the silicon surface tlaagenetration

of some O atom#to the silioon substrateTogeher, theyform a passivated oxide
layer. In this work, the oxide filns definedas the region betweehe bottom oxygen
atom and the top silicon atom along #trection. To reveal the chemical composition
and structure of the passtian layer, the partial radial distribution functions (RDF) of
the oxide film arecalculatedand shown irFigure 3-4. The peak othe SiiH bond
length is located at about 1.37 A, which is close to the value of 1.48 A reported in Ref
[202]. Sii Si bonds have a peagngthof 2.35 A andSii O bondlengthshows two

peaks at 1.58 and 2.25 A, which agree with the experimental walief203i 206].
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After that, several peaks ofi®) lengthappear between 3 tof7 indicating amorphosi

structures within the oxide film.
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Figure 3-4. RDF curves for $H, Sii O, and SiSi in oxide film created by surface

passivation.

A combined analysis of simulation resuitsFigure 3-5 (a) and their RDRn Figure
3-4 shows that new bonds and particles including@iH, SiiH, Sii Hz, H.Oi Si, Si

Oi Si, and HO* (hydronium) were created during therfacepassivation process. The
distribution of these bonds/particlesssummed based on the bond lengthBigure
3-4 and plotted inFigure 3-5 (b). The passivated silicon surfageas found to ba
mixture of Si Oi Si, Si Oi H, SiiH, SiiH2, and HOI Si bonds, which is consistent
with experimental finding$207i 209]. The numbes of these bonds show th#ie
silicon surface is dominated by-tdrmination (SiH or SiH2 bonds), which is
responsible for the surface hydrophobicity observateexpeiment[210]. Sii O Si

bonds exist throughout the oxide film and determine the oxide depth. In addition, the
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resultant water layer contains a large amount ¢D'Hwhich, together withthe

remainng H2O, formsthe resultant water layer.
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Figure3-5. Simulation results for surface passivation. (a) Side view. (b) Distribution
of bond/particle numbers and atomic charges albegaxis, in which shaded regions
coloured with wheat, greyand cyan represent silicon, oxide lgyand water,

respectively.The horizontal dashed line indicates the first atom layer in the initial

model.

Figure3-5 (b) shows the charge distribution of H, &d Si atomsnithe passivation
result. O and Si atoms in the oxide film occupy different amounts of charge in
comparison to these in water and silicon substrates. In the water film and silicon, O

and Si atoms show0.77 and 0 e, respectively. However, oxidised silicon shews
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positive chargeandthe maximum value appears at 1.1 e at the siveater interface.

This indicates the@ccurrence otharge transfer between O and Si atoms during the
creation ofthe oxide layer, providing further evidence for the occurrence of an
oxidation process. In addition, O atoms in the oxide film have less charge than that in
water, ranging from0.71 to-0.42 e, which is due to the different polarities inCsi

and H O bonds.
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Figure 3-6. RDF airves for SiH, SirO, and SiSi in oxide film created by bias

induced oxidation.

3.3.2 Bias-induced oxidation

The ReaxFF simulation result at 2000 ps is showigare3-7 (a). Apparently, more

O atoms penetrated the silicon surface, resulting in an increased oxide thickness.
Similarly, the RDF othe oxide film is plotted inFigure 3-6, and the bonds/particles
distribution intheoxide filmis plotted inFigure3-7 (b). Through the comparison with
passivation results iRigure 3-4 andFigure 3-5 (b), good similaritiesvere foundin

both RDF ofthe oxide film and bonds/particles distribution at the oxidised silicon
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surface. This demonstrates the laggiion of the electric field did not apparently

modify the chemical structures withihe oxide film and surface compositipwhile

leading to the generation of morei®di Si bonds under the oxide surface ahd

increag ofoxide thickness.
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Figure 3-7. Biasinduced oxidation result. (a) Side view. (b) Distribution of

bond/particle numbers and atomic charges atbeg-axis, in which shaded regions

coloured with wheat, greyand cyan represent silicomxide layer and water,

respectively. The horizontal dashed line represents the first atomic layer in the initial

model.

In addition Sii Oi Si bonds are found to be mostly concentrated near the suafate

their number gradually decreases layer by ld#yerughout the oxidéim. The atomic
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charge distribution irFigure 3-7 (b) shows that the application ah electric field
increased the degree of dation onthe silicon substrate, evidenced by more
electropositive Si atoms in the results. Despite the increased O atoms near the surface,
a number of Si atoms within the oxide layer remain unoxidized, as indicated by the Si
atoms with nearly O charge igure3-7 (b). This clearly indicates a mixture of Si and

SiO; within the oxide film. Overall, the oxide film is found with a complex chemical
structure consisting of amorphous Si@dsorbed water, silicoand silicon hydrates,

which is consistent with previous simulations and experimental r¢64|i5].

—e— Sj-0O-Si
200 A H,O
E —e— H>O0-Si
% 150 - —e— H30™
e} —o— Si-O-H
Y—
8100-
3]
£
S 50 -
=
0 -

1 1 1 1
-0.8 -0.7 -0.6 -0.5 -0.4
Atomic charge (e)

Figure3-8. Distribution of bond/particle number at different atomic charges.

From the atomic charge distribution Figure 3-7 (b), theapplication of an electric
field enhanceghe oxidation onthe silicon substrate, evidenced by the increased
number of O atoms in the silicon substrate and more Si awthslectropositive
charges To reveal the atomic charges of O atoms in diffelarids/particles, the
distribution of bond/particle numbkeat different atomic charges is plottedRigure

3-8. Apparently, O atoms in #i Si and SiOi H at the surfaceoccupy different
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atomic charges with peaks-8t52 and0.61, respectivelyO atoms irSii Oi Si bonds
occupy charges ranging frof@.68 t0-0.37 e. These results indicate that the amount
of charge transfer frotine O atom varies dependirg the specific bond types formed
during the passivation process. Typically, the amount of charge transfer of O atoms in
H>Oi Si is lower than that in BOi H. As for O atoms in $Oi Si, the atomic charge
varies depending on igsaxis position and neighbouaharge statess shown ifFigure

3-7 (b).

3.3.3 Reaction process

To reveal the ifprocess details during surface passivation andibéagced oxidation,

the evolution of the number of bonds/particles and oxide thickness is depicted in
Figure 3-9, which were counted based on dump files created every 10 ps. In the
passivation stage, water was consumed and turned into oxide, represented by a reduced
number of HO and increased numberk ®ii Oi H and Si Oi Si bonds. In addition,
hydrogen atoms from water decomposition were either attached to surface silicon
atoms and formed Sii H/Sii H2 bonds or combined with water molecules and fim
H3O*. The evolution curves show that water reacted wilicos rapidly at the
beginning of the simulation. A majority ofi®di H, Sii H, Sii Hz, and BOiI Si bonds

were created in the first 40 ps and maintained at almost constant amounts in the
following reaction up to 1000 ps. From 40 to 1000 ps, the oxide thiskneseased

from 4 to 5.1 A. Simultaneously, there was a gradual consumptiopQyfleading to

the formation of more $0i Si bonds and kD", but at a relatively slow rate.

In the biasinduced oxidation stage, an electric field of 3.5 V/nm was applieédglur
1000 2000 ps. The evolution cursen Figure3-9 show the amounts of 8bi H, Si

H, Sii Hz, and BOI Si have not changed significantly, which further demonstrates that
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the action of the electric field did not apparently modify the surface composition.
However, from 1000 to 2000 ps, the oxide thickness increased from 5.1 to 8.2 A, the
number of HO deceased by 472, and the numbers ®{8iSi and HO" increased by

149 and 282. The number changes gDHSi Oi Si, and HO" roughly follow 3: 1: 2.

Since the numbers of other bonds/particles did not vary significantly during the

reaction, this suggests thea®induced oxidation mainly induced the following

reaction:
3E3E o(/ + 3E/ 3E «c¢(/ (3-1)
. Surface passivation  Local anodic oxidation_
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Figure 3-9. Time evolution of oxide thickness and bond/p&ticumber during the
reaction between silicon (@ 0) substrate and 10 A thick layer of waterSurface

passivation: 01000 ps; LAO: 10002000 ps.

To uncover the reaction procetiss worktradked all the O atoms in 8Di Si, Si Oi

H, H2Oi Si, andH20/Hz0O" at2000 psandsummarised the bonds/particles they belong
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to at 1000 ps, the results of which are showhRigure3-10. O atoms in SiOi Si may
come fom all the bonds/particles that have O atoms. The number ©f Si bonds at
1000 ps (se€igure 3-9) indicates all the O atoms inT®i Si at 1000 pgemaired
within the Si Oi Si bonds in the biamduced oxidation process. In addition, O atoms
in Sii Oi H only come fronSii Oi H, H2Oi Si, and HO/Hz0"; andO atoms in HOi Si
only come fromH.Oi Siand HO/HzO"*. On the basis dheabove findings, it appears
that Sit OiH and HOI Si act as intermediate products at the surface during bias

induced oxidation.
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Figure3-10. Bar chart showing the bond/particle number ¢fC%iSi, Si Oi H, H>Oi
Si, HO, and HO" of simulation result at 2000 ps. The bars are cetmged to

represent O atoms in each bond/particle type at 1000 ps.

Specifically, threereactions duringthe biasinduced oxidation were demonstrated.
First, O adsorkd to the silicon surface, formingnaH>Oi Si bond (molecular

adsorption)

3E (/9 (/] 3E (3-2)
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Next, the HOi Si bond dissolvé into SiiOiH bond and the released H atom

combine with ( / to form( /
(/ 3E (/93E/ ( (/ (3-3)

Then, Si Oi H reacedwith one of the surrounding Si atoms to form aCBiSi bond

and the released H atom comldvéth ( / againto form( /

SE3E/ ( (/©°3E/ 3E (/ (3-4)

Therefore( / moleculesvereconsumedstep bystep and eventually foraathe Si
Oi Si bondsHowever these resultdid notsuggestiny O atoms moving from S80I
Si to Si Oi H and then to BDi Si, indicating that the reaction cannot proceed in the

reverse direction.

3.4  Effect of electric field strength

3.4.1 Method

The dependence different electric field strengthson biasinduced oxidation was
examined through eight simulatignoups Each group ulised the same initial model
containinga passivated layem the surfacasdepicted inFigure 3-5 (a) butapplied
different electric fields with vying strengths ranging from 0 to 7 V/nin. the first
group of simulatiog noelectric fieldwas appliedo demonstrate the effect of ongoing
surface passivationSimilarly, a thorough analysis of basidarticles will be
performed on the simulatiaesults, aiming to reveal the influencing mechanisms.
3.4.2 Analysisof simulation results

After simulating the biatnduced oxidation for 1000 ps, the results in all groups are
shown inFigure 3-11, which indicate a noticeable increase in the gteation of O

atoms into the silicon substraténen usingelectric fields with higherstrengths.
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Figure3-11. Sides views of simulation results with the application of electric fields

with the strengtls of (a) 0, (b) 1, (c) 2, (d) 3, (e) 4, (f) 5, (g)&hd (h) ?V/nm.
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Figure3-12. The numbers of particles/bomdnd oxide thickness of simulation results

at different electric fields.

Figure3-12illustrates the number of bonds/particles in simulation resutlstermine

the influence of different electric fields on the chemical composition. Similar to the
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conclusion in SectioB.3.2 the numbers of surface bonds, includingGBiH, HOi

Si, Si H, and Si Hz, were not drastically affected by different electric fields, while the
consumption of KO and the creation of 8Di Si bondsand HO" were apparently
enhanced, particularhbyhenthe electric field increased from 0 to 5 V/nm. Through a
calculation of the number changes ofH H:O", and Si Oi Si during each simulation
group, it was found they also approximately follow 312as demonstrated iFable
3-1. These results further prove that the reactiofi)(@8ominates the biasmduced

oxidation.

Table 3-1. The ratio of number changes BO, HO", and SiOi Si during the

simulation processes of biasduced oxidation at different electric fields

Electric field strength (V/nm)  Ratio of number changes ob®, H:O", andSii Oi Si

0 26:19:1
1 28:18:1
2 3.0:19:1
3 3.1:19:1
4 29:1.7:1
5 29:1.7:1
6 3.0:1.7:1
7 29:1.7:1

Figure 3-13 plots the distributions athe numbeof Sii O Si bonds alongthe z-axis
for the simulation results. It can be observed that an increase in the electric field
strength results imore Sii Oi Si bondsbeing formed at deeper positions, indicating

that more O atoms in 8Di Si diffused below the surfaacsderthe enhanced electric
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field strength. However, a significant percentage ofO65i bonds still exists at the

silicon-water interface.
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Figure 3-13. Distributions of the numbers of i®)i Si bondsalong the z-axis for

simulation results at different electric field#h the strengtimanging from 07 V/nm

3.4.3 Analysis ofthereaction process

To reveal the detail®f thereaction process, thevolutionof the number of $0i Si
bonds and kD in thewater layer was calculated addpicted inFigure3-15 (a) and

(b). These curvesuggestthat the rate ofreaction 8-1) increasd with increasing
electric field strength, as tlemhanced electric field clearly acceledktiee production

rate of Si Oi Si bonds and consumption rate of3 particularly in the first 100 ps. In
addition, the reaction rate was found todogrelated with the amount ¢1.0 in the
water layer, as indicated by the reduced generation ratel Of Si at adecreaseg
amount of HO remaining in the water layer. According to the simulation results shown
in Figure3-12, the numbers of BOi Si bonds reached approximately 430 at electric

fields higher than 5 V/nm and did not increase furtlmeaddition,Figure3-13further
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indicates that the reaction ceased when th@ H the reaction system was nearly
depleted. In the actual LAO experiments, water depletion should be more difficult to
occurthanthat in the simulation with limited length scales. This is due to the presence
of water on the tool and substrate surfesdin the atmosphere, which allows for the
continuous diffusion of water molecules to replenish any depletion during the LAO
proces. As a result, the oxidation can continue, with its reaction rate and duration

determined by the diffusion rate of wafé9].
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Figure3-14. The evolution o positions otthebottom five O atoms {&) in the oxide
film in Figure3-11 (h). The horizontal dashed line representsstiréaceatomic layer

in the initial model.
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As the strength of electric field exceeds 5 V/nm, the oxide thickness increases by one
layer of silicon atoms even in the absence of an increase in the numb&rGfSsi
bonds.Figure 3-14 depicts the evolution of the positions of 5 bottom O atoms in
Figure3-11 (h). Between 300 to 1000 ps, no additionalCBiSi bonds were created

as demonstrated FFigure3-12 (c), but the existing negatively charged O atomsiin Si

Oi Si were found to diffuse into the silicon substrate in response to the electric field,
which is similar to the interface diffusion mechanism between silicon and silicon
dioxide as observed in the experimgitl]. This indicats that electric fieldnduced
directiona movement of O atoms can contribute to the oxidation growth, which,
together withreaction (41), congitutesthe oxidation growth mechanisim the bas
induced oxidation proces$herefore it can be concluded that the electric field can
induce the diffusiol® atoms irSii Oi Si bonds below the surfacés a result, assisting

the formation of more $0i Si bonds by creating more vacancies on the surface.
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Figure3-15. Evolution of (a) SiOi Si bonds and (b) #D at electric fields with strength

ranging from 07 V/nmduring the LAO process

As forthe evolution obxide thicknessrigure3-12 indicates that the oxide thickness

of the simulation results increabm a linearlike fashion with respect to the electric
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field strength andFigure 3-16 demonstrates that the oxide thickness inciek&sger
by layer during theprogression ineach group of simulation. dh findings are

consistent with results irrgvious experimental and simulation resed®h103,212]
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Figure3-16. Evolution of oxide thickness at electric fields with strength ranging from

0i 7 V/inm.

3.5 Effect of humidity

3.5.1 Method

To study the effect of humidity on surface passivation and electric field induced
oxidation, the silicorwater reactions were simulated under different relative humidity
levels. Asay and Kim [213] investigated the surface adsorption of water and
established a correlation between the thickness of water layers and relative humidity
(RH), as depicted irFigure 3-17. Based on this relationship, initial models with
varying water layer thicknesses were constructed, as shofigure 3-18 (ai d), to
qualitatively express reaction models at different humidity levels. Specifically, water
layer thicknesses at 7, 10, 13, and 17 A correspond to relative humidity levels of

approximately 20%, 40%, 70%, and 90%, respectively. The initial siiiaermodel
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was constructed with the same silicon (1 0 0) substrate as in previous sections and a
water layer that has a density of 1gfcamd consists of randomly distributed®
molecules. Similar to previous simulation settings, an electric field (4 V/Inmdmgps

applied from 1000 to 2000 ps.
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Figure 3-17. Adsorption isotherm of adsorbed water on the silicon oxide surface.
Square symbols are the total thickness of the adsorbed water layer calculated from the
intensity of the HOT H bending vibration peak. Reprinted with permission from Ref

[213]. Copyright (2005) American Chemical Society.
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Figure3-18. Sides views osilicon-water simulation modelat the humidity levels of

(@) 20%, (b) 40%, (c) 70%, and(d) 90%.
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Figure3-19. Side views of simulation results of surface passivation anedrimased

oxidation at relative humidity levels of (a) 20%, (b) 40%, (c) 70%, and (d) 90%.

3.5.2 Analysis of simulation esults

Figure 3-19 shows the simulation reksi at 1000 and2000 ps, whichrepresent the
reactionresults of surface passivation and brasduced oxidation at different humidity
levels. It seems thahé¢ increased humidity can increase fienetration of O atoms

into the silicon substratgarticulaly for results of biagnduced oxidation process
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